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Preface

The work presented here concerns theoretical aspects of magnetism in reduced
dimensions including free and supported transition-metal clusters, and magnetism
in graphene-based systems. In this thesis I summarize investigations in the field
of nanomagnetism performed by me and my co-workers at the University of Vi-
enna and at the Department of Physical Chemistry/RCPTM Palacky University
Olomouc within last ten years.

The first part of this work provides the main ideas behind the work and a
summary of the most important results. Next, the theoretical methods applied in
my research are described. Finally, the theoretical results of 17 selected papers are
more deeply discussed. The appendices contain reprints of these 17 papers included
as a set of works in this habilitation thesis. All references to the works I co-author

are highlighted throughout the text in bold.



Chapter 1

Introduction

1.1 A concise history of magnetism

The history of magnetism can be divided into seven ages coeval with the history
of science [1], as schematically pictured in Figure 1.1.

The history of magnetism begins with a special type of the mineral magnetite,
lodestone (also spelled loadstone) possessing distinctly north-south polarity. The
oldest known reference to lodestone’s properties dates back to 600 BC, when the
Greek philosopher Thales of Miletus (c. 624 — ¢. 546 BC) noticed iron’s attrac-

tion to it. Thales endeavoured to rationalise the phenomenon through animism,
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Figure 1.1: The seven ages of magnetism. Based on [1].



presuming that the lodestone possessed a soul.

Appearing in China around the 4" century BC, primitive compasses using
the lodestone at first served to show the Chinese the way figuratively, helping
them order and harmonize their environments and lives, as part of feng shui, an
ancient Chinese practice that has evolved into a decorating trend. In time, people
discovered that it can be used for navigation, too. The navigational compass was
described by Shen Kua (1031 — 1095) around 1088 AC; reinvented in Europe a
century later, effectively shaped the course of history.

The first truly scientific approach to the study of magnetism was taken by
William Gilbert (24 May 1544 — 30 November 1603). In his monograph De Mag-
nete (1600), he debunked earlier fantasy on this matter. Gilbert identified the
Earth as source of the magnetic force which aligned the compass needle, rather
than the stars as previously assumed. He deduced that the Earth itself was a great
magnet. Around this time, René Descartes (31 March 1596 — 11 February 1650)
finally laid to rest the Thales curious notion that the magnet possessed a soul.
Nonetheless, magnetic research in the seventeenth and eighteenth centuries was
mostly the domain of the military, particularly the British Navy, and an iconic
civilian invention of that time was the horseshoe magnet.

Eighteenth century brought about the search for a relationship between elec-
tricity and magnetism. Luigi Galvani’s (9 September 1737 — 4 December 1798)
animal electricity, stemming from his experiments on frogs and corpses, inspired
Anton Mesmer (23 May 1734 — 5 March 1815) to postulate a doctrine of animal
magnetism, which was discredited in 1784 by commissioners appointed by Louis
XVI. Their report was a milestone of scientific rationality. Alessandro Volta’s (18

February 1745 — 5 March 1827) investigations on animal electricity led to the in-



vention of the first primitive battery, discovering that electricity can be generated
through chemical processes.

Until Hans Christian Orsted’s (14 August 1777 — 9 March 1851) discovery on
21 April 1820 that an electrical current moves a compass needle, previous insights
into the relationship between electricity and magnetism went largely unnoticed.
The electromagnetic revolution was launched several weeks later by André-Marie
Ampére (20 January 1775 — 10 June 1836) and Francois Arago (26 February 1786
— 2 October 1853) who wound wire into a coil and showed that the current-carrying
coil was equivalent to a magnet.

In 1821 Michael Faraday (22 September 1791 — 25 August 1867) demonstrated
the principle of the electric motor establishing the foundation of modern electro-
magnetic technology, and ten years later he discovered electromagnetic induction.
In 1845 Faraday discovered that the plane of polarization of a plane-polarized light
beam is rotated upon propagating through a media which is placed in a magnetic
field parallel to the propagation direction. This experiment was among the firsts,
which indicated the intimate relationship between the magnetic field and the light.
In 1877 John Kerr (17 December 1824 — 15 August 1907) discovered of what is
now called the magneto-optic Kerr effect (MOKE), i.e., the Faraday’s counterpart
effect in reflection. The MOKE is widely used to investigate the magnetization of
materials.

In sixties of 19" century James Clerk Maxwell (13 June 1831 — 5 November
1879) unified theory of electricity, magnetism and light in the form of a set of the
partial differential equations now known as Maxwell’s equations. In their modern
form of four partial differential equations, Maxwell’s equations first appeared in

his textbook A Treatise on Electricity and Magnetism in 1873. A remarkable con-



sequence of Maxwell’s equations is the existence of a solution representing coupled
oscillatory electric and magnetic fields propagating at the speed of light. It largely
inspired Heinrich Rudolf Hertz’s (22 February 1857 — 1 January 1894) discovery
of radio transmission in 1888, which sprung techniques in television, radar and
microwaves.

1824 brought about William Sturgeon’s (22 May 1783 — 4 December 1850)
invention of the iron-cored electromagnet. The world’s first electric tram line was
tested in 1880 in Sestroretsk near Saint Petersburg in Russia and soon after horses
were displaced by electric trams. Beginning of 20" century brought about the
households electrification.

Despite the amazing technical and intellectual triumphs of the electromagnetic
revolution, ferromagnetism (FM) challenged the foundations of classical physics,
and the question of how a solid could possibly be ferromagnetic remained vague.
Pierre Weiss’s (25 March 1865 — 24 October 1940) molecular field theory, dat-
ing from 1907 [2], successfully explained the phase transition at the Curie point
above which ferromagnetic material reversibly loses its ferromagnetism. Nonethe-
less, magnetism, i.e., dia-, para-, as well as collective magnetism, presents a quan-
tum mechanical effect which cannot be explained using classical mechanics and
electrodynamics. This was first shown by Niels Bohr (7 October 1885 — 18 Novem-
ber 1962) in 1911 in his doctoral dissertation and later rediscovered by Hendrika
Johanna van Leeuwen (3 July 1887 — 26 February 1974) in 1919 in her doctoral
thesis; their results now refer to as a famous and often-quoted theorem of the Bohr
and van Leeuwen.

Quantum mechanics and relativity, the two pillars of modern physics erected

in the early years of the 20'" century, made the present comprehension of mag-



netism possible. Today our understanding of magnetism is intimately related to
the concept of spin, jointly proposed in 1925 by Samuel Goudsmit (11 July 1902 —
4 December 1978) and George Uhlenbeck (6 December 1900 — 31 October 1988),
which arises from the relativistic description of an electron in an external electro-
magnetic field and becomes evince in the Dirac equation (1928) [3]|. This concept
results in the intrinsic spin magnetic moment and the orbital magnetic moment;
the latter being due to the motion of electronic charges. Thus, atomic magnetic
moments are associated with the electronic spins.

It was Werner Heisenberg (5 December 1901 — 1 February 1976) who showed [4]
that the interaction between electrons, called the exchange energy, which is of
electrostatic origin and is purely quantum mechanical in nature, is the basis of the
Weiss molecular field. Modern theories of magnetism extensively use a Hamiltonian
called the Heisenberg exchange Hamiltonian to investigate the magnetic properties
of materials. The Hamiltonian was, however, not introduced by Heisenberg, but by
Dirac in 1928. The interaction of two neighbouring atoms whose total electronic
spins, in units of Planck’s constant h = 1.055 x 107** J s, are S; and S, is
represented by H = —2J8§;-S;, where J is the exchange constant; J/kp is typically
in the range 1 — 100 K. Here kp is Boltzmann’s constant, 1.3807 x 10723 J K~ 1.
The Heisenberg Hamiltonian was not exclusively confined to the explanation of
ferromagnetism. Louis Néel (22 November 1904 — 17 November 2000) in 1936
and 1948 pointed out that the exchange integral J could be negative and could
thus give rise to an antiferromagnetic (AFM) or ferrimagnetic (FIM) ordering,
depending on the topology of the crystal lattice. The concepts of superexchange,
crystal field splitting, and domain structure and dynamics have their origin in the

Heisenberg exchange mechanism.



Recent decades have witnessed an immense expansion of magnetic applications
preceded by developments for the Second World War. Advances in the computer
technologies, magnetic imaging, telecommunications, just to name a few, would not
be possible without the forefront research areas in magnetism. Magnetic recording
technology sustains the information revolution and the Internet. The discovery of
the Giant Magnetoresistance (GMR) in 1988 [5] by Peter Griinberg (18 May 1939
— 7 April 2018) and Albert Fert (born 7 March 1938) awarded the 2007 Nobel
Prize in Physics, allowed a tremendous enhancement of storage density. And also
today technology is largely driven by the goal to develop devices which are smaller,
faster, and cheaper than ever before.

The threshold to the seventh age, that of spin electronics, was in the 1980s
from discoveries concerning spin-dependent electron transport phenomena in solid-
state devices. Whereas electronic devices use the electrical charge of an electron to
encode data, spintronic devices instead use the intrinsic angular momentum of the
electron, its spin. The isolation of graphene [6] — a single layer of carbon atoms
arranged in a hexagonal lattice — in 2004 by Andre Geim (born 21 October 1958)
and Kostya Novoselov (born 23 August 1974) offers new vista to the design of
novel devices tailored on the level of individual atomic spins, which functionality
is engineered towards computing speed, storage capacity and energy saving. Andre
Geim with Kostya Novoselov earned the Nobel Prize in Physics in 2010 for their

isolation of graphene from graphite.

1.2 Magnetic information storage

Information storage technology has matured over last decades. An enormous

progress made in the respect is pictured in Figure 1.2 showing storage of IBM



Figure 1.2: IBM record cards stored at the Federal records center in Alexandria, Virginia,
(November 1959). A total of about 4.3 billion characters of data in this storage facility

correspond to about the same as a 4GB flash drive. Image source: Wikimedia Commons.

record cards at the Federal records center in Alexandria, Virginia (November 1959).
This storage facility held 4.3 billion characters of data, about the same as a 4GB
flash drive.

Magnetic storage devices, both magnetic tapes and hard disc drives (HDDs),
have been used as a crucial recording media since the birth of the information age in
1950s. The first commercial computer produced in the United States, The UNIVAC
I (UNIVersal Automatic Computer I) used magnetic tape to record data (1951).
Introduced by IBM in 1956 [7]|, HDDs became the dominant secondary storage
device for general-purpose computers by the early 1960s, whereas magnetic tapes
are predominantly used for backups. Over the past six decades, HDDs have come

a long way, from the 1956’s IBM random access method of accounting and control
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Figure 1.3: a, Illustration of the longitudinal magnetic recording, in which recorded mag-
netization lies in the plane of a layer of memory material. The domains are indicated by
the regions where the magnetic moment arrows point in the same direction. A domain
pointing left adjacent to one pointing right would represent a binary one, and the oppo-
site pattern of right-left would represent a zero. Field reversal near boundary is indicated
by R; N stand for no-reverse. b, Grains in a recording medium (Reprinted from [8]).
The grains may have a random easy axis orientation as well as random grain sizes as de-
picted. Due to the randomness of the grains, a group of grains (creating a small magnetic

domain) which have the same direction of magnetic moment stores information.

(RAMAC) 305 system being as large as two big refrigerators and using 50 24-inch
platters to hold about 5MB of data at $10,000 a megabyte — about the storage
that today is needed for one 5-minute MP3 encoded at 128 kilobits per second —
until 2018’s 12 TB HDD for around $400 enclosed in a small box of 4 in x 5.79 in
(101.6 mm x 147 mm). Technologically, however, HDDs that are currently inside
modern laptops are almost exactly the same as in the refrigerator-sized RAMAC
system — only much smaller.

Regardless of whether it is a magnetic tape or disc, magnetic recording codes
information onto a moving magnetic medium, as schematically shown in Figure 1.3.
The information is coded into the current passing through a write head, acting as a

tiny electromagnet. The stray field created by the write head switches the magne-
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tization of the medium by overcoming the coercivity. Prior to the 1990’s inductive
heads were used both to write and to read the data. Since 1990’s introduction of
the anisotropic magnetoresistive (AMR) head by IBM, the recorded data has been
read by a separate magnetoresistive (MR) sensor. Actually, it is the magnetization
transitions between the recorded bits, where the stray field is greatest, that are
detected. Essentially, MR material changes its resistance R in response to a mag-
netic field and, accordingly, modulates the current I passing through it (at fixed
voltage) and thus acts as magnetic field to electrical current converter. Thus, an
electrical current, either high or low representing binary one or zero, encode the
information.

The recording medium is usually a thin film of metallic alloys of cobalt, plat-
inum, and chromium composed of a dense assembly of very small, ideally single-
domain grains. A single bit is recorded in the magnetization of N grains. A good
signal-to-noise ratio (SNR) is achieved when the individual grains are magnetically
decoupled, while SNR is approximately given by the expression SNR = 10log N;
if a value of 30 db is required, N has to be about 1000. SNR indicates on how
reliably the bits could be read out and, therefore, on the recording performance
of a recording medium. A way to increase the SNR of the recording medium is to
reduce the grain size and grain size distribution, which would increase the number
of grains in the bit area.

Prior to 2005, the longitudinal recording, in which the magnetizations that lie
longitudinally (parallel) to the disk surface was used for storing information (Fig-
ure 1.3), dominated the magnetic recording technology. The past decade has seen
a significant growth of digital information volume which, moreover, is projected

to further expand to 40 Zettabytes till 2020. Besides, the gap between the amount
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Figure 1.4: Widening the gap between digital information creation and digital data stor-
age capacity due to the “Big Data” phenomenon. The plot shows that the gap will likely

widen in the future. Reprinted from [9].

of digital information created and available digital storage will continue to widen
over the next decade, as illustrated in Figure 1.4 [9] causing increasing demands
for higher data storage densities. Clearly, reduction of the grain size can increase
the storage capacity. Reduction of grain size below ~10 nm, however, eventually
leads to superparamagnetic effect, where the magnetic energy per grain becomes
too small to avoid a thermally activated reversal of grain magnetization and the
loss of information. Perpendicular recording getting away from the superparamag-
netic limit faced by the longitudinal recording increased data storage capabilities
from ~100—200 Gb in~2 up to ~1 Th in~2 [10] because it permits higher areal
densities (AD = number of stored bits in=2) of the magnetic records.
Unfortunately, the ongoing increase of the magnetic data storage capacity and

miniaturization of the storage devices as we know it is coming to an end, unless
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Figure 1.5: Bit patterned media. On conventional granular media, an individual bit is
recorded on an ensemble of grains (Figure 1.3), while on BPM, each island stores a single

bit (as indicated by the red outline). Reprinted from [11].

the superparamagnetic limit where spontaneous thermal fluctuations destroy the
recorded information will be overcome by the design of novel nanocomposite ma-
terials with large intrinsic magnetic anisotropies. One solution to the problem of
ultra-high-density recording is the use of a bit-patterned medium (BPM). Instead
of recording a bit on an ensemble of random grains (Figure 1.3), BPM is comprised
of a well-ordered array of lithographically patterned, isolated, and nanometre sized
magnetic islands, each of which stores a single bit of information (Figure 1.5). BPM
achieves higher SNR and thermal stability than conventional media grains. How-
ever, both mass fabrication of BPM and its integration into the recording system
of HDDs is viewed as the greatest challenge for its commercialization.

A fundamental constraint for the minimal size of a bit for classical informa-

13



tion storage is imposed by the magnetic anisotropy energy (MAE) of the storage
layer, i.e., the energy needed to orient the magnetization perpendicular to the
easy-axis. The main criterion is that the energy difference between the easy and
hard axes of magnetization representing a barrier for spin reorientations should
exceed ambient temperatures. For practical applications, large MAEs of about
30 — 50 meV /atom are necessary. The high bit density requires out-of-plane mag-
netic anisotropy to minimize dipolar interactions among adjacent magnetic mo-
ments. However, along with a reduction of magnetic bit dimensions to the atomic
scale thermal stability influences the rate of magnetization switching and, more-
over, quantum-mechanical excitations can start playing an important role. Thus,
besides the technological challenges, the question of where downscaling of stor-
age media ends from fundamental physics has motivated intense research efforts
directed toward an improved understanding of the fundamental properties of mag-
netic nanostructures [12-15], [16—20], [21,22].

Magnetic anisotropy is a relativistic effect promoted by the spin-orbit cou-
pling (SOC), which originates from the combined effect of the anisotropy in the
atom’s orbital angular momentum (L), together with the interaction between L
and the atom’s spin angular momentum (S). This interaction can be expressed
by Hsoc = £ L - S, where £ is the atomic SOC parameter [23]|, [24]. Accord-
ing to Hund’s rules, large spin and orbital magnetic moments are found among
free transition metal (TM) atoms. However, in most magnetic compounds electron
delocalization and crystal field effects compete with the intra-atomic Coulomb in-
teractions, responsible for Hund’s rules, triggering a decrease of S and quenching
of L with implications for a value of MAE. Theoretical calculations, however, pre-

dict such effects to be diminished at surfaces and in low-symmetry nanostructures
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Figure 1.6: a, Spin and orbital magnetic moment of a gas phase Co atom (d” electronic
configuration) according to the Hund’s rules. b, Spin and orbital magnetic moment of an
individual Co atom adsorbed on a Pt(111) surface [14]. Due to the spherical symmetry
of the gas-phase atom the magnetization is isotropic, and MAE is zero. In b, symmetry
breaking and Co-Pt coupling lead to a strong anisotropy of the magnetization measured
by XMCD along the out-of-plane (black) and close to in-plane direction (blue). Reprinted
from [15].

owing to the reduced coordination of TM atoms, which may also imply a sub-
stantial MAE [16,17,19,20,24—-30]. This strategy, if specific conditions are met,
could set the ultimate limit of classical data storage to a single-atom magnetic
bit coordinated to a single substrate atom. Indeed, a giant MAE was found by
Gambardella et al. [14] for Co atoms on a Pt(111) substrate (Figure 1.6). A high
magnetic anisotropy energy requires large spin and orbital magnetic moments and

a strong spin-orbit coupling. The Co atom provides the large magnetic moment,
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but for Co, like for all 3d ferromagnets, the spin-orbit coupling is weak. Strong
SOC is found in the heavy 5d metals such as Pt. Although, these metals are
non-magnetic, significant magnetic moments can be induced in Rh, Pd, and Pt
substrates in the presence of magnetic nanostructures [16—18]. Hence the giant
MAE observed for Co/Pt(111) must have its origin in the strong coupling between
the magnetic adatom and its ligands. Nanostructures of 3d metals supported on
substrates of highly polarizable 5d metals may thus be a viable route to tune both
the spin moments and the anisotropy energy.

Theoretical calculations for Co and Fe adatoms and ultrathin films on the
(111) surfaces of Pd and Rh, and Fe adatoms on Pt(111) revealed, however, sur-
prising results that the MAE strongly depends on the adsorption site. Moreover,
due to strong quenching of the adatom orbital moments and the formation of
large induced spin and orbital moments in the substrate, the latter substantially
contributes to the MAE [17,18], [31].

Classical storage and spintronics devises’ functionality particularly depends on
long spin-relaxation times, 7). Exchange-driven magnetic coupling of the adatom’s
spin to a conductive substrate may drastically limit 77 time scale to the order of
only hundreds of femtoseconds as revealed by inelastic scanning tunnelling spec-
troscopy (ISTS) on individual Fe atoms on a Cu(111) surface [32]. In contrast,
a long spin-relaxation time in the nanosecond regime was derived from the ISTS
experiment for Fe atoms adsorbed directly on a conductive Pt substrate [33], com-
parable to that of Fe atoms, which were decoupled from substrate conduction
electron bath by thin insulating layers [34] and thus hampered electron-hole pair
generation [35]. Astonishingly, magnetic remanence allowing for storing and pro-

cessing information was measured by X-ray magnetic circular dichroism (XMCD)
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on an ensemble of Ho atoms on ultrathin MgO(100) films grown on Ag(100), in-
dicating a lifetime exceeding 1000 s [36]. Magnetic hysteresis up to 5.6 T and spin
lifetime of 1000 s at 2.5 K was also measured for a self-assembled superlattice of
noninteracting Dy atoms on graphene grown on Ir(111) [37]. More recently, Nat-
terer et al., showed the reading and writing of the magnetic state of individual Ho
atoms on MgO/Ag using a scanning tunnelling microscope (STM), and that that
they retain their magnetic information over many hours (Figure 1.7) [21].

Another remarkable achievement in the field of atomic memory was by using
the STM to manipulate individual chlorine atoms on the (111) crystal surface
of copper to encode a series of 0s and 1s into a 8 x 8 array of rectangular blocks
(Figure 1.8) [39]. Importantly, the chlorine lattice remained stable up to a relatively
high temperature of 77 K. This re-writable atomic memory offers an areal density
of 502 terabits per square inch.

Recently, the possibility of a single-atom memory originated from bistability
of the orbital angular momentum (as opposite to the bistability of spin states)
of an individual Co atom on semiconducting black phosphorus (BP) was demon-
strated [40]. The employment of STM and ab initio calculations revealed distance-
dependent-to-BP two distinct valencies of Co, each having a unique orbital popula-
tion, total magnetic moment, and spatial charge density. Further, quantum chem-
istry calculations [41] suggested that the orbital degree of freedom may be much
more robust against thermal fluctuations compared to using only the bistability
of the spin ground states, and thus offering the potential for high-temperature
single-atom information storage.

Last decade witnessed a tremendous progress in the field of information storage

crowning with achieving the ultimate limit of writing and reading information into
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Figure 1.7: a, The writing and b, reading of the magnetic state of a single Ho atom in
the vicinity of an iron (Fe) atom on a thin magnesium oxide film that decouples the two
atoms from a silver substrate [21]. To write the atom’s magnetic state, a high voltage
(above 150 mV) was sent through the tip of a spin-polarized STM which caused the
Ho atom’s magnetic moment (blue arrow) to flip. The atom’s magnetic state was read
by measuring electrical conductance through the probed Fe atom. By applying a radio-
frequency voltage from the microscope tip to the Fe atom, one can detect a change in
conductance when the applied frequency matches the Larmor frequency of the Fe atom’s
spin. The Larmor frequency depends on the local magnetic field at the Fe site, and hence

on the Ho atom’s magnetic state. Reprinted from [38].

18



0  Height (pm) 38

Figure 1.8: a, Encoding the smallest byte: The byte is set to represent the binary ASCII
code for the character e. b-d, A 64-bit block, written as all Os (b), a TU Delft text (c)
and all 1s (d). Reprinted from [39].

a single-atom magnetic bit. Although, the storage and retrieval of magnetic infor-
mation in a single atom is feasible, we are still far from having actual applications
and, moreover several issues still need to be resolved. The methods involved are
neither user-friendly nor affordable, and currently can be realized only in extreme
conditions, such as in an ultrahigh vacuum and at very low temperatures.

Recent advances in ab initio simulations methods have imposed an increasingly
important impact on solid-state physics and chemistry and on materials science,
contributing to a deeper understanding of underlying phenomena and to materi-
als design for future technologies [42]. Relativistic density functional calculations
(RDFT) have been proved to provide an efficient tool to obtain both a thorough
characterization of the potential magnetic-storage materials and a deeper under-
standing of the mechanisms determining the magnetic anisotropy on the electronic

level in low-dimensional systems [16—20,24-30]. Prominent examples include (1)
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unveiling the important contribution to MAE from substrates hosting magnetic
nanostructures [17,18,27], (i) for small TM clusters the role of the two-fold
degenerate and a singly occupied state at the Fermi level (Ep) for achieving a
large MAE [24,28,29], and (4) the prediction of an enormous MAE of 0.2 eV
for heteronuclear IrCo dimers adsorbed on a graphene monolayer supported by a
Cu(111) substrate [29], which offers necessary barrier against loss of information
even at room temperature. The MAE of bimetallic dimers stemmed from (i) com-
bining a large spin moment contributed by the 3d Co atoms with a large orbital
moment and strong SOC of the 5d Ir atom, (77) favourable electronic structure in
the vicinity of the Fermi level, i.e., SOC splitting of doubly degenerate electronic
state which was occupied by only one electron at Ep, and (iiz) the dimer’s upright
geometry with the Co atom located in a sixfold hollow of the graphene layer and
the Ir atom preserving its free-atom-like characteristics. The graphene/Cu(111)
supported bimetallic IrCo dimers may pave the way for high-temperature atomic-
scale information storage.

Importantly, graphene intrinsically of diamagnetic nature can not only host
magnetic nanostructures [25,28,30], [37], but also can be equipped with magnetic
properties without the presence of magnetic metallic elements, opening thus the
doors towards applications in electronics, spintronics, biomedicine, and magnetic

(bio)separations [43].

1.3 Magnetism in graphene

Pioneering works on ferromagnetic compounds which are made up of non-
metals only (i.e., C, O, H, N, and P) date back to the early 1990s. Such compounds,

termed organic magnets, have unpaired p electrons and, hence, show characters
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of an organic radical. The first example of an organic magnet (1991), however
with FM properties only below 0.65 K, was p-nitrophenyl nitronyl nitroxide (p-
NPNN) [44]. The discovery of fullerenes [45] and carbon nanotubes [46] has shifted
the attention of the scientific community searching for magnetically ordered organic
materials to carbon (nano)allotropes.

However, carbon, despite having two unpaired spins in the outer p-shell as
an isolated atom, is diamagnetic due to the nature of bonds that are established
between the carbon atoms leaving no unpaired electrons . Thus, the magnetism of
carbon shows only a diamagnetic term, resulting from the motion of electrons on
the orbitals, with a zero paramagnetic contribution. Pure carbon structures with
mixed hybridization states (i.e., in which some of the valence electrons are not
involved in a bonding process) may show unpaired spins and eventually magnetic
ordering [43].

Since 2004, when graphene was isolated [6], the realm of carbon has witnessed
a striking attention from the scientific community to synthesize graphene and tune
its unique physicochemical properties [47-50] and, moreover, equip it with features
it misses, including magnetism [43]. Indeed, numerous theoretical works and sev-
eral experimental studies confirmed successful imprinting magnetic features into
graphene when defects were introduced into its lattice (see Figure 1.9) [43], [51].
In short, the point defect effectively removes one p, orbital from the graphene m
cloud since once rehybridized the atom is unable to contribute its p, orbital to the
m-electron system. The point defects in the graphene bipartite lattice break the
sublattice symmetry and give rise to zero-energy (mid-gap) states in the comple-
mentary sublattice, and, accordingly, to the total spin S = | N, — N3|/2 guaranteed

by a theorem by Lieb [52|, where N, — Nj is the difference between the number
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Figure 1.9: Defects in the graphene lattice: a, vacancies; b, substitution with non-carbon

atoms; ¢, sp> functionalization; d, edges / spatial confinement. Reprinted from [43].

of atoms in each sublattice, i.e., the sublattice imbalance. Both zero-energy states
and spin densities around the defective site form characteristic v/3 x v/3R30° su-
perstructures with a ferromagnetic coupling between electron spins populating
the quasi-localized states in the same sublattice and an antiferromagnetic cou-
pling between different sublattices (Figure 1.10). The computed DOS plot for H-
chemisorbed defect, Figure 1.10 (e), showed sharp peak close to Ey corresponding
to the quasi-localized state induced by the defect. The peak was split by exchange
giving rise to the overall magnetic moment of 1 pup. The removal of one carbon
atom yielded a localized dangling-bond state which makes the major contribution
(1 up) to the intrinsic magnetic moment of the single-vacancy defect (1.1-1.5 up).

Recent STM experiment matched the computed theoretical DOS with the dif-
ferential conductance spectra, dI /dV, probing the energy-resolved local DOS under
the STM tip position, providing thereby indirect evidence for the local magnetic

moments’ formation in H-defective graphene (Figure 1.11) |54]. This work further
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Figure 1.10: Theoretical spin-density distribution in the defective graphene sheet a, at
the hydrogen chemisorption defect (marked by A) and b, the vacancy defect; o and
B sublattices are distinguished by open and filled circles, respectively. Corresponding
simulated STM images are shown in ¢ and d, respectively. e, Spin-resolved density of
states (DOS) for the vacancy and the hydrogen chemisorption defect showing exchange-
split peaks corresponding to quasi-localized (QL) and dangling-bond (DB) states. Panels

a-d are reprinted from [53]; panel e from [51].
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confirmed that the zero-energy state is localized on the carbon sublattice oppo-
site to the one where the hydrogen atom is chemisorbed, and it extends several
nanometers away from the H atom driving the direct coupling between the mag-
netic moments at unusually long distances. One shall notice the perfect agreement
between theoretical DFT predictions and experimental findings, which proved the
predictive power of the theory. Further, the dI/dV spectra measured on the dimer
chemisorbed on the same sublattice yielded the split state at Eg, as expected for
a ferromagnetic coupling between the H atoms.

Importantly enough, DFT calculations showed that virtually any molecule at-
tached to the graphene layer through a weakly polar single bond leads to the effect
like that of H adsorption [55]. The spin moment of 1 up was predicted for the
graphene-adsorbate complexes, with the adsorption-induced spin polarization tex-
ture exhibiting remarkable similarities for various adsorbed groups (Figure 1.12).
The magnetic moments align ferromagnetically on the same sublattice, while, in
contrast, sp3-functionalized opposite sublattices tend to couple antiferromagnet-
ically. The band structure for graphene functionalized with adenine and methyl
groups, indicated that the magnetization originated from a very narrow defect
state pinned at Fp. Similarly, one spin-polarized peak appeared at Ep for several
adsorbates chemisorbed on graphene through a single C—C bond, as indicated in
Figure 1.12.

Indeed, DFT calculations predicted similar DOSs with spin-polarized mid-gap
states pinned to Ey for carboxylated graphenes (G-COOH) [56], [57]. The the-
oretical thermodynamic stabilities of surface carboxylated graphenes indicated,
however, that most of the local COOH arrangements will be thermodynamically

accessible with a small energy difference between them [57]. This implied that the
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Figure 1.12: a, Adsorption geometry. b-e, Isosurfaces of the magnetization density in-
duced on graphene by functionalization using the adenine derivatives. f, Spin-polarized
band structures for graphene with a single adenine derivative and g, a CHs molecule
chemisorbed on top of one carbon atom. h, Spin-polarized DOS for single molecules
chemisorbed on a graphene supercell. The shaded regions indicate the DOS of pristine

graphene. Adapted from [55].

topology of the carboxyl groups on the graphene surface will be given by a statis-
tical distribution. A statistical (or random) distribution of the functional groups
across the surface would prevent the formation of ferromagnetic order. Therefore,
experimental verification of the emergence of magnetic order in G-COOH is highly
vital.

Hydrogenation of graphene was found to be reversible [58|, offering the flexi-
bility to manipulate the coverage and to tailor its properties. It can be achieved

by several techniques such as exposing graphene to hydrogen plasma, e-beam ir-
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radiation, or Birch reduction of graphite oxide. The fully hydrogenated graphene
derivative (termed graphane) is a non-magnetic wide-gap semiconductor. How-
ever, a H-vacancy defect in the graphane lattice led to the formation of a localized
state with an unpaired spin and, accordingly, the formation of a defect level in the
energy gap [59]. Further, a single-side hydrogenated graphene with H-vacancies
distributed on the neighbouring carbon atoms belonging to the same graphene
sublattice (termed graphone) was theoretically predicted [60] to exhibit ferromag-
netic order with an estimated Curie temperature between 278 and 417 K. The
induced magnetic moments localize on the unhydrogenated atoms, while the hy-
drogenated C atoms and H atoms carry very small magnetic moments, which is
due to the strong o bonds formed between carbon and hydrogen atoms that brakes
the m-bonding network and leaves the electrons in the unhydrogenated C atoms
localized and unpaired. The long-range magnetic coupling in graphone can be at-
tributed to the large spatial extension of the valence electrons in p-states.
Fluorographene (FG), a two-dimensional (2D) stoichiometric graphene deriva-
tive is one of the thinnest insulators with a wide electronic band gap (3.0 — 4.2
eV) [61-63]. Theoretical calculations based on DFT anticipated that localized spin
density can develop in fluorographene and can be controlled by the degree of F
coverage [64]. Fluorination was experimentally confirmed to be an effective route to
generate noticeable spin-half paramagnetic centres in graphene [65]. However, pos-
sibly due to the adatom clustering, the measured number of paramagnetic centres
was three orders of magnitude less than the number of F adatoms in the sam-
ples and no magnetic ordering was detected at that time. Thus, the cluster edges
were proposed as the only source of magnetic moments determining the nature

of magnetic response. Moreover, the number of spins (N) was found to increase
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monotonically with an increase in the degree of fluorination (i.e., C1F,, 0 <z < 1)
up to z = 0.9. A complete fluorination showed, in turn, a decrease in the value of
N.

More recent experimental-theoretical work [66] proved that monoatomic chains
of fluorine atoms on graphene led to strong magnetism in these organic graphene-
based systems (see Figure 1.13). The lattice sites occupied by F atoms became
inaccessible to the m-electron system. Thus, the fluorine chains acted as high-energy
barriers (or a “nanoridge”) for the graphene m-electron cloud. A set of localized spin
states in the a-sublattice on one side of the nanoridge and the S-sublattice on the
other side were created and magnetic susceptibility data yielded behaviour typical
of a quantum spin-ladder system with FM legs and AFM rungs (Figure 1.13),
in analogy to the exchange couplings between the zigzag edge-inherited states
in graphene nanoribbons. The exchange coupling constant along the rungs was
measured to be 450 K, which let consider graphene with fluorine nanoridges as a
candidate for a room temperature spintronic material [66].

Fluorine atoms were also reported to form monoatomic stripes running along
crystallographic directions on graphene and separated by non-fluorinated sp? car-
bon ribbons — an arrangement closely resembling that of a so-called tabby pat-
tern [67]. As a result of tabby stripes, sp*-sp? interfaces were observed to evolve
with spin-polarized edge states localized on both sides of fluorine chains. Further,
fluorine patterns reduced the effective dimensionality to 1D. For CoF, with z < 1, a
behaviour typical for low-dimensional quantum spin ladder systems was observed,
with FM ordering along the zigzag edges and AFM coupling between the opposite
zigzag edges, and a thermally activated spin gap at about 450 K. Room tempera-

ture ferromagnetism found for CoF, with z < 1 was interpreted as a consequence
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Figure 1.13: a, Raw data of magnetic susceptibility of the C,F samples; C4F and CsF
were measured at a magnetic field of 100 Oe upon being heating after zero-field cooling
(open circles); the same curves with the Curie contribution (grey) subtracted are repre-
sented by red circles. CoF was measured upon heating (filled circles) and upon cooling
(open circles); inset: room-temperature hysteresis loop. Right panel: normalized spin sus-
ceptibilities; inset: spin susceptibility vs. reciprocal temperature. b, A zigzag chain of F
atoms (yellow spheres) on graphene with opposite spins shown in red and blue. ¢, Spin
densities for random fluorine chains. d, A spin ladder with a FM intra-leg interaction
(Jrar) and an AFM inter-leg coupling (Jar). €, Magnetic susceptibility (x) for the finite

size spin ladder vs. the reduced temperature. Reprinted from [66].
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of a dimensional crossover due to the onset of interlayer interactions after ageing or
annealing. In turn, CoF, with x = 1 exhibited a behaviour characteristic of the 2D
magnetism without any signs of magnetic ordering at high temperatures; a tran-
sition to a superparamagnetic regime at 40 K was instead observed. The results
demonstrated that a magnetic dimensional crossover in graphene-based systems
can be induced upon changes in the fluorine content and interlayer distance.

The chemistry of FG has been recently used to develop 2D-systems, hydroxyl-
substituted FG, termed hydroxofluorographene, GOHF. Depending on the F/OH
ratio, hydroxofluorographenes exhibited room temperature antiferromagnetic [68]
(Figure 1.14 ) or ferromagnetic [69] ordering (Figure 1.15). The room temperature
magnetism stems from a sophisticated organization of sp?-conjugated motifs inside
an otherwise sp®-bonded lattice and superexchange interactions via —OH function-
alization [68] or combined contributions of itinerant m-electrons and superexchange
interactions [69]. This new development in organic room-temperature magnetism
in 2D systems pave the way to the future organic spintronic applications.

Importantly, ~-OH groups were also shown [70] to induce magnetic moments
with high magnitudes (as high as 217 pup per 1000 —OH groups) on the graphene
basal plane. Depending on the concentration of ~OH groups (from 3 to 10 atomic
percent, at%, of OH coverage) after annealing of graphene oxide at different tem-
peratures (removing epoxy groups), the saturation magnetization was found to
vary from 0.91 to 2.41 emu g~ !. Further, -OH groups showed high stability sustain-
ing even at 900 °C. Thus, —OH groups were suggested as ideal sp3-type candidates
to equip graphene with robust magnetic moments [70].

It was also found that an increased level of hydroxyl groups significantly in-

creased the local spin density up to a value of 5.17 ug per 1000 carbon atoms.
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Figure 1.14: a, Temperature evolution of the mass magnetic susceptibility (Xmass) of
G(OH)F, measured under an external magnetic field of 10 kOe. The insets indicate
non-zero coercivity and a saturation magnetization of ca. 1 emu g~'. b, Isothermal
magnetization curves of G(OH)F at temperatures of 5-60 K. The insets show the profile
of the hysteresis loops around the origin and the temperature dependence of coercivity.
¢, Isothermal magnetization curves of G(OH)F, recorded from 100 to 400 K. The inset
shows the profile of the isothermal magnetization curves at 350 and 400 K, demonstrating
a transition from an AFM state to a paramagnetic state above 350 K. d, Temperature
evolution of xmass 0f G(OH)F, measured under an external magnetic field of 10 kOe. The
arrows show the reversibility of the measured profile on warming the sample from 5 to
400 K and then cooling from 400 to 5 K. The inset shows sudden drop of ymass above
370 K, which is indicative of a transition from an AFM state to the paramagnetic one

with a Néel transition temperature of about 372 K. Reprinted from [68].
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Figure 1.15: a, Temperature evolution of xmags of the C15(OH)34F¢ sample under a mag-
netic field of 1 kOe. Profile of the diamagnetic (Xmags dia), Paramagnetic (Xmass,para), and
ferromagnetic (Xmags,ferro) contributions to the total xmass are shown in the insets. Tiys
and T indicates the temperature of the inflection point and Curie temperature, respec-
tively, and thus transition from FM to paramagnetic regime. b, Hysteresis loops (M vs.
H curves) of C13(OH)34F¢ at 5 and 300 K. The lower inset provides evidence for nonzero
values of the coercivity and remanent magnetization. The upper inset displays hysteresis
loops after subtraction of the diamagnetic part. ¢, Hysteresis loops of C15(OH)34F¢ at
25 and 200 K. The inset shows the isothermal magnetization curves around the origin. d,
Hysteresis loops of C1g(OH)3 4Fg at temperatures from 225 and 400 K. The isothermal
magnetization curves around the origin is shown in the lower inset. The upper inset dis-
plays the temperature dependence of the coercivity derived from the respective hysteresis

loops. Reprinted from [69].
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Specifically, converting epoxy groups to hydroxyl groups, combined with the Ar
annealing method, increased the magnetization of graphene oxide from 0.136 to
3.11 emu g~ L.

Recently, room-temperature ferromagnetism was detected in reduced graphene
oxide (RGO) doped with nitrogen prepared by direct reduction of graphene oxide
in Ny plasma at room temperature. The FM behaviour was attributed to pyrrolic
nitrogen bonding configurations [71]. Reference [72] reports increased magnetiza-
tion for RGO with increased doping with nitrogen. However, no clear scenario
explaining an increase in the magnetization with increasing nitrogen content was
suggested due to a complex interplay between pyridinic, pyrrolic, and graphitic
nitrogen.

Doping of graphene lattice with noncarbon atoms, such as nitrogen and boron,
has been theoretically shown to lead to n-type and p-type doping in the case
of N- and B-doped graphene, respectively [73|. The Dirac point of graphene was
downshifted in N-doped graphene and upshifted in B-doped graphene with respect
to Ep, causing a semi-metal-to-metal transition in doped graphene. Moreover,
if m-electrons occupy narrow bands at Ey of graphene, Stoner magnetism can
emerge [74].

Indeed, it has been theoretically anticipated and experimentally confirmed that
depending on the concentration and packing geometry of doping sulfur [75] and
nitrogen [76] atoms, it is possible to induce FM order in graphene. Transition
temperatures to the FM state were found similar in both systems, 62 and 69
K, respectively, for S- and N-doped graphene (see Figure 1.16), with graphitic
dopants playing the key magnetic role, albeit significant amount of pyridinic and

chemisorbed nitrogen was identified in N-doped graphene samples. Pyrrolic N was
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Figure 1.16: Temperature evolution of the mass magnetic susceptibility, Ymagss, for a, N
and ¢, S-doped graphene at 5.1 at% (N) and 4.2 at% (S) recorded under an external
magnetic field of 1 kOe with the Curie temperature, T¢, indicated. Insets display the
ferromagnetic contributions derived from fitting of the ymass vs. T' curve. For N-doped
graphene, the trend of ymass at low temperatures is also shown in the inset. Hysteresis
loops of b, N and d, S-doped graphene. The insets demonstrate the behaviour of the
hysteresis loop around the origin with nonzero coercivity and field-dependent profiles
of magnetization for the ferromagnetic, Mferro, and paramagnetic, Mpara, component.

Panels a and b reprinted from [76]. Panels ¢ and d reprinted from [75].
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not spotted in N-doped graphene, which has previously been shown to trigger a de-
crease in magnetization values |77]. In turn, pyrrolic nitrogen at a concentration of
6.02 at% enhanced ferromagnetism in graphene oxide [78]. A high oxygen content
is, however, regarded as a dominant source of magnetism, overwhelming the ef-
fects of nitrogen doping itself, and, moreover, oxygen-containing functional groups
severely reduce the electric conductivity of graphene — the main requirement for
spintronics. Below 5 at% of N and 4 at% of S, graphene acted dominantly as a
diamagnet; although paramagnetic centres were imprinted upon doping, they did
not lead to magnetically ordered configurations. Once the doping concentration in-
creased above these threshold values, FM states evolved when the doping-induced
paramagnetic centres coupled via a m-electron system, as elucidated by theoreti-
cal calculations [75,76]. Both S- and N-doping of graphene offer viable magnetic
conductive materials with a huge potential in spintronic and other magnetic ap-
plications [43].

Confining graphite spatially is another strategy to imprint magnetic features
into carbon nanoallotropes. In fact, this approach was proposed before the first
isolation of graphene (Ref. [43] and references therein). Graphene nanoribbons
(GNRs), graphene nanoflakes and carbon quantum dots are currently regarded as
prototypical examples of such carbon-based spatially confined nanostructures. Two
types of edges can be formed, i.e., a zigzag or an armchair edge (Figure 1.17) [79],
upon cutting a sheet of graphene into two pieces, thereby modifying its electronic
band structure. The resulting edges can be terminated by hydrogen or any foreign
atom to saturate o-dangling bonds and thus enhancing the stabilization of the
edges. The zigzag edge involves sites only from one graphene sublattice while both

sublattices are paired along the armchair edge. Zigzag edges exhibit nonbonding
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Figure 1.17: a, Two types of edges formed upon cutting a graphene sheet, i.e., a zigzag or
an armchair edge. b, Zigzag and armchair edges with the A- and B-sublattice indicated.

Arrows denote the pseudospins. Reprinted from [43] and [79].

m-electron states with an energy level appearing at the contact point of the m- and
mx-bands; the occurrence of such states was documented in several experimental
studies [80-82|. These states are not observed in the armchair edges. The zigzag
edge states emerge due to the broken symmetry of the pseudospins. The unpaired
electrons (with S = 1/2) in the non-bonding p-orbital of the zigzag edge are
localized, thereby forming a strongly spin-polarized region. Thus, the finite-sized
graphene is magnetic.

An arbitrarily-shaped sheet of nanographene having both armchair and zigzag

edges is supposed to exhibit ferrimagnetic structure (Figure 1.18). Two interaction
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Figure 1.18: Schematic representation of an arbitrarily-shaped nanographene sheet show-
ing the spatial distribution of edge-state spins (represented by blue filled arrows). Jy and
J1 represent the intra-edge and inter-edge exchange interactions, respectively. The open

arrow represents the net magnetic moment. Reprinted from [79].

pathways between edge-state spins in nanographene are present: (i) intra-edge in-
teraction between spins on the same edge and (ii) inter-edge interaction between
spins on opposite edges [79]. While the former exchange interaction is strong and
is of FM character (Jy = 103 K), the latter interaction is moderate (J; = 10 — 100
K) and can be of either FM or AFM nature depending on the geometry between
the two zigzag edges. The competition between the intra-edge FM interaction and
inter-edge FM/AFM interaction, the strength of which is affected by the specific
geometry of the nanographene sheet, is then expected to stabilize the FIM struc-
ture with a nonzero net magnetization.

The edge-magnetism can be tuned by a chemical modification of the edges
[43], [79]. In particular, if the edges are fluorinated, spins located at zigzag edges

are reduced. In turn, if the zigzag edge on one side of the nanographene ribbon is
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dihydrogenated whereas the zigzag edge on the opposite side of the nanographene
ribbon is monohydrogenated, a localized non-bonding state is supposed to appear
around FEp; further, all the carbon atoms are spin-polarized even in the interior
of the nanographene ribbon. If one zigzag edge is oxidized while the other zigzag
edge is monohydrogenated, the side with the monohydrogenated edge is magnetic
while the side with oxidized edge forms an electron conduction pathway.
Graphene nanoribbons (GNRs) are often adopted as a theoretical model system
to describe and understand the role of edge and finite-size effects on the physical
properties of graphene [83,84]. They also serve as a prototypical example to study
the role of defects in the evolution of magnetic ordering in graphene (Ref. [43]
and references cited therein). Armchair GNRs are non-magnetic but their zigzag
counterparts show spin-polarized edge states. The electronic structure of zigzag
GNRs (and, thus, bandgap and their magnetism) are believed to strongly depend
on the level of quantum confinement in the width dimension and nature of intra-
edge and inter-edge exchange interactions (i.e., m-conduction electron-mediated
indirect interactions and direct/superexchange interactions) [85]. Following theo-
retical predictions, intra-edge interaction is of FM nature, whereas FM or AFM
alignment is expected to evolve between opposite zigzag edges depending on the
width of GNRs. Further, the change in the magnetic ordering, FM/AFM, between
opposite edges is accompanied by oscillation in the conduction character of GNR
between metallic- (in the FM regime) and semi-conducting fashion (in the AFM
state) [86]. Many theoretical studies on the magnetic properties of GNRs have
indicated that line defects [87], doping with extra carriers [88], interaction with a
substrate magnetic field [89], and different saturation of opposite edges with hydro-

gens [90] can also influence the final magnetic properties. Therefore, interpretation
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of experimental observations of edge magnetism in GNRs may be difficult, i.e.,
experimentally prepared GNRs may include many intrinsic defects, edge states,
and also d-block-element impurities.

Graphene nanoflakes (GNFs), alternatively termed as graphene nanodisks, nano-
platelets or nanoislands, are arbitrarily shaped graphene fragments, which are fi-
nite in both dimensions (~1 to ~50 nm in size); they are sometimes classified
as quasi 0D carbon nanostructures of sp? character. The regularly shaped GNFs
resemble the appearance of regular convex polygons such as triangles, squares,
rectangles, parallelograms, pentagons, and hexagons. The sides of GNFs consist of
purely armchair or zigzag edges or their combinations. The magnetic features of
GNFs are mainly predicted by theoretical studies with very rare confirmations from
experimental measurements (see Ref. [43] for overview). Very recently, however,
magnetically ordered GNFs with diverse morphologies, including nanoribbons and
triangular, pentagonal, hexagonal and other polyhedral shapes, were prepared and
characterized [91]. This material enters the ferromagnetic regime at a temperature
of ~37 K with magnetization approaching ~0.45 emu/g under high external mag-
netic fields (Figure 1.19). Theoretical calculations explained that the magnetism
of GNPs emerges from synergistic effects of the size, geometry of nanographenes,
edge terminations, and angle between adjacent edges. In addition, they suggested
a new way for preparing magnetically ordered nanoplateles with higher transition
temperature. In this respect, triangular motifs with zigzag edges and reduced size
to a maximum of around 3.7 x 3.7 x 3.7 nm can remain magnetically ordered
up to 107 K. Based on these challenging results, further tuning of the size and
morphology in spatially confined nanographenes combined with doping and sp?

functionalization would enable preparation of magnetically ordered half-metallic
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Figure 1.19: a, Temperature evolution of the mass magnetic susceptibility, xmass, of the
GNP sample, recorded under an external magnetic field of 1 kOe, with the Curie temper-
ature, Tc, indicated. In the insets the fitting of 1/xmass versus temperature curve with
the Curie-Weiss law in the temperature range from 100 to 300 K and temperature evolu-
tion of Xmass,para aNd Xmass ferro terms (as derived from the fitting model) are shown. b,
Hysteresis loop of the GNP sample measured at a temperature of 5 K. The inset displays
the behaviour of the hysteresis loop around the origin with the coercivity and remnant
magnetization. ¢, Hysteresis loops of the GNP sample, recorded in the temperature range
from 10 to 300 K. The insets show the behaviour of hysteresis loops around the origin
and the temperature evolution of coercivity, Hc, derived from the respective hysteresis

loops of the GNP sample. Reprinted from [91].
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carbon sustainable up to room temperature, thus opening new opportunities in

spintronics.

41



Chapter 2

Theoretical methods

2.1 Density Functional Theory

The cornerstone of the development of methods for simulations of properties
of materials was provided by the Hohenberg-Kohn theorem [92] density functional
theory (DFT) is based upon, which casts the intractable complexity of the electron-
electron interactions in many-electron systems into an effective one-electron poten-
tial, being a functional of the electron density only. This theorem states that the
ground-state density n(r) of a system of interacting electrons in an external poten-
tial v(7) uniquely determines this potential. The density n(r) is uniquely related
to the external potential and the number N of electrons via N = [ n(r)d*r and
therefore it determines the full Hamiltonian. Further, it is a fundamental observ-
able that can be directly compared to results from X-ray or neutron diffraction.
The exact ground state density and energy can be determined by the minimization
of the energy functional E|n]:

Eior = min E[n] = min(T'[n] + Ve [n] + Via[n] + Ex[n]) , (2.1)

n(r) n(r)
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where Vo and Vi are, respectively, the functionals of the external potential and
of the classical electrostatic interaction energy (the Hartree energy), and T is the
kinetic energy functional for non-interacting electrons, i.e., the kinetic energy func-
tional of a non-interacting reference system that is exposed to the same external
potential as the true interacting system. The exchange-correlation functional F\.
contains all quantum mechanical many-body effects. Although, this non-local func-
tional is not known, it has the important property that it is a universal functional
of the electron density, i.e., it does not depend on any specific system or element.
The kinetic energy functional T is neither well-known.

The density can be expressed as a sum over single-particle states

n(r) = lei(r)‘Q . (2.2)

Making use of the variational principle for the energy functional and minimizing
E[n] with respect to the single particle states under the constraint of normalization,

one obtains the so-called Kohn-Sham equations [93]:

h2
{ - %VQ + Vet (1) + vp(r) + UXC(T)}wi(T‘) =g i(r) . (2.3)
The sum of vey, vy and vy gives the effective one-electron potential acting on the
electrons, veg(7). The exchange-correlation potential vy, is the functional derivative

of the exchange-correlation functional Fy.[n],

dEyc[n]
xe = : 2.4
Y on (2.4)
Finally, the ground state energy can be expressed as
N
E= Z &+ Exc[n] - /UXC<T)n<T)d3T - VH + ‘/nucl—nucl . (25)
i=1

The accuracy of DFT-based methods depend crucially on the particular form of

exchange-correlation functional. The hierarchy of exchange-correlation functionals
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after John Perdew is usually referred to as the “Jacob’s ladder” of DFT (see e.g.,

Ref. [94] and references therein).

2.1.1 Exchange-correlation functional

The local density approximation (LDA) [95] for the exchange-correlation energy

can be written in a simple form:

Eeln(r)] = / n()eseln(r))dr | (2.6)

where e, is the exchange and correlation energy per electron of a uniform electron
gas of density n. It is well known that the LDA tends to overestimate the bond
strength in solids, thus the theoretical lattice constants are too small, cohesive
energies are overestimated; also energy gaps in semiconductors and insulators are
seriously underestimated. It must also be pointed out that LDA fails quite badly in
predicting the ground magnetic state for transition metals, i.e., Fe is predicted to
be hexagonal close-packed and non-magnetic instead of body-centered cubic and
ferromagnetic [96], and body-centered cubic Cr is predicted to be non-magnetic
instead of antiferromagnetic [97].

The Generalized Gradient Approximation (GGA) [98,99] introduces a depen-
dence of the exchange-correlation functional on the local gradient Vn(r) of the

electron density. It can be expressed as

Ee[n(r)] = / COA (). Vi (r)]dr | (2.7)

Many different functional forms of f$%* are available, for instance, the functional

proposed by Perdew et al., in 1991 (PW91) [100], the Perdew-Burke-Ernzerhof
(PBE) [101] functional and its revised form proposed by Hansen et al., (RPBE) [102].

The GGA corrects the overbinding tendency inherent in the LDA, albeit with a
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certain tendency to overcorrect. However, the GGA produces the correct ground
state for magnetic transition metals where the LSDA fails badly.

The development of more accurate exchange-correlation functionals is a very
active research field. One route is the development of so-called meta-GGA that
is a straightforward extension of the concept underlying the GGA, i.e., the meta
GGA depends on the Laplacian of the electron density or on the local kinetic
energy density [103]. Unfortunately, a systematical improvement of the properties
compared to those obtained with GGA has not been obtained (see e.g., Ref. [94]).

Another step was to construct hybrid functionals mixing nonlocal Fock ex-
change and local or semilocal DF'T exchange in a certain proportion, motivated by
some hope that the deficiencies of DF'T and HF will cancel out each other being
in some sense complementary: band gaps predicted by DF'T are too narrow, gaps
calculated using HF are far too wide. The most popular hybrid in chemistry is
the three-parameter B3LYP functional [104,105|, because it provides high accu-
racy for almost all properties of molecules, but, unfortunately, fails when applied
to metals and semiconductor solids, as the correlation part of the functional is
incorrect in the homogeneous electron gas limit [106, 107|. Better estimates for
lattice parameters and bulk moduli of solids, and for the band gaps in semicon-
ductors and insulators offer PBEO [108] and HSE03 [109] hybrid functionals. Both
insulating antiferromagnetic rare-earth and transition metal oxides, which are not
correct with GGAs, are properly described with these hybrid functionals [110].
Hybrid functionals require much greater computational cost than standard DFT.
On the other hand, atomization energies and magnetic properties of metals are

more accurate through standard PBE.
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2.1.2 Spin-polarized DFT: collinear and noncollinear mag-

netic ordering

The spin-polarized density-functional theory (SP-DFT) can be expressed in
terms of a 2 x 2 density matrix n®’(r). The spin indices o« and 3 can take two
values, either + for majority spin or — for minority spin. The scalar electronic

density n(r) and the vector of the magnetization density m(r) are given by
n(r) = n*(r),
m(r) = Za’o‘ﬁnaﬁ(r) (2.8)
af
and by

n®?(r) = [71(7“)50‘ﬁ + my(r)o?? —i—my(r)agﬁ + mz(’r)az(r)afj‘ﬁ] ) (2.9)

N —

Upper Greek indices denote 2 x 2 matrices and o = (0,,0,,0,) is the vector of
the Pauli spin matrices. The exchange-correlation energy is a functional of the
electron density n(r) and of the magnetization field m(r) and in the local-spin-

density approximation it is defined by
Ey. [no‘ﬁ(r)] = /nTr(r)sxc [no‘ﬁ(r)]dr
- / e (r)ese [ne(r), [m(r) ] dr (2.10)

The exchange-correlation potential consists of a scalar contributions

OE..[n*?
Uxe [°7] (r) = 6m£(’r)]
n(r
= exc [0 (r) + nTr(”a)% (2.11)
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and of the magnetic exchange-correlation field

SE. . [n*8
o)) - 2ol
ns(r
= etrynr e 0] 212
and
e(r) = aa\z_ggy (2.13)

is the local direction of the magnetization at the point r.

In the LDA, one can use the exchange-correlation functional proposed by
Perdew and Zunger [111] based on the quantum Monte Carlo simulations of Ceper-
ley and Alder [112] for the interacting electron gas. The extension of the LDA to
the spin-polarized case is based on the spin-interpolation proposed by Barth and
Hedin [113] and by Vosko, Wilk, and Nusair [114]. The GGA incorporates the
leading nonlocal corrections to the LDA. In the GGA, the exchange-correlation
functional depends also on the absolute values of the gradients of charge and spin
density. One can choose out of the many different GGA functionals proposed in
the literature, e.g., the form proposed by Perdew et al., [115], and the approach
of White and Bird [116] to calculate the spin-polarized GGA potentials. Details
on the SP-DFT in the fully unconstrained noncollinear all-electron (AE) projector

augmented wave (PAW) formalism are presented in Ref. [117].

2.2 Pseudopotentials and projector-augmented-

waves method

The concept of pseudopotentials has been introduced to avoid the need for

an explicit treatment of the strongly bound and chemically inert core electrons
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hardly participating in any chemical interaction. Pseudopotentials are a necessary
ingredient of all plane-wave methods, but they can also be employed in local-
basis set methods to reduce the computational efforts. Although the theory of
pseudopotentials is mature, in practice the construction of accurate, transferable,
and efficient pseudopotentials is far from straightforward. The starting point for
the generation of pseudopotentials is an all-electron calculation for the isolated

atom. The one-particle wave function of a valence electron can be expressed as

|¢v> = |wp8> - Z Wcl)(wcz pr> . (2-14)

The 1., are core states with one-particle energies ¢.,. In the form (2.14), the ma-
trix element (¢, |t).,) of the valence wave-function with any core state will vanish
by construction. The coeflicients (1.,|tps) can be chosen arbitrarily, and there-
fore (2.14) does not uniquely define the pseudo-wave function |i,s). Substituting
the wave function (2.14) into an effective one-particle Schrodinger equation such

as the Kohn-Sham equations (2.3) for an isolated atom leads to

U \% — 2.15
- % + Ups ijs) = 5v|¢ps> ) ( . )

with the pseudopotential v, given by

- Ueﬂ + § 501

The sum in (2.16) acts as a short-range repulsive potential. The wave function

Ve )V,

(2.16)

tps(r) has the same one-particle energy e, as the true valence wave function
Yy (7). Since pseudo-wave function does not need to be orthogonal to the core
states, it does not have to have a nodal structure in the core region. Having a
smooth pseudo-wave function is advantageous when the wave function is expanded

in some set of basis functions. The derivation (2.14)-(2.16) captures the essentials
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of the pseudopotential generation. An important feature of pseudopotentials is
their transferability, which means that a pseudopotential should give reliable re-
sults independent of the particular environment in which it is used. The quality
criterion of a pseudopotential is not how well it reproduces experiment, but how
well it matches the results of accurate all-electron calculations. The most common
pseudopotential generation methods include the norm-conserving pseudopoten-
tials [118-120] and the witrasoft pseudopotentials [121,122] The nonlinearity of
the exchange interaction between valence and core electrons requires elaborate
non-linear core corrections [123| for systems exhibiting a non-negligible overlap
between valence- and core-electron densities. This deficiency can be avoided by
using the projector-augmented wave (PAW) method.

The projector-augmented wave method [124] aims to combine the efficiency of
ultra-soft pseudopotentials with an all-electron treatment and reach the accuracy of
the full-potential linearized augmented-planewave (FLAPW) method [125], which
is commonly regarded as the benchmark for DFT calculations for solids. However,
unlike the pseudopotential approach, the PAW method accounts for the nodal fea-
tures of the valence orbitals and ensures orthogonality between valence and core
wave functions. The PAW method is based on a frozen core (FC) approximation,
while in the FLAPW method the core wave functions and charge densities are com-
puted self-consistently within a spherical approximation to the one-centre effective
potential.

In the PAW approach, a linear transformation [124,126]
[AE) = [WE%) + 3 (1617 — 167%)) (P [wE) . (2.17)
1

reconstructs the all-electron (AE) valence wave functions ¥2* from the pseudo

(PS) wave functions. The PS-wave functions ¥*5 (n is the band index) are the
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variational quantities which are expanded in plane waves. They are identical to
the AE wave functions between the PAW spheres surrounding the atoms, however
inside the spheres the 1)F5 are only a bad approximation to the exact wave functions
and, thus, they are used only as a computational tool. The AE partial waves
@*E are solutions of the spherical scalar-relativistic Schrodinger equation for a
nonspinpolarized atom at a reference energy ¢; in the valence regime and for an

angular momentum /; (in atomic units),

(5 +uiP)102%) = =lat®) (218)

with the spherical component of the AE potential, v4f. The index i is a short-
hand for the reference energy ¢;, the angular momentum quantum numbers (I;,
m;), and the atomic coordinates R; [42]. The node-less PS partial waves ¢! are
identical to the AE partial wave outside a core radius r., approximately equal to
half the nearest-neighbour distance, and match continuously to ¢}® inside the core.
The projector functions p;® are dual to the partial waves, (p;°|¢f®) = d;;. They
sample local properties of wave pseudofunctions inside an atomic core ensuring
the reproduction of the proper charge density. The main advantage of the PAW
method is an accurate description of charge density in the area of the atomic
nucleus, which enables, among others, implementation of complex correlation and
exchange functionals. For a comprehensive description of the PAW method the
reader is referred to the paper of Kresse and Joubert [126] and references therein.
The inclusion of core relaxation, including a selfconsistent optimization of the core-
charge density, preserving the orthogonality between core and valence orbitals, has
been made by Marsman and Kresse [127] within relaxed-core projector-augmented-
wave (RC-PAW) method.

The spin-orbit coupling acts predominantly in the immediate vicinity of the
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nuclei and one assumes its effects to be negligible outside of the PAW spheres.
Under that assumption and provided that the PS partial waves ¢F'° form a com-
plete basis set within the PAW spheres, the contribution of the SOC to the PAW

Hamiltonian reduces to the AE one-centre contribution

HS = Z [pi) (@i Hsol®;) (pjl - (2.19)
ij
In the zeroth-order-regular approximation, Hgo is given by [128]

n K(r) dV(r)aaﬂ

HSS =
SO 2mee)? v dr

L. (2.20)

The angular momentum operator L is defined as L = r x p, and o = (0,,0y,0,)
are the (2 x 2) Pauli spin matrices, V(r) is the spherical part of the effective AE

potential within the PAW sphere, and

K(r) = <1 _ Vi) >_ . (2.21)

2m.c2

By using ¢;(r) = Ri(|7|)Yy,m, (), one rewrites (2.20) as
PSap h2 PS af PS
Hyo" = (2mec)? E lp; °) Rijor 'Lij<pj s (2.22)
ij

where

K(r)dV(r)

r dr

Ry — dr /0 " Rir) Ry(r)dr (2.23)

and

Lij = (Yiim,

L|Y,,) . (224)

where Y}, are real spherical harmonics. The action of the SOC operator on the PS

orbitals can be expressed as

[nse) = " Heg ™) (2.25)
af
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where o and S correspond to the spin-up and spin-down components of the
two-component spinor wave functions necessary to describe noncollinear mag-

netism [24], [117,129].

2.3 Plane waves

Modern electronic structure methods use either plane waves or localized basis
functions, e.g., Gaussian-type orbitals, for the expansion of the valence orbitals,
charge densities and potentials. The natural basis for a periodic structure is within

plane waves

U (r) = %e“’“*‘”‘" : (2.26)

being in the form of Bloch functions. In (2.26), G is a reciprocal lattice vector and
k is supposed to lie within the first Brillouin zone. The symmetry properties of
an infinite crystal implies that plane waves with wave vectors that do not differ
by a reciprocal lattice vector do not couple, and hence the expansion of any wave
function solving the Kohn-Sham equations only contains plane waves that differ
by reciprocal lattice vectors. A summation over the lowest eigenvalues gives the
total energy of a crystal. For infinite periodic systems, this summation has to be

replaced by an integral over the first Brillouin zone

Zgi — Z (2‘;)3 /BZ PPk (k) , (2.27)

where 7 numbers all occupied energy bands. The above integral can be approxi-

mated quite accurately by a sum over a finite set of k-points [130|. The expansion
of the electronic wave functions in plane waves is computationally very efficient: A

Fast Fourier Transform let an easy change from a real-space representation where
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the potential energy has a diagonal representation, to momentum-space where the
kinetic energy is diagonal; further, the control of basis-set convergence is rather
trivial, i.e., it is sufficient to monitor the eigenvalues and total energies as a func-
tion of the cut-off energy (the highest kinetic energy of a plane-wave within the
basis set). However, this expansion usually requires a periodicity of the considered
system in three-dimensions. If one wants to use plane-wave codes for surface sci-
ence problems or to study non-periodic molecular systems, the system has to be
cast into a three-dimensional periodicity. This is doable in the so-called supercell
approach, in which a system is represented by an infinite array of slabs.
Importantly, a convergence of a plane-wave expansion can be achieved only if
the nodal character of the valence orbitals is eliminated. This is achieved by using

e.g., the above-discussed PAW method.
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Chapter 3

Results

3.1 Structures and MAEs of small free transition-

metal clusters

During the last years, the magneto-structural properties of small gas-phase and
supported transition-metal (TM) clusters [16—20], [24-30] have been in the cen-
tre of my intense research effort motivated by the quest for materials allowing an
increased density of information per square inch in magnetic storage media and by
potential applications in nanospintronics. A quantity of prime interest has been
the magnetic anisotropy, i.e., the dependence of the total energy of the system on
the orientation of the magnetic moment. The origin of the magnetic anisotropy is
the coupling between the spin and orbital degrees of freedom, and thus, it is a fun-
damentally relativistic effect. Further, magnetic anisotropy is critically dependent
on symmetry and dimensionality; typically, the magnetic anisotropy is found to be
much larger in low-symmetry nanostructures than in highly symmetric bulk mate-
rials. A large magnetic anisotropy energy is necessary to inhibit the magnetization

reversal due to thermal excitations.
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Table 3.1: Interatomic distance d (in A), spin multiplicity 25 + 1 from scalar-relativistic
calculations, spin pg and orbital p; moments from calculations including spin-orbit cou-
pling (in pp) of transition-metal dimers for axial and perpendicular orientations of the
magnetization, magnetic anisotropy energy, and spin-orbit coupling constant (§) both in

meV. The MAE is positive for any easy axis parallel to the dimer axis. Adapted from [24].

Dimer d 25+1 px  pt 4 4 MAE ¢
Fe, 1.98 7 584 032 58 016 03 24
R, 2.07 398 0.00 394 024 —365 334

>
Osa 2.10 5 3.75 —0.80 3.48 0.62 288 885
Coy 1.96 5 390 078 390 032 7.1 32
Rhy 2.21 5 3.86 1.82 3.80 050 473 136
Iry 2.22 5 3.88 196 342 094 698 413
Niy 2.09 3 1.98 058 196 038 6.5 101
Pd, 2.49 3 1.96 0.02 198 036 —2.3 404

3

Pty 2.38/2.35 1.88 274 134 0.80 46.3 742

The results for gas-phase clusters are important for a fundamental understand-
ing of the intrinsic properties of these clusters, and they form a reference for
investigations of clusters supported on a solid surface where the orientation of the
cluster is fixed by the binding to the substrate and where the magnetic anisotropy
is determined by the interplay between the intrinsic anisotropy of the cluster and

that imposed by the interaction with the substrate.

3.1.1 Dimers

An atomic dumbbell is the smallest cluster showing magnetic anisotropy [24].

Table 3.1 lists MAEs of dimers of the transition-metal atoms from groups 8 to
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10 of the Periodic Table. For practical applications of magnetic nanostructures at
room temperature, large MAEs of 30-50 meV are required. Thus, Pte, Rhy and Iry
have MAEs in the desirable range and the easy magnetic axis oriented along the
dimer axis. The very large MAEs are a consequence of a transition from a high-
moment state for axial to a low-moment state for magnetization perpendicular to
the dimer axis induced by the change of the magnetization direction, which is most
pronounced for Pty whose the SOC constant is the largest. Further, SOC influenced
also the bond length of Pty dimer. In the scalar-relativistic mode d = 2.33 A;
including SOC, d = 2.38 A for the easy axis and d = 2.35 A for the hard magnetic
axis. No similar magnetostructural effect was found for the other considered dimers.

The strong spin and orbital anisotropy calculated for the Pt dimer are in line
with the results of Ref. [131] reporting strained monoatomic wires of Pt to be FM
if magnetized along the wire axis, but non-magnetic if the magnetization direction
was constrained to a perpendicular direction, resulting in a giant MAE of 36
meV /atom. Dimers and monowires demonstrated that in nanostructures with a
strong SOC, a reorientation of the magnetization direction may induce a transition
between high- and low-moment states or even cause the total disappearance of
magnetism.

One of the main objectives of the study [24] was to clarify the physical mech-
anism determining MAEs of the dimers. This was elucidated via an analysis of
the influence of SOC on the spectrum of the dimers’ Kohn-Sham eigenvalues (Fig-
ure 3.1 and 3.2). In the scalar-relativistic approximation, the eigenvalue spectrum
of the dimer is determined by the electronic ground state of the isolated atom, s2d”
for Ir, sd® for Rh, sd® for Pt, and the bonding-antibonding and exchange split-
tings. The highest occupied molecular orbital (HOMO) of the Rhy and Iry dimers
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Figure 3.1: Kohn-Sham eigenvalue spectra for Rhs and Iry dimers. The eigenvalues from
the scalar-relativistic calculations are shown in the left-hand part of each graph while the
right-hand part displays the eigenvalues for parallel and perpendicular orientations of the
magnetic moment (with respect to the dimer axis) after adding SOC. The colouring is
the same as for the scalar-relativistic eigenstates from which the fully relativistic states

are derived. Reprinted from [24].

is a doubly-degenerate antibonding 0% minority (spin-down) state occupied by one
electron only (Figure 3.1). SOC led to a lifting of the twofold degeneracy of the &4
and 7y states for the magnetization parallel to the dimer axis. The SOC splitting
of HOMO ¢} was 0.94 eV and 0.41 eV, respectively for Ir, and for Rhy. The low-
ering of the occupied ¢} states by —0.39 eV was the dominant effect determining
the MAE of Iry which together with an up-shift of the fully occupied d; and d4
states by 0.13 and 0.20 eV, respectively, yielded an energy difference of 0.06 eV—in

almost perfect agreement with the calculated MAE. For Rhy the difference in the
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sum over the eigenvalues was 0.1 eV, somewhat larger than the calculated MAE.

For the Pty dimer the HOMO is the minority o state; the highest majority
state has the same symmetry. An antibonding 9 lies only slightly below and an
empty 7, state only slightly above the HOMO. The occupied o, lies below the
occupied bonding ¢4 states (Figure 3.2). SOC led to a reordering of the eigenstates
close to the Fermi level even for perpendicular orientation of the magnetization.
The o down-shifted below the §} state occupied by two electrons which became
the HOMO. The splitting of the doubly-degenerate 7} and §; eigenstates at either
side of the HOMO for a magnetization parallel to the dimer axis was larger than
the separation of the eigenlevels. This led to a change in occupation: one electron
from the 0 state was moved to the lower component of the 7 state; the o} state
became the HOMO as in the scalar-relativistic approximation. Further, the pro-
nounced anisotropy of the spin moment, and hence also of the exchange splitting,
was reflected in the eigenvalue spectra—for some eigenstates SOC splitting was not
symmetrical but accompanied by a shift in the centre of gravity of the split eigen-
states. This led to contributions to the MAE of 46.3 meV which were not restricted
to eigenstates close to the Fermi level.

In the DFT, the effective one-electron potential is orbital independent. In
hybrid-functional calculations, mixing Hartree-Fock and hence orbital-dependent
exchange with DFT exchange in a ratio of 1:3 and treating correlation at the GGA
level, the bond length of Pty was slightly increased by 0.05 A. Spin moments were
hardly affected but the orbital moment of the dimer increased from 2.74 ug to
3.02 up for easy (parallel) orientation of the magnetic moment and from 0.80 up
to 1.06 up for hard-axis orientation. The spin anisotropy was slightly reduced while

the orbital anisotropy remained unchanged. The main effect of the admixture of
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Figure 3.2: Kohn-Sham eigenvalue spectra for the Pty dimer (cf. Fig. 3.1). Reprinted
from [24].

a fraction of Hartree-Fock exchange was to increase the exchange splitting of the
partially occupied eigenstates. The exchange splitting of 7 was increased from
1.05 to 3.05 eV and for the bonding 7, states the increase was from 0.86 to 1.90
eV. The change in the occupation of the highest eigenstates was similar as with
the GGA functional and led only to a reduction of the MAE from 46.5 to 30.5
meV [24].

Since a high MAE requires large spin and orbital moments and a strong SOC,
bimetallic nanostructures consisting of ferromagnetic 3d and heavy 5d elements
are possible candidates for materials with a high MAE because of the large spin
moments of the light and the strong SOC of the heavy atoms. The substitution
of Ir by Co in the Iry dimer left the large MAE of ~70 meV unchanged [28]. For
PtCo and PtFe the MAE was strongly reduced relative to the free Pty dimer (18.8

and —3.2 meV, respectively); in PtFe (which is isoelectronic to IrCo) the MAE
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relative to a magnetization parallel to the dimer axis even changed sign [28].

For the IrCo dimer formed by homologous elements, the Fermi level coincides
for perpendicular magnetization with the singly occupied ¢} level whose splitting
under SOC for axial magnetization represented the largest contribution to the
MAE. Spin and orbital moments, as well as their anisotropies, were also of com-
parable magnitude to the Iry dimer. For the PtCo dimer with one valence electron
more, the 3 state is fully occupied, but the large SOC splitting pushed the upper
component of this state above the ogx state, changing the nature of the highest
occupied state. This led to a very large orbital anisotropy, but as the energy of the
occupied o+ state was similar to that of the degenerate (in the absence of SOC) 07
state, only to a significantly lower MAE. For the PtFe dimer, isoelectronic to IrCo,
the energy difference between the singly occupied spin-down 0; and the empty
spin-up ogx states was very small, resulting in a highly mixed character of the
HOMO. In this case SOC did not lead to a change in orbital occupancy, resulting

in small spin and orbital anisotropies and a small MAE (Figure 3.3) [28].

3.1.2 Pt;

Theoretical calculations [19] revealed that for small Pt clusters SOC is of
decisive importance both for the MAEs and the magnetic structures, and the
equilibrium geometric structures, leading to a complex magneto-structural effects,
as showed below.

For Pt3 scalar relativistic calculations predicted the geometric structure of an
equilateral triangle. SOC favoured a Jahn-Teller distortion to an isosceles triangle
with the point group symmetry (PGS) 2mm in the Hermann-Mauguin notation.

The magnetic PGS of the GS with an in-plane easy magnetic axis coinciding
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Figure 3.3: Eigenvalue spectra of free a, IrCo, b, PtCo, ¢, PtFe dimers (cf. Fig. 3.1).
Reprinted from [28].
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with the mirror-plane of the structure was 2m’m’ (where the prime indicates that
the symmetry operation must be combined with a time-reversal operation which
reverses the direction of axial vectors such as the magnetic moment). The magnetic
PGS for the other stationary in-plane direction was m’m2’ (the in-plane MAE was
only 0.2 meV /atom). For perpendicular magnetization the Ptz cluster changed to
an equilateral triangle with a strongly reduced total magnetic moment of 1 ug
(vs. 2.5 up relative to the in-plane easy axis configuration). The perpendicular
MAE was 5.1 meV/atom. The magnetic PGS of m'm2’ was the same as for the
hard in-plane configuration. One shall note, that as for the Pt dimer, rotation
of the magnetization to an orientation perpendicular of the easy plane induced a
transition to a low-moment magnetic isomer.

For Pty and Pt5 clusters scalar relativistic calculations predicted, respectively,
a 3D structure of tetrahedron and a trigonal bipyramid. SOC favoured a Pty 2D-
rhombus having the geometric PGS of mmm. In the GS Pty was AFM. Rotation
of the AFM moments within the cluster’s plane cost an energy of 4.4 meV /atom
and significantly reduced local magnetic moments. The magnetic PGS of these
AFM configurations was m'm’m’. For perpendicular magnetization an excited FM
solution was found. The magnetic PGS of this FM configuration was mm'm/’.

Relativistic calculations predicted for Pt; a 2D GS in a form of a slightly
distorted square plus an isosceles triangle. For the stationary states of Pt; with
crystallographic point group 2mm, one or two of the symmetry elements have
to be combined with the time-reversal operation, i.e., the time-reversal operation
has to be applied to a mirror operation if the magnetization is parallel to the
mirror plane and to the twofold rotation if the magnetization is perpendicular to

the axis (as indicated in Figure 3.4). In the GS, the easy magnetic axis was in-
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Figure 3.4: Geometric and magnetic structures of a Pty cluster for perpendicular and
in-plane magnetizations (as indicated by the grey arrows). Red (blue) arrows show spin
(orbital) magnetic moment; the numbers on atoms give the absolute values of the local
spin (upper number) and orbital (lower number) magnetic moments in pug. a, The ground
state high-magnetic-moment configuration. b—c, Low-moment FM configurations. d—f,
AFM configurations. The angles o and 3 indicates, respectively, in-plane and out-of-plane

rotation of the magnetization direction. Reprinted from [19].
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Figure 3.5: Variation of the total energies of the ferromagnetic (full and empty circles)
and antiferromagnetic (squares) configurations of a Pts cluster upon rotation of the
magnetization direction within the (x,y) plane of the cluster and in the (y,z) plane
perpendicular to the twofold symmetry axis. For the FM configurations solutions with
high (HM), intermediate (IM) and low (LM) magnetic moments are indicated, cf. Fig. 3.4.
Reprinted from [19].

plane; the total spin and orbital moments were parallel to the twofold symmetry
axis of the cluster (the magnetic point group symmetry was 2m’m’). Rotation
of the direction of magnetization by 90° within the plane of the cluster or to a
perpendicular orientation led to a transition to low-moments states (Figure 3.4).
Further, the FM configurations (Figure 3.4a—c) coexisted with AFM configurations
(Figure 3.4d—f). The lowest barrier to a magnetization reversal was via the AFM
out-of-plane configuration (Figure 3.4f). The magnetic potential-energy surface as
a function of the orientation of the magnetic moment consisted of interpenetrating
sheets representing different Pt;’s magnetic isomers (Figure 3.5) [19].

At a scalar-relativistic level, a regular trigonal prism was found to be the ground
state for the Ptg cluster. SOC favoured the octahedron with a noncollinear mag-

netic moments. In the GS, Ptg has a perfect octahedral geometry (PGS of m3m)
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but the distribution of the magnetic moments broke the octahedral symmetry
to only 2'2'2. For the first excited magnetic state, the geometric symmetry was
reduced to 4/mmm, but the magnetic symmetry was restored to 2'2'2.

Even at a scalar relativistic level, magnetism influences the structural stability
of clusters with a small energy difference between structural isomers. The stabi-
lization of different magnetic isomers depends on the interplay between exchange
splitting and spin-orbit splitting of eigenstates, the magnitude of the exchange
splitting (and hence of the magnetic moment) and on the direction of magnetiza-
tion. These very general considerations also suggest that similar strong spin-orbit
effects can also be found in other nanostructures of the heavy 5d metals. An exam-
ple has already been reported in Ref. [131] for a Pt monowire showing FM order if
the moment is perpendicular to the axis of the wire, which disappears completely

if the magnetization is forced to be parallel to the wire.

3.1.3 Ni3_6 and Pd3_6

For small Pt clusters the influence of SOC is strong enough to change the
energetic ordering of different structural isomers [19], but even for the lighter Pd
and Ni clusters RDFT calculations showed that SOC induces magneto-structural
effects depending on the direction of magnetization [20]. Changes in the magnetic
PGSs are accompanied by modest geometric distortions.

The scalar-relativistic calculations for Niz and Pds predicted equilateral trian-
gles in spin triplet in the GS. Although, the highest molecular orbital was triply
degenerate but occupied by only two electrons and hence it was expected that
the clusters would undergo a Jahn-Teller distortion lowering the symmetry from

D3, = 6m2 to Cyy = mm2, the clusters were found stable against Jahn-Teller
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distortion. SOC favoured the formation of isosceles triangles for both trimers,
however, the geometric distortions were modest. SOC induced a mixing of differ-
ent spin states with the largest contributions coming from low-lying spin isomers.
For Nig, both low- and high-spin isomers had high excitation energies (larger than
77 meV) in the scalar-relativistic approximation, while for Pd3, S =1 and S =0
isomers were energetically degenerate. Consequently, the relativistic calculations
yielded an enhanced spin moment for Ni (2.19 up), but reduced for Pd (1.66 ug).
In the magnetic GS, the easy magnetic axis was in-plane, the magnetic point
group symmetry was m'm'2, compatible with the parallel alignment of the local
spin moments and the canting of the local orbital moments towards the twofold
symmetry axis. For a magnetization axis perpendicular to the plane of the trimer
the magnetic point group symmetry was 6m’2’, compatible with the ferromagnetic
alignment of the local moments along the main symmetry axis. For in-plane and
out-of-plane orientations the total energy was stationary with respect to a rotation
of the magnetic axis. The difference in the total energies defines the MAE, which
was 2.35 and 0.85 meV /atom for Ni and Pd trimers, respectively. A low-moment
magnetic isomer was found for the Pds cluster with out-of-plane magnetization,
which was higher in energy by 7.9 meV /atom than the GS magnetic configuration.

On the scalar-relativistic level, the GS of Niy was a distorted tetrahedron with
the PGS S, = 4, a spin moment of 4 ug, and local moments of 1 ug on all four
atoms. A Pd, cluster formed a regular tetrahedron with the PGS Tyq = 43m and
with a cluster magnetic moment of 2 ug, and with equally distributed local mag-
netic moments on four atoms [20]. While for Pty SOC induced a preference for
a flat structure [19], for the Ni and Pd tetramers the tetrahedral structure and

bond lengths remained unchanged. For Niy the geometric structure was invariant
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under rotations of the magnetization direction. The total energy was found to be
stationary for a magnetization perpendicular to the edges of the cluster, aligned
along one of the edges of the tetrahedron or parallel to one of the threefold sym-
metry axes. Both spin and orbital moments of the cluster were isotropic within
the computational accuracy, and this was also reflected in a small MAE of 0.46
meV /atom. The symmetry of the geometric structure was reduced to Co, = mm2;
the magnetic PGS of m/m’2 allowed a parallel alignment of the local spin mo-
ments and a slight canting of the orbital moments relative to the spin moments
in all magnetic configurations. The total magnetic moment of the cluster of 3.8
up was slightly lower than the spin moment resulting from the scalar-relativistic
calculation. The reduction of the spin moment was due to the existence of a S =1
isomer with a low excitation energy of 27 meV, while a S = 3 isomer was higher
in energy by 130 meV. The admixture of a low-spin state was compensated by a
modest orbital moment.

SOC conserved the perfect tetrahedral symmetry of the geometric structure and
the bond lengths of the Pdy cluster [20], and thus magnetic moments initialized
parallel or perpendicular to one of the edges of the tetrahedron (and hence parallel
to a twofold symmetry axis) converged to energetically degenerate stationary solu-
tions. The size of the local spin and orbital moments was the same on all four sites,
the local orbital moments were slightly canted relative to the overall magnetiza-
tion directions. In this easy-axis orientation the magnetic point group was m/'m’2.
For magnetic moments oriented along a threefold symmetry axis only the cluster
orbital moment was slightly enhanced and the magnetic point group was 32’. This
magnetic axis was disfavoured by a small MAE of 0.26 meV /atom. Although, for

Pd, the crystallographic symmetry was preserved, the magnetic symmetry was
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reduced, because no tetrahedral point group is compatible with a ferromagnetic
state. Rotational symmetry was incompatible with ferromagnetic order between
moments perpendicular to the symmetry axis.

For both Ni and Pd pentamers [20] the scalar-relativistic calculations predicted
a trigonal bipyramid (point group symmetry Ds, = 6m2) to be the GS configu-
ration. A spin of S = 2 was found for Ni; and S = 1 for Pd;. Although, SOC
stabilized a planar structure of the Pt; cluster and the rotation of the magnetiza-
tion axis led to complex transitions between different magnetic isomers [19], with
SOC only the interatomic distances of both Nis and Pds were slightly affected.
The crystallographic symmetry of the latter was reduced to Co, = mm2. In the
magnetic GS the easy magnetic axis was in the equatorial plane, along a twofold
symmetry axis, and the magnetic point group was m’m’2 for the clusters of both
elements. The in-plane anisotropy was determined by a rotation of the magneti-
zation by an angle of 60°, which preserved the magnetic PGS. The hard magnetic
axis was parallel to the threefold symmetry axis and the magnetic point group
was 6m’2" for both Nis and Pds. Rotation of the magnetic axis left the local spin
moments hardly changed, but the orbital moments slightly decreased (by up-to
0.04 pug)

For the Nig cluster the scalar-relativistic calculations predicted a slightly dis-
torted octahedral geometry with the PGS of Dy, = 4/mmm and the magnetic
moment of 8 up. The GS structure of Pdg was a non-magnetic perfect octahe-
dron (symmetry group Oy, = m3m). SOC left the geometry of the Ni hexamer
unchanged, the total moment per cluster was reduced to 7.12 ug. The easy mag-
netic axis was parallel to the fourfold symmetry axis, with collinear spins and local

orbital moments on the equatorial atoms canted by 7° relative to the spins and
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on the apices canted by 17°. The magnetic point group was 4/mm’m/. The hard
magnetic axis of Nig was parallel to one of the edges of the central square of atoms
(i.e., along a twofold symmetry axis). In this configuration the fourfold rotational
symmetry was broken, the magnetic PGS was mm/m’. The local spin moments
remained unchanged but the local orbital moments on the four equatorial sites
were reduced and those on the apical atoms were enhanced.

Applying SOC to the calculation for the Pdg octahedron promoted a magnetic
GS structure with a cluster moment of ~2.6 ug. A Jahn-Teller distortion lowered
the symmetry to Dy, = 4/mmm. The magnetic moments were strictly aligned.
The magnetic point group was 4/mm'm’, as for the Nig cluster. Also, the hard
magnetic axis of Pdg was parallel to one of the edges of the equatorial square and
the magnetic symmetry was reduced to mm’m’. A rotation of the magnetization
direction from the easy to the hard magnetic axis inverted both the geometry of
the cluster (the bonds between equatorial atoms were shortened, while those to the
apical atoms were stretched) and the relative size of the local magnetic moments.

In summary, for clusters with a symmetry axis of order n > 3, FM order was
compatible with rotational symmetry if the magnetization direction was parallel
to the symmetry axis, but not for perpendicular magnetization. In this case mag-
netism broke the crystallographic symmetry of the cluster. For clusters with higher
(tetrahedral or octahedral symmetry) no magnetic subgroup was compatible with a
FM state. In this case the crystallographic symmetry was broken irrespective of the
direction of magnetization. The former case was realized for the dimer, trimer and
pentamer, the latter for the tetramer and hexamer (but note that the symmetry
can also be broken even in the absence of SOC by a Jahn-Teller mechanism) [20].

In any case, the MAEs were small, at most around 2 meV /atom.
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Importantly enough, even for a 3d metal such as Ni, the change in the magnetic
symmetry led to small geometric distortions of the cluster such that there was a
contribution to the MAE from the elastic energy. However, in this case SOC was not
strong enough to affect the energetic ordering between different structural isomers.
For the 4d metal Pd these effects were more pronounced, but qualitatively similar
as for Ni [20]. For a 5d metal such as Pt, SOC was strong enough to stabilize for the
smallest clusters structures, which were only metastable in the scalar-relativistic
limit. In this case, due to the strong SOC, the magnetic anisotropy energies can be
comparable or even larger than the energy differences between different magnetic
isomers [19].

Using perturbation theory, a formula relating the MAE to the product of the
SOC strength and the orbital anisotropy has been proposed [23]|. The derivation
of this relation assumes isotropic spin moments (and implicitly also a geometric
structure independent of the magnetization direction) and a completely filled ma-
jority band, and postulates that the largest orbital moment is always found for
easy-axis magnetization. Similarly, the description of the MAE in terms of an ef-
fective Hamiltonian with a single giant-spin degree of freedom [132] assumes that
the size of the effective spin moment remains unchanged upon rotation to the
magnetization directions. The theory proposed in Ref. [23] has been extended by
van der Laan [133] to account for terms contributing to second order and for a
possible weak anisotropy of the spin moment. Results of References [19, 20, 24]
demonstrated that, at least for the heavier elements, the spin moments were never
isotropic and that the largest orbital moment was not always found for easy-axis
magnetization. For the tetrahedral Pty and the planar Pts clusters different initial

directions of the magnetization converged to different (FM/AFM) configurations.
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Further, the changes in the electronic and magnetic structures induced by a re-
orientation of the magnetization axis were too important to be describable by
perturbation theory. Hence, a perturbation treatment postulating that the cluster
geometry is frozen, the spin moments are isotropic, and that the MAE is propor-

tional to the orbital anisotropy was not justified for these small clusters.

3.1.4 Pt—Co and Pt—Fe trimers and tetramers

For dimers the origin of a large MAE is relatively simple: the two-fold degener-
acy of a singly occupied state at the Fermi level for magnetization perpendicular
to the dimer axis is lifted for an axial magnetization. The geometrical properties
of the dimers, however, were not affected (apart from a modest change in the
bond-length reported for Pts). Trimers and tetramers are the smallest clusters
for which magneto-structural effects could appear. For a highly symmetric clus-
ter the possible degeneracy of the electronic eigenstates near the Fermi level can
be lifted also by a Jahn-Teller distortion. For mixed clusters containing a heavy
atom contributing a large SOC such as Pt the magnetic structure is much more
inhomogeneous and both SOC and the direction of magnetization can affect the
geometric structure.

Important differences between the Pt—Fe and the Pt-Co clusters were already
shown by the scalar-relativistic DF'T. Substitution of one of the Pt atoms in Pt,
clusters by Fe enhanced the weak spin moment of 2 ug to 4, 6, and 6 ug in Pt,Fe
with n = 1,2, 3, while substitution by Co led only to a modest enhancement of the
spin moment to 3 up in mixed Pt,Co. For Pt3Co the low-moment state with 3 ug
was energetically degenerate with a high-moment state with 5 ug. In PtFe,, clusters

the scalar-relativistic spin-moments of 4, 8, and 12 ug were found respectively for

71



n = 1,2,3, equal to the sum of the spin moments of n free Fe atoms, while for
PtCo,, a corresponding relation holds only for n = 1,2 with the spin moment of
3 and 6 ug, whereas for PtCos the spin moment reached only 7 ug. This showed
that the interaction between Pt and Fe stabilizes a high-moment state of the mixed
cluster, while mixed Pt—Co clusters carry a weaker magnetic moment [30].
Tetramers are the smallest clusters where 2D and 3D geometries are in compe-
tition. The initial geometries were created by adding a Pt or a Co(Fe) atom to the
relaxed structure of the trimer such as to complete a distorted trigonal pyramid
or to form a deltoid. The high-moment state of Pt3Fe, PtFes, but also of PtCos
tetramers stabilized a flat geometry (point group symmetry 2mm) over the 3D
arrangement in form of a distorted tetrahedron which was the ground-state of all
three homo-atomic tetramers. In contrast to the preference for a flat geometry
in Pty this was not a relativistic effect, SOC even slightly reduced the structural
energy difference. For Pt3Co the tetrahedral geometry was lower in energy [30].
The magnetic energy differences between the scalar-relativistic spin-isomers
are also very important for understanding the influence of SOC which leads to a
mixing of low-energy spin-states. For the Pt—Fe trimers and tetramers SOC led to
a reduction of the spin moment which for the Pt-rich clusters was compensated
or even slightly overcompensated by the orbital moment. In the Co-rich Pt-Co
clusters the loss in the spin-moment was always overcompensated by the orbital
moment, while for the Pt-rich clusters SOC led to a ground state with an increased
total moment. For mixed clusters SOC also had a significant influence on the
geometric structure, correlated to the change in the local moments. The structural
consequences of SOC were most pronounced in PtFes where the changes in the

interatomic distances reached about 0.1 A (Figure 3.6), they were much more
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Figure 3.6: Geometric and magnetic structures of the 2D and 3D structural isomers of
PtsFe (a—b) and PtFes clusters (c—d). The spin and orbital moments are represented by
the red and blue arrows. Numbers on atoms denote local spin (upper value) and orbital
magnetic moments (lower value) (in pg). The magnetic anisotropy energy is given relative

to the ground state configuration. Reprinted from [30].

modest in Pt-Co trimers and tetramers [30].

In mixed trimers the point group symmetry was 2mm for all clusters. Due to
the low symmetry, no degenerate electronic eigenstates exist for any orientation of
the magnetization. The easy magnetic axis was in-plane, along the twofold symme-
try axis and the magnetic point group symmetry was 2m’m’ for Pt3Co, PtCos and
PtyFe. Only for PtFe; the easy axis was along the Fe-Fe edge, the magnetic point
group symmetry was m’m2’. For all four trimers the calculations showed a strong

orbital anisotropy, a weaker spin anisotropy and for some cases non-collinear local
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moments and distortions of the interatomic distances as a function of the direction
of magnetization. The MAE exhibited a depend on a complex interplay of (¢) the
orbital anisotropy, (éi) the spin anisotropy and (ii7) the change in the geometric
structure expressed by the changes in the interatomic distances. The dominant
factor determining the strength of the MAE is the orbital anisotropy, but the de-
pendence was not a simple proportionality [30]. Further, in some cases there were
large differences in the MAE of different excited stationary configurations [30].
These differences are a measure for the anisotropy of the magnetic energy sur-
face. The quantity determining the stability against a thermally induced reversal
of the magnetization direction, however, is the energy of the lowest saddle point
on the magnetic energy surface. For the trimers this energy varied between 6.7
meV /trimer for PtCo, and 11.3 meV /trimer for PtFe,. The saddle point was asso-
ciated with an in-plane rotation of the magnetic moment for PtCoy and PtoFe and
with a change from in-plane to perpendicular magnetization for PtFey, and vice-
versa for PtyCo. These values were enhanced by about one order of magnitude
compared to the energy barrier against in-plane rotation of the magnetization in
Pt3 of 0.6 meV /trimer [19] and also increased by about a factor of five compared to
Cos and Fej trimers. For the 2D tetramers the saddle-point energy varied between
3.1 meV /tetramer for PtCos and 6.4 meV /tetramer for Pt3Fe (in-plane rotation in
both cases). The much larger MAE of the 3D Pt;Co (Figure 3.7) was a particular
case, associated with the degeneracy of different magnetic isomers without SOC.
In this case a direct comparison with the Pt, tetramer is not possible because of
antiferromagnetic ground state of the latter. The lowest barrier for the magnetiza-
tion reversal of the excited F'M state was 21.2 meV /tetramer [19]. Also, a modest

enhancement compared to 3D Fe, and a strong one compared to Cos were found.
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3.2 Structures and M AEs of small transition-metal

clusters supported on graphene

The results for gas-phase clusters are not of immediate practical relevance. A
strong interaction between the nanostructure and support may lead to a strong
quenching of the orbital moment and hence to an at least partial loss of their
intriguing magnetic properties. A possible choice of a weakly reactive substrate of
timely scientific interest was graphene. Apart from the unusual properties of the
graphene sheet alone, the presence of metallic nanoparticles (clusters) on graphene
may lead to further applications in catalysis [134-136| and in ultimately miniatur-

ized magnetic devices [137,138].

3.2.1 Pt;_5 on graphene

A single Pt atom adsorbed in the bridge (br) position between two C atoms.
The adsorption energy of about —1.5 (—1.6) eV depending on the Pt coverage
reflected the formation of a weak covalent bond between the p. orbitals of the two
neighbouring C atoms and the d,, orbitals of the Pt atom (assuming a C—C bond
parallel to the z-direction) [25]. The adsorption energy on top (ot) of a C atom
was lower by only 0.18 eV, while the hollow site was strongly disfavoured, which
showed that diffusion along the network of the C-C bonds requires an activation
energy of only 0.18 eV. No magnetic moments were found on the Pt-adatom.

The Pt dimer adsorbed on graphene in an tilted configuration, i.e., its axis was
tilted by 11° with respect to the surface normal, with its centre of gravity shifted by
0.115 A from the br. The dimer carried a total magnetic moment of about 1.5 yip.

The reduction of the magnetic moment relative to the gas phase dimer was almost
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entirely due to the interaction with the support, the local magnetic moments were
0.9 pug on the upper and 0.55 ug on the lower Pt atom of the dimer. At the twice as
large coverage of Pt, the adsorption energy was reduced by about 0.06 eV /Pt-atom,
the distance of the lower Pt-atom from the graphene layer was increased from 2.11
to 2.26 A, the adsorbate-induced buckling of the substrate was reduced from 0.23
to 0.14 A. The repulsive interactions also led to an exactly upright position of the
dimer. The magnetic moments remained, however, unchanged [25]. The binding
between the Pt atoms forming the dimer was larger than in the gas-phase dimer.
The adsorption energy per Pt-atom was higher for the dimer than for the isolated
adatoms, and hence dimerization was predicted to be energetically favoured, in
agreement with observations by STM [139] and field emission microscopy [140].

Relativistic calculations including SOC showed that the easy magnetization
direction was oriented along the dimer axis at an increased total magnetic moment
of 2 pug. The local spin and orbital moments were slightly noncollinear and both
were much lower on the Pt atoms binding to graphene. Calculations initialized in a
direction parallel to the graphene layer or perpendicular to the Pt dimer converge
to a non-magnetic state. The energy for this magnetic to non-magnetic transition
was ~10 meV /Pt-atom [25].

At the higher Pt coverage relativistic calculations predicted the easy magnetic
axis again parallel to the dimer axis. The total magnetic moment was increased to
~3 pg. For the magnetization perpendicular (and parallel to the graphene sheet),
the total magnetic moment was only ~1.1 ug. For both the easy and the hard
magnetic axis, spin and orbital moments were collinear, the local orbital moments
were antiparallel for the hard axis (Figure 3.8). The MAE of 11.6 meV /Pt-atom

was only slightly higher than at lower Pt-coverage. A rotation of the magnetization
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Figure 3.8: Geometric and magnetic structures of the Pts cluster adsorbed on a freestand-
ing graphene sheet. Cf. Figure 3.6. The easy magnetization direction is perpendicular to
the graphene plane (a) and (b), but there is also a substantial in-plane anisotropy be-
tween configurations shown in (c¢), (d) and (e), (f). MAEs (AFE in meV /Pt-atom) with

respect to the easy-axis are also listed. Reprinted from [25].

in a plane parallel to the graphene support cost an in-plane MAE of 5.33 meV.
The formation of higher spin and orbital moments at increased coverage was due
to a larger distance from and a weaker binding to the substrate. Compared to the
gas-phase dimer, the MAE was reduced by more than a factor of 2, in line with a
reduced anisotropy of both spin and orbital moments.

Pt3 cluster on graphene adopted triangular geometry, similarly as in the gas-
phase. Pt3 triangle was almost perpendicular to the graphene layer and attached
via either two Pt atoms (edge-down) to a position between br and ot, or via a
single Pt atom (vertex-down) to a substrate atom. The former configuration was

magnetic with a magnetic moment of 0.5 ug, the latter was non-magnetic and
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higher in energy by 0.18 eV /cluster.

For the most stable edge-down configuration, the easy magnetic axis was par-
allel to graphene (to C-C bonds), but oblique to the triangular plane. Inversion
of the magnetization direction by 180°, parallel to graphene, left total energy and
total magnetic moment unchanged. The total magnetic moment of ~1.1 up was
increased relative to the scalar-relativistic result, because SOC mixed different spin
states. For in-plane magnetization, the calculation converged to a noncollinear so-
lution with almost the same total magnetic moment of about 1.1 ug. The MAE
calculated for these two magnetic solutions was only 1.72 meV /atom. This means
the reduction of MAE to almost one third of the MAE of the free cluster. Spin
moments were isotropic, but local orbital moments were changed by up to 0.09 ug
relative to the easy axis.

In the optimized structures the Pty cluster adapted a bent around the short
diagonal rhomboidal geometry and formed only two Pt—C bounds to C atoms of the
support. These two Pt atoms were two-fold coordinated by C atoms at a distance
of 2.15 A to the graphene layer. The atoms at both ends of the short diagonal
bound less strongly to the graphene substrate than the remaining Pt atoms as
they moved to a distance 3.87 A above the graphene layer. The energy gain by
adsorption was only modest, about 0.3 eV /Pt-atom. This structure was magnetic
with a magnetic moment of 1.5 up [25].

Relativistic calculations including SOC were initialized with the magnetic mo-
ments perpendicular to the graphene layer, along the Pt, edges, and in an oblique
direction [25]. The easy magnetic axis was perpendicular to the graphene layer,
but all local moments were slightly canted away from the surface-normal. The hard

axis was parallel to the graphene layer, aligned with the short diagonal of the clus-
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ter. The total magnetic moment was enhanced relative to the scalar-relativistic
spin-moment, because the mixing with low-spin states was overcompensated by
the added orbital moment. Both spin and orbital moments were larger for the
hard magnetization direction leading to a negative value of the anisotropy of the
moments and only small MAE of 0.65 meV /Pt-atom.

Scalar relativistic calculations predicted for a gas-phase Pty cluster a structure
forming a trigonal bipyramid. However, SOC favoured a flat structure of a slightly
distorted square and an isosceles triangle. With relaxed interatomic distances rang-
ing from 2.42 to 2.51 A this flat Pts cluster fits well to the graphene layer with the
Pt atoms located either on top of C atoms or at bridge sites [25]. The relaxation
of these initial structures showed, however, that it is energetically unfavourable to
former too many Pt-C bonds. In the GS configuration, Pt; was bound to two br
sites of graphene via one edge of the triangle. The cluster remained almost flat,
but rotated to an orientation almost perpendicular to graphene. Bond lengths were
slightly elongated compared to the gas phase. The substrate was strongly buckled
with an amplitude of 0.83 A. The spin moment of 1.5 pup was lower than the spin
moment of 2 ug of the free cluster.

Calculations including SOC converged for the noncollinear magnetic structure.
This configuration was energetically degenerate with a structure in which the di-
rections of local spin and orbital moments were reversed. The two configurations
may be considered as right- and left-handed magnetic spirals turning around the
point where the cluster is attached to the substrate (Figure 3.9). For the free flat
Pts cluster, a number of ferromagnetic high- and low-moment and also antiferro-
magnetic states were identified [19], with energy differences comparable or even

smaller than the magnetic anisotropy energies for a given magnetic state. For the
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X AE =0.00 meV

Figure 3.9: Side (a and ¢) and top view (b and d) of the magnetic structure of a flat
Pts-cluster adsorbed on graphene. The two configurations are related by flipping the local
spin and orbital moments to the opposite direction and they are energetically degenerate.

Cf. Figure 3.6. Reprinted from [25].

supported Pts5 cluster, also a low-moment isomer with the total magnetic moment
of 1.17 pup and a similar spiral-like noncollinear structure was found which was
only 23 meV higher in energy than the GS.

Altogether, these results showed that in Pt,, clusters with two and more atoms
the structure of the gas-phase cluster is preserved, although distorted, because
Pt-Pt interactions were found to be much stronger than the Pt-C interactions
promoting the binding to the support. The adsorption energy per atom increases

with the size, favouring the growth of clusters. However, the clusters bound to
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graphene only via at most two Pt-C bonds: a Pty dumbbell preferred an upright
position, the larger clusters bound to graphene only via one edge of the planar
cluster (Pt3 and Pt;) or via two terminal Pt atoms of a bent Pty rhombus. Ev-
idently, the strong buckling of the graphene layer (with an amplitude increasing
from 0.23 A for the dimer to 0.83 A for a Pt cluster) induced by the Pt~C bonds
prevents the formation of a larger number of cluster-support bonds. As the local
spin and orbital magnetic moments were quenched on the Pt atoms forming Pt-C
bonds, the magnetic structures of the supported clusters were much more inhomo-
geneous than the gas-phase clusters. This led to noncollinear magnetic structures

and a strongly reduced MAE.

3.2.2 Bimetallic dimers on graphene

For PtCo, PtFe, and IrCo dimers supported on graphene, the strong binding
within the dimer and the stronger interaction of the 3d atom with the substrate
bound in a sixfold hole stabilized an upright geometry and led to free-atom like
properties of the upper 5d-atom, which is very important for achieving a high
MAE [28].

The influence of the support on the electronic and magnetic properties of ad-
sorbed dimers depends on the overlap of their eigenstates with the electronic DOS
of graphene (Figure 3.10a—c). In the stable adsorption geometry the 3d atom
of the dimer(s) was located above the centre of a sixfold hole, at a height of
about 2 A above the C atoms. The rotational invariance of the dimer eigenstates
around the axis was broken and the C, symmetry was replaced by C. The dimer—
graphene interaction was realized by forming chemical bonds between the 04 (dy,

dy2_,2) states of the 3d atom and the sp?-hybrids of the C atoms, and between
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Figure 3.10: Spin-polarized scalar-relativistic DOS for a, IrCo; b, PtCo; and c, PtFe
dimers adsorbed on a graphene layer. d—f, Corresponding site decomposed electronic DOS
calculated including SOC for magnetization perpendicular to the support and parallel
to the dimer axis (along the z-direction, full lines) and for magnetization parallel to the
support and perpendicular to the dimer (along the z-direction, broken lines). Adapted

from [28].

the 4 (dsz, dy.) states and the p, states on the C atoms. The extended o, and o
states of the dimer were up-shifted because of the Pauli repulsion. The shift of the
antibonding state was particularly important for PtFe/graphene. The eigenstates
of the metal atoms underwent a bonding/antibonding splitting and broadening by
the hybridization with the substrate orbitals. These effects were most pronounced
on the m; states with a large weight on the 3d atom. Broadening and level shifts
were less pronounced for the d, states where the structure of the spectrum of the

free dimer was clearly recognizable in the DOS of the dimer/graphene complex.
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The MAE was found to be determined by changes in the partial d-band DOS
close to the Fermi level dependent on the direction of magnetization [28]. For
IrCo/graphene the most important was the change in the ¢, partial DOS upon
a rotation of the magnetic moments (Figure 3.11a). For magnetization parallel
to the graphene layer and perpendicular to the dimer axis (along the x-axis), the
partial DOS showed a dominant peak at the Fermi level corresponding to the singly
occupied ¢} state of the free dimer (Figure 3.3a). For perpendicular magnetization
(along the z-axis) this peak was split into two components about +0.4 eV from
the Fermi level, again in analogy to the splitting of the eigenvalues of the free
[rCo dimer. The site-decomposed DOS revealed that for the supported dimers the
change in the highest occupied eigenstates was much more pronounced on the Ir
than on the Co atom and this explained the increased orbital moment on the Ir
atom and the increased MAE of the graphene-supported compared to the free
dimer.

The physical origin of the MAE is essentially the same for the free and the
graphene-supported PtCo dimers (Figure 3.3b and Figure 3.11b), but the broad-
ening of the eigenstates caused by the interaction with graphene reduced the influ-
ence of the SOC-induced shifts of the eigenstates on the MAE. For PtFe/graphene
the large shift of the o} state caused by the Pauli repulsion between the extended
electron density on the dimer and the charge distribution in the substrate changed
the nature of the states at the Fermi level leading to an electronic structure close
to the Fermi level similar to that of the isoelectronic IrCo/graphene dimer. The
magnetic anisotropy was determined by the SOC-induced splitting of the partially
occupied % state, as for the IrCo/graphene system. The easy direction was along

the dimer axis, as for the other dimers, and the MAE exceeded than for PtCo
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Figure 3.11: Partial d-band DOS for a, IrCo; b, PtCo and c, PtFe dimers adsorbed on a
graphene layer, calculated including SOC for magnetization perpendicular to the support
and parallel to the dimer axis (along the z-direction, full lines) and for magnetization
parallel to the support and perpendicular to the dimer (along the z-direction, broken

lines). Reprinted from [28].
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(13.4 vs. 11.7 meV /dimer) [28].

3.2.3 Pt—Co and Pt—Fe trimers and tetramers on graphene

Mixed trimers adsorbed parallel to the graphene layer were found to be unsta-
ble. The trimers bound to graphene preferentially through the 3d atoms. Due to
the strong cluster-substrate binding the influence of SOC on the cluster geometry
was minimized. Interatomic distances changed only by less than 0.01 A [30].

In the most stable configuration both the PtFe, and PtCos cluster bound to
the graphene layer by the two Fe (Co) atoms located close to 6h sites. The PGS was
2mm as for the free clusters. The total magnetic moment of the PtFe(Co)s/graphene
complex was 6 (4) ug, reduced by 2 ug compared to the free trimers.

Calculations including SOC predicted [30] for both PtFe, and PtCoy an easy
magnetic axis perpendicular to the graphene sheet and to the bond between 3d
atoms. The total magnetic moments were enhanced in both cases relative to the
scalar-relativistic spin moment largely due to the added orbital moments. The local
orbital moments on the 3d atoms were non-collinear. Rotation of the magnetization
to a direction parallel to the graphene layer and perpendicular to the cluster plane
cost an MAE of 3.3 and 8.6 meV /cluster, respectively for PtFe; and PtCoy. The
total moments were slightly enhanced for PtFe,, which arose from weak negative
spin and orbital anisotropies on the Fe sites at the isotropic Pt moments, but
reduced for PtCoy due to quenched spin and orbital moments.

In-plane rotation of the magnetic moments to the cluster plane and parallel to
the bond between 3d atoms left the total spin moment of PtFe, unchanged, and led
to a small negative orbital anisotropy on the Pt atom and a very modest positive

orbital anisotropy on the Fe sites. This solution was 8.9 meV /cluster higher in
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energy than the GS solution. The magnetic point group symmetry was 2m’m’ for
the GS and m'm2’ for the two magnetic excited states [30]. For PtCos, in turn,
an in-plane solution with the total moment pointing along the Co—-Co bond led to
the increased spin and orbital moments, and cost an MAE of 11.3 meV /cluster.
The magnetic point group symmetries were the same as for the free PtCos trimer,
but the energetic ordering of the excited states was reversed.

For mixed four-atom clusters supported on a graphene layer the 2D geometries
were unstable, in all cases the structural optimization led to a transformation
from the 2D-configurations parallel to the graphene layer to 3D-structures. The
tetramers also bound to graphene preferentially through the 3d atoms. For the 3d-
rich tetramers the stable geometry was in both cases a pyramid with the 3d-atoms
close to six-fold hollows of the graphene layer. The trigonal symmetry was broken,
but for PtFes this was reflected only in a small difference in the Fe-Fe distances
and not in the local spin moments, while for PtCos the local spin moments were
also different. The Fe-Fe and Co—Co distances were stretched compared to the free
tetramer due to the binding to the substrate.

The total magnetic moment of the PtFes/graphene complex was 9 ug, reduced
compared to 12 ug for the free tetramer. The contribution of the magnetic moments
induced on the C atoms was about 0.5 ug, the spin on the Fe atoms was reduced
by about 0.6 pg, the spin on the Pt atom by 0.4 pup compared to the free PtFes
cluster.

The easy magnetic axis of the trigonal PtFes pyramid was perpendicular to
graphene and to the basal Feg triangle (magnetic point group symmetry 3m), with
a spin moment of 8.40 up and an orbital moment of 0.52 ug. Two states with

in-plane magnetization and the total moment either parallel or perpendicular to
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an Fe—Fe bond were found to be energetically degenerate (these were the magnetic
hard axis), with an MAE of 12.4 meV /cluster. The threefold symmetry was lost,
but this was manifest only for the local orbital moments. The spin moments were
strictly isotropic, the orbital moments on the Fe atoms were reduced to about half
value for easy-axis magnetization.

The total magnetic moment of the PtCos/graphene complex was 5 ug, reduced
by 2 pup compared to the free cluster. Small magnetic moments were induced in
the slightly buckled graphene layer (—0.26 up in total), oriented antiparallel to
the cluster moment. In the magnetic GS of the PtCogz pyramid the local spin and
orbital moments on the Co atoms were non-collinear, reflecting the asymmetry of
the geometric structure. The easy magnetization direction was perpendicular to
the Co—Co bond and parallel to a C-C bond of the graphene layer and tilted away
from the graphene-sheet. The total magnetic moments of the cluster was 5.63 ug
(spin/orbital moments were 5.17/0.46 ug). For a magnetization direction initially
perpendicular to the support the relaxed local moments were canted towards the
Pt—Co bonds, but their absolute values remained almost unchanged and the MAE
was only 1.3 meV /cluster. For a magnetization perpendicular to another Co—Co
bond, the total magnetic moment was again almost unchanged, but the energy
was increased by 2.3 meV /cluster. The small MAE of supported PtCojs correlates
with a very small orbital anisotropy.

Compared to the free trimers, the saddle point energy to be overcome for a mag-
netization reversal was lowered for PtFe, by more than a factor of 3, but remained
of the same order of magnitude for PtCo,. The MAE of 5.1 meV /trimer calculated
for Pts/graphene was in-between the MAE of PtFe,/graphene (3.3 meV/trimer)
and PtCoq/graphene (8.6 meV /trimer) [30].
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Compared to the free tetramers, the minimum barrier for magnetization re-
versal was lowered by a factor of 6 for PtCos but almost doubled for PtFe; [30].
The larger MAE is related to a larger orbital anisotropy on the Fe atoms binding
to graphene. Compared to the graphene-supported Pty (which adopted a similar
3D structure) with a barrier energy of ~40 meV /cluster, a reduction by about
a factor of 4 for PtFes/graphene and 20 for PtCos/graphene were found. How-
ever, compared to the MAE of the GS Pt4/graphene geometry, the graphene sup-
ported mixed PtFes tetramers forming quite symmetric adsorption geometries ex-
hibited an increased MAE by a factor of ~5, but similar MAE was found for

PtCos/graphene resulting from very small total spin and orbital anisotropies.

3.3 Structures and MAEs of clusters of Pt;_, on

graphene on Ni(111)

The study of the graphene/metal interface was motivated by several impor-
tant points: (i) metallic substrates were demonstrated to be successfully used for
the preparation of graphene layers of different thicknesses with the extraordinary
quality that can be transferred onto an insulating or polymer support, (i) the
metallic contacts to a graphene layer determine the doping of graphene and, thus,
the transport properties, (i) the deeper understanding of nature of bonds at the
metal-graphene interface itself is of fundamental importance, and (iv) from appli-
cations point-view of graphene-supported magnetic nanoclusters, the carbon sheet
must be deposited on a solid substrate [141], and the the interaction between the
adsorbed clusters and the metallic support across the graphene layer can heavily

influence the the structural and magnetic properties of graphene-deposited metallic
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clusters [26,27,29].

Both experiment and ab initio calculations revealed that the top/fcc configu-
ration is a stable configuration of a graphene sheet supported on Ni(111) (see [26]
and references cited therein). Since the GGA calculations predicted no binding of
the graphene sheet to the Ni substrate, the the DET+d method of Grimme [142]
was used which predicted both binding energy and distance in very good agree-
ment with the chemisorbed state identified in the random phase approximation
— adiabatic connection and fluctuation dissipation theorem (RPA-ACFDT [143])
calculations [144|. The interaction with the Ni substrate strongly influenced the
electronic structure of the graphene layer (Figure la—b in [26]). The hybridization
with the 3d-states of Ni led to the formation of two peaks in the C-p DOS coin-
cident with the peaks in the substrate DOS. Due to the exchange splitting, the
C-p spin-up DOS showed a local minimum, the spin-down DOS a local maximum
at the Fermi level. The exchange-splitting of about 0.5 eV was in good agreement
with the experimental estimate [145]. The hybridization of the 7 and 7* bands
of graphene with the substrate states is essential for the stability of the C/Ni
interface. At an increased distance of the graphene to the Ni(111) surface, the
hybridization disappeared almost completely [144].

Although the free-standing ideal graphene sheet is non-magnetic, the bind-
ing to the Ni(111) surface induced a weak magnetic polarization of the C-atoms
[26]. The C-atoms located on top of Ni atoms carried a magnetic moment of
—0.014 pup/atom, whereas a magnetic moment on atoms in a fcc-hollow was +0.017
pp/atom. A weak induced magnetism of carbon atoms in the graphene/Ni(111)
system has also been observed experimentally [146]. The magnetic spin moments

on Ni atoms were 0.54, 0.62, and 0.65 up/atom in the 1st, 2nd, and successive lay-
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ers, respectively. The magnetic moment in the 1st layer of Ni(111) was quenched
due to the presence of C adlayer (0.65 pp/atom at the clean Ni surface). The
graphene /Ni(111) system exhibited a small in-plane MAE of 0.145 meV /atom.
The orbital moments of the Ni atoms were 0.065, 0.054, 0.056, and 0.075 up in the
first and subsequent layers for in-plane magnetization, and 0.045, 0.053, 0.053, and
0.046 pp for perpendicular magnetization. The spin moments in adlayer and sub-
strate were unchanged, independent of the orientation of the magnetization. Spin
and orbital moments were strictly parallel. The slightly larger orbital moments for
easy-axis orientation correspond to the classical picture of magnetic anisotropy.
The stable adsorption site of an isolated Pt adatom was in a bridge-position
between two C atoms of the graphene layer. While the adsorption site is the same
as on a free-standing graphene sheet, the adsorption energy increased almost by a
factor of 2. Further, the Pt atom also induced a strong, rather complex corrugation
of the graphene layer and of the top Ni layers. The bonds between the C atoms
around the Pt adatom are less saturated and this led to a stronger binding between
graphene and the Ni substrate such that the Pt atom is located in the centre
of a deep, rather broad depression of the adlayer. Pt adatoms carried a small
magnetic moment of —0.02 pg, which contrasts the Pt adatoms on free-standing
graphene which were non-magnetic. The magnetic moments of the graphene/Ni
system were hardly affected by the presence of Pt adsorbate. Only on the Ni atom
almost directly below the Pt atom the magnetic moment was enhanced to 0.65 ug.
This enhancement is remarkable because adatom and substrate were separated by
the graphene layer. Calculations including spin-orbit coupling predicted a small
anisotropy of the spin moment of the Pt atom, i.e., —0.022 pg for in-plane and

—0.018 pp for perpendicular magnetization. The orbital moment of the Pt atom
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was +0.021 pp for perpendicular and +0.008 up for in-plane magnetizations. The
easy magnetization direction of the entire complex was in-plane and the MAE was
reduced to the value below 0.1 meV/atom [26].

In contrast to the dimer on a free-standing graphene layer the stable configu-
ration is a flat-lying dimer with both Pt atoms located slightly off an ot position
above a C atom. The adsorption energy per Pt atom was lower than for the iso-
lated adatom. Therefore, whereas on a free-standing graphene layer the formation
of dimers and larger clusters was energetically favoured (and facilitated by a high
mobility of the Pt atoms), isolated adatoms on graphene/Ni(111) were lower in
energy. The formation of dimers was also hindered by an increased diffusion barrier
(from 0.18 eV to 0.72 eV due to the presence of the Ni support).

The flat dimer was non-magnetic as on free-standing graphene. The upright
dimer carried a magnetic moment of 1 ug, reduced compared to a value of 1.5 ug
in the absence of a metallic substrate. Remarkably, the presence of the Pt dimers on
the graphene/Ni(111) surface induced a re-orientation of the easy magnetization
direction from in-plane to perpendicular, as for a dimer on a free-standing graphene
layer. The MAE of the upright Pt dimer on graphene/Ni(111) was 49.6 meV (or
0.34 meV /atom including 96 Ni, 48 C, and 2 Pt atoms in the computational cell),
to be compared with an MAE of 23.2 meV for the Pt dimer on a free graphene
layer and of 46.2 meV for the gas-phase dimer [26].

The Pt3 triangle was bound to the free graphene sheet only via one of its
edge. On Ni-supported graphene a flat triangle allowing a binding of all three
Pt atoms with the graphene layer was, however, lower in energy by 46 meV /Pt-
atom than a perpendicular configuration where the cluster binds to the substrate

only via one of its edges [27]. The threefold symmetry of the cluster was broken
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by a minimal difference of 0.02 A in the Pt-Pt distances. The Pt atoms were
located almost on top of the C atoms, slightly shifted towards the C-C bridge
positions. The Pt3 cluster induced substantial distortions of the graphene layer. Tt
was located in the centre of an extended depression of the graphene layer, whose
buckling amplitude was 0.4 A. The local spin-moments on the Pt atoms calculated
in a scalar-relativistic approach reflected the broken symmetry of the Pt triangle.
The spin and orbital moments per cluster calculated including SOC were smaller
for the easy in-plane than for the hard perpendicular magnetization direction,
leading to negative spin and orbital anisotropies. The local distribution of the
magnetic moments below the cluster is similar to that for Pt adatoms and dimers
on graphene/Ni(111) [26]. The MAE of the complex was 13.2 meV /cell or 0.089
meV /atom.

For a Pt, cluster on graphene/Ni(111) the equilibrium configuration was almost
flat rhombus with all four Pt atoms in or close to positions on top of C atoms in the
graphene layer [27]. This configuration was, however, only 9 meV /Pt-atom lower
in energy than a trigonal pyramid with the Pt atoms forming the base located close
to C atoms, slightly displaced towards the neighbouring bridge positions. In both
configurations the Pty cluster was located in the centre of a sink in the graphene
layer, as for the smaller clusters. Also, the buckling amplitude of the graphene
layer of about 0.4 A was the same for both configurations and comparable to that
induced by the smaller clusters. The binding between graphene and the Ni sub-
strate in this region was promoted not only by dispersion forces as in the absence
of adatoms, but also acquires a weak covalent component. The scalar-relativistic
spin moments on the Pt atoms were 2 x 0.10 and 2 x 0.12 ug for the rhombus. Rel-

ativistic calculations including SOC for an easy in-plane magnetization direction
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led to slightly reduced spin magnetic moments to 2 x 0.090 and 2 x 0.081 ug, and
the orbital moments of 2 x 0.039 and 2 x 0.023 pg. The hard magnetic axis was
out-of-plane. All local spin moments were reduced, but the orbital moments were
reduced only on the sites along the long diagonal, but enhanced on the other two
sites. Altogether, this led to a substantial spin anisotropy of 0.136 ug and a very
low orbital anisotropy of 0.022 ug. The influence of the adsorbed cluster on the
magnetic moments in the Ni layer was very similar to that caused by the smaller
clusters. The MAE of the cluster/substrate complex was 15.8 meV /cell or 0.091
meV /atom.

The force theorem permits the elucidation of the electronic contributions to
the MAE from the clusters, the graphene layer and from the Ni substrate. Within
this formalism, the MAE may be written as [17,27]

MAE =) Z / (E — BEp)Anl, (E)dE , (3.1)

i my=—2
where the sum is over all atoms in the supercell and over all angular momentum
quantum numbers m;, Ep is the energy at the bottom of the valence band, and

where

Anl, (E) =nl (E;soft) —nl, (E;hard) (3.2)

my

is the difference in the partial local density of states for electrons with quantum
number m; at the site ¢ for soft- and hard-axis magnetization. Integration over the

An! (F) also yields the orbital anisotropy

my
App=2upY > / — Anl, (E)|dE . (3.3)
i mp=1,2
A large contribution to the MAE requires a large value of Aninl (E), integrated over

the valence band, irrespective of the value of m;. A significant orbital anisotropy
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arises only if An}, (E) is different for states with m; = +1 and/or m; = 2. One
shall note that since the partial DOS are based on a projection of plane wave
onto spherical waves inside atom-centred spheres, the determination of the partial
contributions to the MAE from integrals over the difference in partial DOS is
approximate. The analysis of the MAE showed that the magnetic anisotropy of
the Pt, /graphene/Ni(111) complex was dominated by the Ni support. Although
the SOC is much stronger and the orbital moment is larger for Pt than for Ni,
the contribution to the MAE per Pt atom was lower than that per Ni atom at
the interface with graphene. Only for the metastable upright Pty dimer the spin
and orbital moments on the Pt atoms were large enough to reverse the sign of the
magnetic anisotropy of the graphene-covered Ni-substrate [26,27].

Similarly, significant contribution to the MAE has been found for Fe and Co
adatoms [17] on (111) surfaces of strongly polarizable Pd and Rh substrates which
are, however, non-magnetic without adsorbates. The adatom-substrate hybridiza-
tion led to strong reduction of the adatom orbital moments but also to the forma-
tion of large spin and orbital moments in the substrate [16,17]. As a consequence,
the substrate contribution can even determine the sign of the MAE. The mag-
nitude and the sign of MAEs changed for adatoms occupying face-centered cubic
(fce) with respect to adatoms on hexagonal close-packed (hep) hollows on the (111)
surfaces [17]. However, in the monolayer (ML) limit, in addition the dipolar inter-
actions between the magnetic moments significantly contributed to MAEs [18]. For
the Co ML on Rh(111), the dipolar contribution outweighed the band contribution

and determined the in-plane MAE in agreement with experiment.
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3.4 MAEs of transition-metal dimers on graphene

on Cu(111)

In contrast to the graphene/Ni(111) complex, on a noble-metal Cu(111) sup-
port the graphene layer was only physisorbed. The binding energy was —42 meV
per C-atom at an equilibrium distance of 3.13 A between the carbon layer and the
Cu surface [29].

Homoatomic Iry and Pty dimers preferentially bound to the graphene/Cu(111)
complex in a flat configuration with both atoms binding to C-C bridge sites. The
adsorption strength on graphene/Cu(111) was between that on freestanding and
Ni-supported graphene. The flat dimers were only weakly magnetic with a very
small MAE of ~1 meV /dimer [29].

For the mixed 5d-3d IrCo and PtCo dimers on graphene/Cu the much stronger
binding of the 3d than of the 5d atoms to the support led to a preference for an
upright configuration, as on freestanding graphene [28]. The magnetic structures
of the mixed dimer is displayed in Figure 3.12. The magnetic moments on the 3d
atom bound to the substrate were strongly quenched and the 5d moments were
also reduced, for PtCo to values much lower than for the free dimer, whereas for
IrCo they assumed intermediate values. The MAE was reduced for PtCo to 7.2
meV /dimer but enhanced for IrCo to enormous 0.2 eV /dimer. This striking differ-
ence can be understood by analysing the electronic DOS, presented in Figure 3.13.
For the graphene/Cu(111) supported IrCo dimer the partially occupied spin-down
0 state is located at Ep. It is dominated by contributions from the Ir atom and
almost unaffected by interaction with the substrate. A further contribution to the
MAE resulted from the splitting of the bonding spin-up J,4 state at the bottom of

the partial 6-DOS (formed by the d,2_,2 and d,, states) whose centre of gravity was
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AE =203.5 meV

Figure 3.12: The magnetic structure of a, PtCo (Pt-up) and b, IrCo dimer (Ir-up) on
graphene/Cu(l 1 1). Cf. Figure 3.6. The energy difference associated with a rotation
of the magnetic moments (per dimer) are listed underneath each structure. Reprinted

from [29].
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Figure 3.13: Scalar relativistic DOS (a-b) and atom- and orbital-resolved PDOS (c-d)
for magnetization along the dimer axis (the z-axis, full lines) and perpendicular to it
along the z-axis (broken lines) for IrCo dimer (a and c¢) adsorbed on graphene/Cu(111),
and PtCo dimer (b and d) supported on graphene/Cu(1 1 1). Adapted from [29].

shifted towards larger binding energies and contributes to the further enhancement
of the MAE in the sequence: free [rCo (MAE = 69 meV /dimer) — IrCo/graphene
(93 meV /dimer) — IrCo/graphene/ Cu(111) (204 meV /dimer).

For the PtCo dimer on graphene/Cu(111) the spin-down ¢} state is fully occu-
pied and located just below the Fermi level. Unlike for the free dimer, the SOC-
induced splitting of the states did not reorder the energy levels and the o4 state
remained higher in energy. However, as the separation of the states is very small,
the o4 state is partially populated at the expense of the antibonding 0 state. The

orbital moment on the Pt atom for PtCo/graphene/Cu(111) was lower than for
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the free dimer and much lower than for PtCo/graphene, which was related to the
strong mixing of the fully occupied J; state with an energetically almost degenerate
oq state. The mixing was even stronger for perpendicular magnetization, leading
to a strong negative orbital anisotropy on the Pt atom. Together, the contribution
of all eigenstates to the MAE decreases from the free to the graphene-supported
and further to the dimer on graphene on Cu(111). Accordingly, the MAE decreases
with increasing strength of the interaction with the support: free PtCo (MAE =
19 meV /dimer) — PtCo/graphene (12 meV /dimer) — PtCo/graphene/Cu(111)
(7 meV /dimer) [29].

3.5 Imprinting magnetism in graphene

Graphene — a 2D allotrope of carbon — is currently at the forefront of the sci-
entific interest owing to its unique electronic, mechanical, optical, and transport
properties. Its application potential covers a broad portfolio of disciplines, the
most prominent examples include lightweight, thin, flexible, yet durable display
screens, electric/photonics circuits, solar cells, and various medical, chemical and
industrial processes enhanced or enabled by the use of new graphene-based mate-
rials [49,85|. To further extend the applicability of graphene, several efforts have
recently been reported to equip graphene with magnetic properties [43], which are
intrinsically missing in graphene due to a delocalized m-bonding network leaving
no unpaired electrons. If graphene was modified to show magnetic ordering sus-
tainable at elevated temperature, it would cause a revolution in electromagnetic,
optomagnetic, and spintronic applications, opening doorways to new and effective
technological concepts [147]. Without any doubt imprinting magnetic features into

graphene has been considered a holy grail for physicists, chemists, and materials
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scientists since the graphene isolation in 2004 [6]. The current approaches leading
to equip graphene with magnetic properties include spatial confinement and edge
engineering, doping of graphene lattice with foreign atoms, and sp® functional-
ization [43,68,69,75,76,91]. The theoretical results presented below provided

insights into the origin of magnetism in graphene-based systems.

3.5.1 Magnetism induced by doping graphene with foreign

atoms

As already briefly mentioned (see Section 1.3 and Figure 1.16), doping of
graphene lattice with non-carbon atoms offers a promising approach for imprint-
ing the magnetic ordering into graphene [75,76]. Spin-polarized DFT calculations
allowed both to gain a deeper understanding of the unique magnetic behaviour of
doped graphene and decipher the effect of various bonding configurations of the
dopant atoms on its the electronic and magnetic properties.

Magnetic measurements showed that doping graphene with 4.2 at% of sulfur
equips it with FM properties below ~62 K with a saturation magnetization reach-
ing 5.5 emu/g [75]. Electronic-structure calculations confirmed the observed mag-
netic behaviour appears in a narrow concentration window (4-6 at%). Graphene
doped with 2.1 at% of sulfur and above 6.25 at.% was non-magnetic. Calculations
including both sulfur adsorption on a pristine graphene layer and simultaneous
sulfur adatoms and substitution did not induce magnetism in graphene even when
starting from an initial magnetic guess configuration. Thus, the magnetic order-
ing observed experimentally was solely related to the substitutional doping. The
theory showed that in magnetically active configurations sulfur forms the gamma-

thiothiapyrone motif in the graphene lattice (see inset in Figure 3.14a).
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Figure 3.14: Densities of states, and spin densities and structures (shown in insets) of
S (a) and N (b) doped graphene. Sulfur forms the gamma-thiothiapyrone motif and
nitrogen occupies para positions in the graphene lattice. Panel a adapted from [75],

panel b from [76].

Owing to its two additional electrons compared to a carbon atom, sulfur acts
as an n-type (electron-donating) dopant by increasing the number of electrons in
the system. Due to doping, the Dirac point was shifted below Er and the doped
graphene became an n-type conductor. The sustainability of the magnetism at
relatively high temperatures (~62 K) originated from the pumping of electrons
from the substitutional sulfur into the graphene conduction band, strengthening
the 7 electron system via which paramagnetic centres interact. It must be noted
that Stoner magnetism can emerge if the itinerant electrons occupy narrow bands
at Ep [74], [75], as shown in Figure 3.14.

Similarly, a FM states emerged in graphene doped at 5.1 at% of nitrogen below
~69 K [76]. Graphene doped below 5 at% of nitrogen was non-magnetic. High-
resolution N 1s X-ray photoelectron spectroscopy (XPS) showed three distinct
peaks corresponding to nitrogen in different configurations inside a graphene lat-
tice or attached covalently to a graphene sheet, i.e., pyridinic nitrogen, graphitic

nitrogen and chemisorbed N/N,, which contrasts the S doped graphene where
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sulfur was bound in the graphitic configuration inside the graphene lattice. Theo-
retical SP-DFT calculations were employed to address the magnetic contributions
of individual N-motifs in details [76]. The theory revealed the particular impor-
tance of the graphitic-N motif embedded in the lattice at para positions (inset in
Figure 3.14b) in imprinting FM order in N-doped graphene. N-doping leading to
the FM state gave rise to a strong p, electron peak at Er in the electronic structure
according to PDOS (Figure 3.14b), similar to the effect of doping of graphene with
4.2 at% of sulfur.

Although, the combined effects of all N-species was strongly FM graphene, it
should be noted that coupling between pyridinic nitrogens is much less effective
in maintaining the FM structure, and chemisorbed nitrogen adatoms can only
generate paramagnetism. Further, chemisorbed Ny only resulted in a non-magnetic
states and pyrrolic nitrogen has no effect on magnetism in graphene. Altogether,
among these structural motifs, graphitic nitrogen plays the principal magnetic role,

as elucidated from SP-DFT calculations [76].

3.5.2 Magnetism in nanographenes

Recently, magnetically ordered 25 nm long and 10 nm wide nanographenes (also
termed graphene nanoplateles) were prepared and characterized [91] (Figure 1.19).
SP-DFT calculations with various models of nanostructured graphene, ranging
from semi-infinite nanometer-wide zigzag nanoribbons to nano-flakes of nanometer
sizes and various shapes (see insets in Figure 3.15), were employed to explain the
low-temperature FM with a Curie temperature of 37 K of these materials. The
theory revealed that both interedge and intraedge ferromagnetism can evolve in

GNPs having angles between adjacent edges smaller than 90°. This can be seen as
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an excess of spin densities at the zigzag edges and in the corners between them,
while deeper layers were non-magnetic. Thus, magnetism in GNPs emerged from
the synergistic effects of the size, geometry of nanographenes, edge terminations,
and angle between adjacent edges Moreover, SP-DFT predicted the total energy
difference between FM and AFM interedge alignments in GNR with the width of
~3.7 nm did not exceed 2 meV, and dropped below 1 meV for wider (>8 nm) GNRs.
Similar results were obtained for rectangular nanoflakes with magnetic zigzag and
non-magnetic armchair adjacent edges. This further signified the important role
of the intraedge ferromagnetism in nm size GNPs of rectangular shape where
interedge coupling is largely suppressed [91].

The theoretical Curie temperatures for GNPs of various sizes and shapes were
estimated (Figure 3.15) employing the Ising model on the honeycomb lattice, which
has the exact solution given as kgTc/ | J |= 0.3797 [148|, with a coupling value of
J = AE/2 [149], where AFE is the energy difference between the magnetic ground
state and non-magnetic spin-singlet. The lowest T; was found for the GNRs fol-
lowed by rectangular and trapezoidal flakes having both magnetic zigzag edges and
non-magnetic armchair edges. Conversely, the largest T: was computed for the tri-
angular flake with an edge length of ~3.7 nm and an excess of the spin density
both in the corner between adjacent edges and on the deeper laying atoms, while
the hexagonal flake and large triangular flake exhibited intermediate value of T¢.
The median of the theoretical T was ~47 K, which is not far from the experi-
mentally observed T of 37 K, which is a bulk average across various morphology
and size values. Upon further lowering the size of the triangular flake below 1 nm
edge length, theoretical T dropped to 88 K which suggested that the Curie tem-

perature could be theoretically enhanced by reducing the GNP size to a maximum
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Figure 3.15: a, Theoretical T¢ values of GNRs and GNPs vs. magnetic moments (nor-
malized per number of atoms). The graphene flakes are labelled by small letters and the
corresponding point on the plot is indicated by a capital letter. The grey point indicates
Tc calculated for the smallest triangular flake (shown in grey). b, an example of HRTEM
image of GNPs of trapezoidal shapes. ¢, Computed isosurfaces of spin densities plotted at
+2x 1073eA 3 for layered flakes. For clarity, C-atoms are not displayed. Both the values
of magnetic moments and their distribution within the individual flakes were identical to

those of single freestanding flakes. Adapted from [91].
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around 3.7 nm in the edge length.

3.5.3 Room-temperature G(OH)F magnets

Room-temperature magnetic ordering has recently been observed in hydroxyl-
substituted fluorographene (termed hydroxofluorographene), either AFM (Fig-
ure 1.14) or FM (Figure 1.15) depending on the F/OH ratio and sophisticated
organization of sp*-conjugated motifs inside a sp>-bonded matrix [68,69].

Specifically, the low-temperature FM and room-temperature AFM ordering in
G(OH)F with an appropriate F/OH ratio stems from the presence of sp? diradical
motifs encaged by the remaining sp3-carbon atoms, as demonstrated by the SP-
DFT calculations [68]. These diradical motifs are believed to emerge only above
the site percolation limit of the graphene lattice, i.e., the number of sp® atoms
must be sufficient to cage the sp? islands. In other words, sp® functionalization
must reach a certain level for both the formation of diradicals and suppression
of lateral diffusion of F-adatoms that would destroy the periodic magnetic pat-
tern of sp? islands over the graphene surface. Importantly enough, the presence of
diradical motifs in G(OH)F was confirmed experimentally by the electron para-
magnetic resonance (EPR) measurements. SP-DFT showed that the —OH groups
enable bridging among the diradical motifs and mediating interaction among them,
stabilized the AFM order throughout the whole graphene lattice up to high tem-
peratures. In particular, —OH groups allow communication between diradicals via
superexchange interactions.

It must be noted that, from both theoretical and experimental standpoints,
magnetic ordering in graphene mediated by itinerant m-electrons alone cannot be

maintained at elevated temperatures. In the case of doping the magnetic order-
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Figure 3.16: a, Model of m-xylylene diradical motifs in the G(OH)F system. The left and
middle panels show the diradical motifs from above and below the graphene plane. The
right panels shows the details of the diradical motif. Fluorine atoms are shown in yellow,
hydrogen atoms in white, oxygen atoms in red, sp® carbon atoms in blue, and sp? carbon
atoms in grey. b, Spin density distribution in FM and ¢, AFM G(OH)F. d, DOS of the
GS FM phase (upper panel) and of the AFM phase (lower panel). Adapted from [68].

ing can resist thermal disruption up to about 60-70 K [75, 76]. In other words,
superexchange interactions seem to be much more effective than the m-electron
system of graphene in maintaining the magnetic ordering to exceptionally high
temperatures.

Interestingly enough, while nucleophilic substitution promotes formation of
radical centres and emergence of superexchange interactions, defluorination path-
ways lead to the formation of the sp-conjugated zigzag motifs passing through sp3
domains with radical centres either isolated in the sp® region or attached as a side
part of the m-chain, as showed by theoretical calculations and as also evidenced by
STEM and electron energy loss spectroscopy (EELS) experiments [68,69] (Fig-
ure 3.17). The predicted in-plane distance between the zigzag chains was experi-

mentally observed by high-resolution STEM. The spontaneous formation of zigzag
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Figure 3.17: a, Top view of the FM G(OH)F structure with spin densities (positive shown
in red and negative in green) plotted for isosurfaces at 5 x 10~3eA 3. b, Corresponding
DOS plot. ¢, Top view of the bilayer of FM G(OH)F. d, Side view. e, Quantitative STEM
image simulation of the structure. f, Line profile of the area overlaid in green in panel
e, indicating a repeating intensity variation with a period of 0.32 nm. g, Schematic of
DOS of the two parallel-aligned magnetic moments with a ferromagnetic superexchange
interaction and h, itinerant electron magnetism with the interaction of magnetic spins

mediated by conduction m-electrons. Adapted from [69].

motifs during synthesis of G(OH)F was supported by bond dissociation energies
(BDEs) of fluorine atoms favouring defluorination along the motifs. This structural
motif was possibly responsible for the room-temperature ferromagnetism of the
G(OH)F system. A theoretical transition temperature of 440 K estimated by using
the Ising model on the honeycomb lattice (see Section 3.5.2) was in good agreement,
with the experimentally derived T¢ of 383 K. The favoured zigzag sp?/sp® patterns

in the basal plane strengthened interaction pathways among them via itinerant 7-
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electrons, as demonstrated by analyses of magnetization measurements and EPR
data. This was also verified and explained by SP-DFT calculations, which revealed
that the FM state was maintained by a synergistic interplay between the superex-
change coupling of the radicals to the sp? zigzag chains and the m-electron system
transferring the coupling between sp? strips.

These results highlight the major role of sp?/sp® ratio and superorganization of
radical and m-conjugated motifs in graphene for developing room-temperature non-
metallic magnets. Moreover, sp® functionalization offers many degrees of freedom
in terms of the diversity of magnetic motifs, their architecture, combination, and
organization, allowing formation of structures differing in electronic and magnetic

properties tailored toward a given application.
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Chapter 4

Summary and outlook

Nanomagnetism stands as one of the frontier field of magnetism. It offers new
vista to high-density magnetic data storage devices on one hand, on the other
hand nanomagnets exhibit a reach variety of very interesting physical phenomena,
as the magneto-structural effect observed in small Pt clusters for which relativistic
effects stabilized structures, which were only metastable in the scalar-relativistic
limit, and that the change of directions of magnetic moments can lead to a transi-
tion between high- and low-moments states. The magnetic potential-energy surface
as a function of the orientation of the magnetic moment can consist of interpene-
trating sheets representing different magnetic isomers, as has been shown for Pt;
clusters. For clusters of lighter 3d and 4d elements, the change in the magnetic
symmetry leads to distortions of the clusters’ geometries. These phenomena were
largely unnoticed in the previous studies of TM nanostructures. The present results
invalidates a perturbation analysis of magnetic anisotropy for the TM nanoclus-
ters. The theoretical investigations of the structural and magnetic properties of
TM nanostructures must be based on a simultaneous optimization of all struc-

tural and magnetic degrees of freedom and on selfconsistent calculations of the
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total energies of the competing configurations.

The enormously large theoretical MAE of 0.2 eV of the IrCo dimer supported on
the graphene layer deposited on Cu(111), which offers a barrier against loss of infor-
mation at elevated temperatures, may pave the way for future room-temperature
atomic-scale information storage. Here, the remaining challenge is the experimen-
tal realization of such supported bimetallic dimers. Also, addressing the role of
structural defects in the graphnene layer both for anchoring of the clusters to the
support and for the overall magnetic properties of the entire complex, remains a
future task. The theory also showed that the substrate supporting TM nanostruc-
tures can be of decisive importance for the MAEs, even if it was separated from
nanoclusters by the graphene layer. Magnetic and strongly polarizable metallic
substrates are examples of such supports.

SP-DFT simulations provide an efficient tool to obtain a thorough character-
ization of both the existing and hypothetical materials and also a better under-
standing of the underlying phenomena in nanomagnetism. They were successfully
employed to address and explain experimentally observed magnetic properties of
various graphene-based systems including heteroatom doped graphene, nanocon-
fined graphene, and sp® functionalized graphene. Future directions toward prepar-
ing a wider family of graphene-based 2D high-temperature magnets with tailored
properties for a given application have to combine the size and morphology aspects

with other sources of magnetism, e.g., defects, doping, and functionalization.
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We present ab initio density functional calculations of the magnetic anisotropy of dimers of the transition-
metal atoms from groups 8 to 10 of the Periodic Table. Our calculations are based on a noncollinear imple-
mentation of spin-density functional theory (DFT) where spin-orbit coupling (SOC) is included self-
consistently. The physical mechanism determining the sign and magnitude of the magnetic anisotropy energy
(MAE) is elucidated via an analysis of the influence of SOC on the spectrum of the Kohn-Sham eigenvalues
of the dimers. The possible influence of orbital-dependent electron-electron interactions has been investigated
by performing calculation with a hybrid functional (mixing Hartree-Fock and DFT exchanges) and with a
DFT+U Hamiltonian introducing an orbital-dependent on-site Coulomb repulsion U. The results demonstrate
that the MAE is stable with respect to the addition of such orbital-dependent interactions.
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I. INTRODUCTION

During the 1990s there has been an enormous interest in
the magnetic properties of nanostructures, triggered by the
rapid development of magnetic and magneto-optic storage
technologies.® Much of this interest has centered on the ques-
tion of the minimal size of a bit for classical information
storage. The main criterion is that the energy difference be-
tween the easy and hard axes of magnetization represents a
barrier for spin reorientations exceeding ambient tempera-
tures. An important line of research has centered on molecu-
lar magnets? but recently there have been suggestions that
very small transition-metal clusters might also satisfy this
condition.

While the spin-dependent magnetic properties of
transition-metal clusters have been widely investigated (see,
e.g., Alonso,® Baletto and Ferrando,* Futschek et al.,>% and
further references cited therein), only very few ab initio in-
vestigations have addressed the problem of the magnetic an-
isotropy of gas-phase’™® or supported'®-3 transition-metal
clusters. Fernandez-Seivane and Ferrer® performed spin-
density functional calculations using pseudopotentials and a
local basis set [both in the local-density (LDA) and general-
ized gradient (GGA) approximations] for Pd, Pt, Ir, and Au
dimers. For Pd, the easy magnetization direction is perpen-
dicular to the dimer axis with a magnetic anisotropy energy
(MAE) of 5/2 meV (LDA/GGA) while for Pt, and Ir, the
easy axis coincides with the dimer axis, in which the MAEs
are much larger, 220/75 (LDA/GGA) and 100 meV (LDA)
per dimer for Pt, and Ir,, respectively. Strandberg et al.” used
a projector-augmented-wave approach in a plane-wave basis
and the GGA. They reported perpendicular anisotropy for
Pd,[MAE=2.4 meV(GGA)] and Ni,(MAE=7 meV), and
axial anisotropy for Co, and Rh, [MAE=30(Co,) and 45
meV (Rh,)]. Fritsch et al.® presented results for a number of
3d and 4d dimers, calculated using the LDA and a full-
potential approach in a basis of numerical localized orbitals.
For Pd, they agree with the perpendicular anisotropy pre-
dicted by the other authors [MAE=5 meV(LDA)]; for Co,
and Rh, their results agree with Strandberg et al. on the easy
axis but their MAEs are nearly twice as large (50 meV for
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Co, and 104 meV for Rh,). For Ni, axial anisotropy (MAE
=11 meV) is predicted in contrast to Strandberg et al.” In all
calculations the MAE is determined as the difference in the
total energies of the dimers with different orientations of the
magnetic axis. While the calculations of Fernandez-Seivane
and Ferrer® and of Strandberg et al.” are based on a scalar-
relativistic approach and treat spin-orbit interaction in a self-
consistent second-order approximation, the results of Fritsch
et al.® are based on the fully relativistic Dirac equation.
Strandberg et al. also used the results of the ab initio calcu-
lations to construct a giant-spin Hamiltonian quantizing the
classical anisotropy energy functional. However, it is evident
that the available results are too scattered to provide a clear
picture of the physical mechanism determining an axial or
perpendicular anisotropy or the magnitude of the anisotropy
energy.

This is surprising because the calculation of the magnetic
anisotropy is a problem of fundamental importance. Mag-
netic anisotropy, magneto-optical spectra, magnetic dichro-
ism, and other important properties are caused by spin-orbit
coupling. Within spin-density-functional theory Bruno* and
van der Laan'® have used perturbation theory to derive ap-
proximate expressions for the MAE. According to Bruno, for
a system where the majority-spin band is completely filled,
the MAE is proportional to the spin-orbit coupling (SOC)
parameter £ and to the difference in the expectation values of
the orbital moment calculated for the easy and hard axes of
magnetization (i.e., to the anisotropy of the orbital moment).
van der Laan derived in addition a correction term which is
second order in ¢ and which accounts in addition for a pos-
sible anisotropy of the spin moment.

Whereas the spin magnetic moments are described quite
accurately by density functional theory, the orbital moments
are generally underestimated. The reason is that the variables
determining the effective one-electron potential within den-
sity functional theory (the charge and spin densities) are de-
termined as averages over occupied orbitals. For small
transition-metal clusters supported on nonmagnetic sub-
strates where the small MAE has been calculated using the
force theorem or the torque force approach,’%-13 the results
are generally in good qualitative and semiquantitative agree-
ment with Bruno’s and van der Laan’s models. An exception
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are, as recently pointed out by Andersson et al.,'® magnetic
nanostructures supported on or sandwiched by late 4d or 5d
transition metals with a strong spin-orbit coupling. In these
cases off-site spin-orbit coupling between the d states across
the interface makes a dominant contribution to the MAE.
The situation remains unclear for gas-phase clusters. In the
studies published so far, the MAE has been calculated in
terms of the difference in the total energies of two indepen-
dent self-consistent calculations—the results should hence be
more reliable than those based on the use of the force theo-
rem. However, since only Fritsch et al.® report detailed re-
sults on the spin and orbital moments (but no spin-orbit cou-
pling parameters), the validity of the perturbation formulas
for the transition-metal dimers is difficult to asses—but at
least for Pd, a larger orbital moment for parallel magnetiza-
tion and an easy axis perpendicular axis are in contradiction
to the perturbation treatment.

For the magnetic anisotropy of small clusters the size of
the orbital moment becomes of decisive importance.
Solovjev!’ has pointed out that orbital magnetism is essen-
tially an atomic phenomenon, as it is proportional to the
gradient of the effective one-electron potential which is large
only in a small region around the nucleus. Many attempts
have been made to devise orbital polarization corrections to
the density functional Hamiltonian—an exchange-correlation
field which couples to the orbital magnetic moment. The
empirical orbital polarization term proposed by Brooks et
al 1819 has recently been discussed by Eschrig et al.?° within
fully relativistic current-density functional theory, and by
Solovjev!” and Chadov et al.?! in connection with the more
general LDA+U (Ref. 22) and dynamical mean-field
theory.?® While the orbital polarization corrections give a
fairly accurate description of orbital moment in bulk 3d
magnets,? they tend to overestimate the orbital moments of
dilute 3d impurities in noble-metal matrices?>% or of 3d ada-
toms on noble-metal substrates.*>*2 For the impurity cases
Chadov et al.?! demonstrated that an LDA+dynamic mean
field theory (DMFT) approach with a modest on-site Cou-
lomb repulsion of U=3 eV leads to values of the orbital
moment intermediate between the LDA and orbital polariza-
tion approaches, and in better agreement with experiment.
Fritsch et al.® investigated the influence of an orbital polar-
ization contribution to the Hamiltonian on the orbital mo-
ments, and on the MAE of 3d and 4d dimers. For most of the
late transition metals the orbital polarization corrections lead
to a significant enhancement of the orbital magnetic mo-
ments and to a dramatic increase in the MAE. However in
some cases (as for the Fe dimer) even if the anisotropy of the
orbital moments is decreased, a pronounced increase in the
MAE by a factor of 5 is reported. For Pd,, orbital polariza-
tion changes the sign of the MAE which remains, however,
an order of magnitude smaller than for Fe, Co, Ni, and Rh
dimers where the inclusion of orbital polarization terms leads
to MAEs varying between 150 and 200 meV. In contrast for
dimers of the early transition metals, the correction terms
have only a very modest influence on the orbital moments
and leave the MAEs almost unchanged. This is surprising
because the earlier work of the same group? had reported
similar orbital polarization corrections to the total energies of
the divalent cations of early and late 3d transition elements.
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The magnetic properties of transition-metal dimers are of
course closely related to those of infinite metallic chains—
after all, dimers can be considered as short pieces of such
chains. Although many investigations have been devoted to
the magnetic order of such chains (see, e.g., Spiak and
Hafner?® and Mokrousov et al.,?” and further references cited
therein), only fewer studies have addressed the problem of
their magnetic anisotropy.28-3% For free-standing wires
formed by the magnetic 3d transition metals, it has been
shown?82%:31 that the size of the orbital moment and the mag-
netic anisotropy energy depend very sensitively on the exact
geometry of the wire (interatomic distances, straight or zig-
zag wire). Although the orbital moment increases with a de-
creasing dimensionality (from bulk to monolayer and to
monowires), at equilibrium the values remain smaller than
expected on the basis of x-ray circular dichroism experi-
ments on supported monowires. Adding an orbital polariza-
tion term to the DFT Hamiltonian leads to a huge increase in
the orbital moment (by a factor of 5 for Co wires) to values
that are evidently too large.?8%° Desjonquéres et al.*® studied
the formation of orbital moments within a Hartree-Fock de-
coupling scheme and simpler Hamiltonians with and without
orbital polarization corrections. It was concluded that the or-
bital polarization corrections are convenient and reliable for
systems with saturated magnetic moments only. Intriguing
results have been reported for the orbital moments and mag-
netic anisotropy energies of wires formed by 4d or 5d tran-
sition metals.3%%2 It was shown that the equilibrium inter-
atomic distances are very close to the onset of magnetism in
these wires; at equilibrium the spin moments are about ug,
0.2ug, and 0.5ug in Ru, Rh, and Pd, the orbital moments are
about 0.17ug, 0.37ug, and 0 for axial, and 0.05ug, O, and
0.12ug for perpendicular magnetization for the same series
of metals. The large orbital anisotropies are reflected in large
MAEs although with no proportionality between orbital an-
isotropy as expected from perturbation theory. Stretched
nanowires display a dramatic increase in both spin and or-
bital moments, and reversal in the sign of the MAE without
a change in the sign of the orbital anisotropy.®® For Pt
monowires is has been reported® that at equilibrium both
spin and orbital magnetic moments exist only for parallel,
but not for perpendicular, orientation of the
magnetization—in such a case the MAE is determined by the
energy difference between a magnetic and a nonmagnetic
wire, and consequently is very large. However, at these dis-
tances the magnetic moments are still very small (us~
~0.2up).

Here we present density functional calculations of the
magnetic anisotropy energies for dimers of the Fe, Co, and
Ni groups. Our aim is to study systematic trends in the MAE
as a function of the filling of the d band and through a series
of homologous elements from the 3d to the 5d series and to
elucidate the mechanisms determining the sign and the mag-
nitude of the MAE. In addition we briefly investigate the
influence of postdensity-functional approximations (LDA
+U, hybrid functionals) on orbital moments and magnetic
anisotropy.

I1. COMPUTATIONAL DETAILS

We have used the Vienna ab initio simulation package
(vAsp) (Refs. 34 and 35) to perform ab initio electronic struc-
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ture calculations and structural optimizations. VASP performs
an iterative solution of the Kohn-Sham equations of density
functional theory within a plane-wave basis and using peri-
odic boundary conditions. A semilocal functional in the GGA
(Ref. 36) (PW91) and the spin interpolation proposed by
Vosko et al.¥" is used to describe electronic exchange and
correlation and spin polarization. The use of a semilocal
functional is known to be essential for the correct prediction
of the ground state of the ferromagnetic 3d elements in the
bulk.%® The projector-augmented wave (PAW) method®>3° is
used to describe the electron-ion interactions. The PAW ap-
proach produces the exact all-electron potentials and charge
densities without elaborate nonlinear core corrections—this
is particularly important for magnetic elements.

The PAW potentials have been derived from fully relativ-
istic calculations of the atomic or ionic reference calcula-
tions. Spin-orbit coupling has been implemented in vAsP by
Kresse and Lebacg.*’ Following Kleinman and Bylander*!
and MacDonald et al.* the relativistic Hamiltonian given in
a basis of total angular-momentum eigenstates |j,mj) with
j=l i% (containing all relativistic corrections up to order o?,
where « is the fine-structure constant) is recast in the form of
2 X2 matrices in spin space by reexpressing the eigenstates
of the total angular momentum in terms of a tensor product
of regular angular-momentum eigenstates |I,m) and the
eigenstates of the z component of the Pauli-spin matrices.
The relativistic effective potential consists of a term diagonal
in spin space which contains the mass velocity and Darwin
corrections, and the spin-orbit operator,

V=VE+ V=DV, 1, + VEOL - Sl my(I,m|.
I,m

where 1, is the unit operator in spin space and

_o.o1(L, L
L.8== .
2\L, -L,

The | components of the scalar V, and spin-orbit V|SO poten-
tials are weighted averages over the It% components. The
Hamiltonian is therefore a 2 X2 matrix in spin space. The
nondiagonal elements arise from the spin-orbit coupling but
also from the exchange-correlation potential when the sys-
tem under consideration displays a noncollinear magnetiza-
tion density. Calculations including spin-orbit coupling have,
therefore, to be performed in the noncollinear mode imple-
mented in VASP by Hobbs et al.*® and Marsman and Hafner.**

In our calculations, the dimers have been placed into a
large cubic box with an edge of 10 A—this ensures that the
separation between the periodically repeated images of the
dimer is large enough to suppress any interactions. The basis
set contained plane waves with a maximum Kinetic energy of
500 eV. For a Co dimer test calculations have been per-
formed with cutoff energies varying between 250 and 700
eV, leading to magnetic anisotropy energies of 7.49/7.09/7.20
meV for cutoff energies of 250/500/700 eV, indicating that a
cutoff of 500 eV is a reasonable compromise between accu-
racy and computational effort. The calculations have been
performed in two steps. First a collinear scalar-relativistic
calculation has been performed, producing the correct geom-

PHYSICAL REVIEW B 79, 224418 (2009)

etry for a spin eigenstate. In those cases where there are
reasons to suspect the coexistence of different spin isomers
with only small differences in the total energy, fixed-moment
calculations were performed for the competing spin isomers
to uniquely determine the ground state. The ground state
resulting from the scalar-relativistic calculations was used to
initialize the noncollinear calculations including spin-orbit
coupling. For each dimer at least three calculations have
been performed to find the easy and hard magnetic axes and
to determine the MAE. In the first two calculations, the di-
rection of the magnetic axis was initialized along the dimer
axis (chosen along [001]) or parallel to the equatorial plane
of the dimer, i.e., along [100]. By symmetry, the total energy
is stationary for magnetic moments in these two orientations.
To cross-check the results, a third calculation was initialized
with an oblique angle between the magnetic moment and the
axis, and the equatorial plane of the dimer (usually the ini-
tialization was along the [111] direction). In these calcula-
tions the direction of the magnetic moment relaxed into the
easy axis, and usually the difference in the total energy for
easy-axis orientation was smaller than 0.01 meV. Spin-orbit
coupling mixes different spin eigenstates. To control the im-
portance of the initial value of the magnetic moment, parallel
calculations have been performed. In a few cases different
initializations led to different relativistic ground states—
details will be discussed below. Geometric, electronic, and
magnetic degrees of freedom are relaxed simultaneously un-
til the change in total energy between successive iteration
steps are smaller than 10" eV—such a stringent relaxation
criterion was found to be absolutely essential.

Orbital magnetic moments are calculated directly from
the wave functions as the expectation value of the compo-
nents of the angular-momentum operator along the direction
of magnetization. Within the group of 3d and 4d metals we
observe the same trend: the orbital moment increases from
Fe, to Co, and from Ru, to Rh,, to decrease again in Ni and
Pd dimers. This variation follows roughly the trend in the
orbital moments of the isolated atoms as given by Hund’s
rule.

The MAE consists of two contributions: the difference in
the total electronic energies for easy and hard magnetization
directions induced by the spin-orbit coupling, and the mag-
netostatic (or shape) anisotropy to the magnetic dipolar in-
teractions. The shape anisotropy is zero in cubic solids, usu-
ally negligible even in anisotropic solids but often relevant in
ultrathin magnetic films* where it can trigger a magnetic
reorientation transition. For monowires Tung and Guo3! have
reported a shape anisotropy which is considerably smaller
than the electronic contribution. We have calculated the di-
polar interaction energy for all dimers—the contributions are
of the order of 0.1 meV and hence again negligible compared
to the electronic term.

In addition to the DFT calculations at the GGA level, we
also performed a few test calculations with hybrid function-
als mixing density functional and exact (Hartree-Fock) ex-
change, and using the DFT+U method. The PBEO (Ref. 46)
and HSEO3 (Ref. 47) functionals have been implemented in
VASP by Paier et al.,*® and we refer to their paper for all
further details. The LDA+U approach?® has been imple-
mented in VASP by Rohrbach et al.*° Both in the DFT+U and
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TABLE . Interatomic distance d (in A), spin multiplicity 2S+1 from scalar-relativistic calculations, spin
usand orbital x4 moments from calculations including spin-orbit coupling (in ug) of transition-metal dimers
for axial and perpendicular orientations of the magnetization, magnetic anisotropy energy (MAE), and spin-
orbit coupling constant £ (both in meV). The MAE is positive for any easy axis parallel to the dimer axis.

Axial Perp.
Dimer d 2S5+1 Hs ML Hs ML MAE 3
Fe, PW2 1.98 7 5.84 0.32 5.84 0.16 0.3 24
FKREP 1.96 7 6.00 1.89 6.00 0.19 32.0
Ru, PW 2.07 5 3.98 0.00 3.94 0.24 -36.5 334
Os, PW 2.10 5 3.75 -0.80 3.48 0.62 28.8 885
Co, PW 1.96 5 3.90 0.78 3.90 0.32 71 32
FKRE 1.94 5 4.09 2.00 4.14 0.33 50.0
SCM¢ 1.98 28.0 85
Rh; PW 221 5 3.86 1.82 3.80 0.50 473 136
FKRE 221 5 3.98 212 3.93 0.63 104.0
SCM 2.22 5 52.0 140
Ir, PW 2.22 5 3.88 1.96 342 0.94 69.8 413
FSFd 2.22 4.00 1.34 4.10 1.24 100.0
Ni, PW (A) 2.09 3 1.98 0.58 1.96 0.38 6.5 101
PW (B) 2.09 3 1.98 0.12 1.98 0.38 -5.9
FKRE 2.05 3 1.99 0.88 1.99 0.45 11.0
SCM 2.10 3 -7.6
Pd, PW 2.49 3 1.96 0.02 1.98 0.36 -2.3 404
FKRE 2.93 3 1.94 0.86 1.98 0.53 -5.0
FSF 2.45 2.00 0.02 1.96 0.56 -2.0
(2.53) (2.00) (0.02)  (2.00) (0.44) (-5.0)
SCM 2.50 3 -1.2
Pty PW 2.38/2.35° 3 1.88 2.74 1.34 0.80 46.3 742
FSF 2.38 1.90 2.40 1.65 1.20 220.0
(2.45) (1.95) (2.40) (175  (1.10) (75.0)

@Present work (GGA).
PFritsch et al., Ref. 9 (LDA).
CStrandberg et al., Ref. 7 (GGA).

drernandez-Seivane and Ferrer, Ref. 8 (LDA, GGA in parentheses).
eDifferent dimer lengths for axial and perpendicular magnetizations, cf. text.

the hybrid functional approaches the exchange-correlation
potential is orbital dependent and it is interesting to explore
whether this changes the results derived from conventional
DFT calculations.

1. RESULTS

Our results for the bond length, spin and orbital moments
in axial and perpendicular orientations, magnetic anisotropy
energy, and spin-orbit coupling strength are compiled in
Table I. As far as available, results from the earlier studies of
Fritsch et al. (FKRE in the following),® Strandberg et al.
(SCM in the following),” and Fernandez-Seivane and Ferrer
(FSF in the following) (Ref. 8) are also listed for compari-
son. But it has to be emphasized that in the paper by FSF, the
values of the magnetic moments and of the bond length can
be read only from small graphs, and that SCM (Ref. 7) have

reported slightly different values for the MAE in their two
publications. For the metals of the Co group the easy mag-
netic axis is always parallel to the dimer axis; the MAE
increases strongly from Co, to Ir, with increasing strength of
the spin-orbit coupling. In the Fe group we find a very small
axial anisotropy for Fe,, a strong perpendicular anisotropy
for Ru,, and a modest axial anisotropy for Os,. In the Ni
group the trend is also quite complex: we calculate an axial
anisotropy for Ni, and Pt, (much stronger for the Pt dimer as
expected from the strength of the spin-orbit coupling), but a
weak perpendicular anisotropy for Pd,. In the following sec-
tions we shall attempt to explain the variation in the MAE
with band filling and increasing strength of relativistic effects
in terms of a detailed analysis of their eigenvalue spectra. We
begin with the Co group where the situation is relatively
simple. The contributions of the magnetostatic dipolar inter-
actions to the MAE have been calculated for all dimers. For
the dimers of the 3d metals where the magnetic moments are
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largest, the dipolar contributions to the MAE are —0.26,
-0.16, and -0.04 meV/dimer for Fe,, Co,, and Ni,. Except
for the Fe dimer where the dipolar contribution leads to a
further reduction in an already exceptionally very weak
MAE, these values are entirely negligible compared to the
electronic terms to which our attention is therefore restricted
in the following.

A. Co group

All dimers of the metals of the Co group have the easy
magnetic axis oriented along the dimer axis. The scalar-
relativistic calculations lead to a ground state with S=2 for
all three dimers. Adding SOC leaves the interatomic distance
unchanged for Co, and Rh,; only for the Ir dimer does the
bond length increase by 0.01 A. SOC mixes different spin
eigenstates; this leads to a slight reduction in the magnetic
spin moment which becomes more pronounced with increas-
ing strength of the SOC. For Rh, this agrees with the results
of FKRE (Ref. 9) but for Co, they predict an even slightly
increased magnetic spin moment. A strong SOC also induces
an anisotropy of the spin moment, Aug=(0.0/0.06/0.46)ug
for Co/Rh/Ir, with a larger spin moment for easy-axis orien-
tation. A much stronger anisotropy is calculated for the or-
bital magnetic moment, Au, =(0.46/1.32/1.02) ug. For per-
pendicular magnetization our calculated orbital moments are
in reasonable agreement with FKRE (Ref. 9) but they report
larger orbital moments for parallel magnetization (in particu-
lar for Co,). FSF (Ref. 8) report essentially a very small
anisotropy of both spin and orbital magnetic moments for
Ir,—which is surprising since they also report a large MAE
of 100 meV. Our calculations permit in principle a noncol-
linear orientation of spin and orbital moments but we always
find a strictly collinear orientation.

For the Co, dimer our calculated MAE of 7.1 meV is
substantially lower than the results reported by SCM (Ref. 7)
and by FKRE.® The disagreement with SCM (who also re-
ported a much stronger SOC of 85 meV) is particularly in-
triguing because their calculations have also been performed
using the vAsp code. For this reason we have checked very
carefully all computational parameters. Varying the plane-
wave cutoff between 250 and 700 eV left both spin and
orbital moments unchanged; the calculated MAE varied only
by =0.2 meV. A different initialization of the magnetic mo-
ment also leads to the same results. Initializing the direction
of the magnetic moment in an oblique direction led to con-
vergence to the easy axis, with a difference in the total ener-
gies smaller than 0.01 meV for all values of the cutoff en-
ergy. It is difficult to asses the reasons for the discrepancy
with SCM because no results for the magnetic moments and
only selected details of the computational setup have been
reported. Their cutoff energy was 348 eV but the decisive
difference could be the criterion for terminating the self-
consistent iterations. We have found that relaxing the crite-
rion for total-energy convergence from 1077 eV can lead to
substantial changes in the MAE.

For a Rh, dimer on the other hand we note very good
agreement with SCM.” FKRE (Ref. 9) report slightly larger
spin and orbital magnetic moments and orbital anisotropy

PHYSICAL REVIEW B 79, 224418 (2009)

Co,
ol
1 orior
IR
ar 9%
<) 0 Bd/ x
2 3,
0 ;
|
w _
& S
PR,
Loap N
) E —
Sy , _
S3F K b3 7[ N
L ﬁL o —d e
5 = s s Ty Ty
4r o, o S S T, L
""" - I
St . . , . . . P B R
up down L |l up down L |l up down L I

FIG. 1. (Color online) Kohn-Sham eigenvalue spectra for Co,
(left), Rh, (center), and Ir, (right) dimers. The left-hand part of each
graph shows the spin-up (black) and spin-down (red/gray) eigenval-
ues from the scalar-relativistic calculations while the right-hand part
shows the eigenvalues for parallel and perpendicular orientations of
the magnetic moment after adding spin-orbit coupling. The coloring
is the same as for the scalar-relativistic eigenstates from which the
fully relativistic states are derived (although they are of course not
spin eigenstates). The eigenvalues refer to states with quantum
numbers my=m_+ 3.

but these differences are hardly sufficient to explain an MAE
which is larger by a factor of 2. For Ir, the orbital anisotropy
is reduced compared to Rh, but here we note also a rather
pronounced anisotropy of the spin moment. The reduced or-
bital anisotropy could explain that the MAE does not in-
crease as strongly compared to the lighter homologs as the
strength of the SOC would suggest. For Ir, FSF (Ref. 8)
report an even larger MAE but with nearly isotropic-spin and
orbital magnetic moments.

It is also interesting to correlate the calculated MAEs with
the perturbation theories proposed by Bruno'* and van der
Laan.® For Co, and Rh,, where the spin anisotropy vanishes
or is very small, Bruno’s expression (MAE« &ucA ) pre-
dicts an MAE which should be about 12 times larger for Rh,
than for Co, whereas we find only an increase by a factor of
7. For Ir, we note a substantial anisotropy of the spin mo-
ment so that Bruno’s formula cannot be expected to be valid.
van der Laan’s approximate expression for the MAE ac-
counts for the spin anisotropy but only in the limit of a weak
SOC—which is evidently not the case for Ir,.

To analyze the reason for the strong axial MAE in the
dimers of the Co-group metals, we follow SCM (Ref. 7) in
analyzing the Kohn-Sham eigenvalue spectra of the dimers
in the scalar-relativistic mode, and after adding SOC for par-
allel and perpendicular orientations (see Fig. 1). In the
scalar-relativistic approximation, the eigenvalue spectrum of
the dimer is determined by the electronic ground state of the
isolated atom (s?d” for Co and Ir, sd® for Rh), and the
bonding-antibonding and exchange splittings. In all three
dimers the highest occupied molecular orbital (HOMO) is a
doubly-degenerate antibonding & minority (spin-down) state
occupied by one electron only. For the Co, dimer where the
exchange splitting is largest, the highest occupied majority
state is the antibonding o7 state but the antibonding &; and
my states lies just below the majority HOMO. For Rh, the
different atomic ground state leads to an up shift of the s
states relative to the d states; the highest occupied majority
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state is now the bonding oy state. For the Ir, dimer the or-
dering of the minority levels is the same as for Co, but with
an increased bonding-antibonding splitting and a decreased
exchange splitting. For the majority states the highest occu-
pied level is now the 7 state. SOC leads to a lifting of the
twofold degeneracy of the & and mq states if the magnetiza-
tion is parallel to the dimer axis. For the HOMO & the SOC
splitting is 0.94 eV in Ir,, 0.41 eV for Rh,, and 0.26 eV for
Co,. The lowering of the occupied &y states (by -0.39 eV
for Ir,) is the dominant effect determining the MAE. A simi-
lar splitting is observed also for all other doubly-degenerate
eigenstates but in most cases the SOC splitting does not
change the average energy—an exception are again the fully
occupied &y and & states whose center of gravity is up
shifted for Ir, by 0.13 and 0.20 eV, respectively. Taking the
sum over the change in the eigenvalues yields an energy
difference of 0.06 eV—in almost perfect agreement with the
calculated MAE. However, this degree of agreement is a bit
accidental; for Rh, the difference in the sum over the eigen-
values is 0.1 eV, somewhat larger than the calculated MAE.
For Co, the eigenvalue analysis gives only a qualitative in-
dication of the sign of the MAE; the small value requires an
accurate calculation of the total-energy difference.

B. Ni group

For Ni, our calculations lead to two locally stable solu-
tions with equal bond length and almost equal spin moments
but widely different orbital moments for an axial orientation
of the magnetization. For solution A, the orbital moment is
u=0.58ug for axial, and u =0.38ug for perpendicular ori-
entation. In this case we predict an easy axis parallel to the
dimer axis and a modest MAE of 6.5 meV, in reasonable
agreement with FKRE.® For solution B, the orbital moment
is u =0.12ug for axial, and w, =0.38ug for perpendicular
orientation. This is also the easy axis, with an MAE of
-5.9 meV, in agreement with SCM (Ref. 7) who also found
a perpendicular anisotropy. The total energy for easy-axis
orientation is lower by 27 meV for solution A which repre-
sents the ground state.

For Pd, all calculations are in agreement on a perpendicu-
lar easy axis, a weak orbital anisotropy, and a modest nega-
tive MAE of a few meV although FKRE predict a much
larger orbital moment for the hard magnetic axis. For Pt, we
predict a parallel easy axis, in good agreement with the GGA
result of FSF (Ref. 8) whose LDA calculations yield, how-
ever, a much higher MAE. Both calculations also agree on a
substantial spin anisotropy. We shall again attempt to analyze
the origin and magnitude of the magnetic anisotropy in terms
of an analysis of the eigenvalue spectra (see Fig. 2).

For the dimers of the Ni-group metals the ground state is
a triplet (S=1) state but the Kohn-Sham eigenvalue spectra
differ already at the scalar-relativistic level due to the differ-
ent electronic configurations of the free atoms in their ground
state. Ni has a s*d® ground state. The doubly-degenerate mi-
nority & state occupied by two electrons is the HOMO; the
highest occupied majority state has the same symmetry. The
occupied bonding oy state lies almost in the center of the d
states. Pd has a closed-shell d'° ground state, i.e., formation
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FIG. 2. (Color online) Kohn-Sham eigenvalue spectra for Ni,
(left), Pd, (center), and Pt, (right) dimers, cf. Fig. 1.

of a stable dimer requires a promotion of at least one d
electron to an s state—this is also reflected in a low binding
energy of the dimer. The HOMO is the fully occupied
doubly-degenerate 5 minority state while the lowest unoc-
cupied molecular orbital is the minority o state. The highest
occupied majority state is o. This means that the excess spin
density arises from the bonding o state and a hole in the d
state of o7 character. A Pt atom has a sd® ground state. For
the dimer the HOMO is the minority o} state; the highest
majority state has the same symmetry. For the minority elec-
trons, an antibonding & lies only slightly below and an
empty ), state only slightly above the HOMO. The occupied
o lies below the occupied bonding d states.

The fact that all doubly-degenerate dimer eigenstates are
either fully occupied by two electrons or empty suggests that
the MAE will be relatively low unless SOC leads to a reor-
dering and a change in occupation of the levels close to the
Fermi energy. For the Ni, dimer the SOC-induced splitting
of the degenerate eigenstate for parallel orientation of the
magnetic moments is modest; it is largest (0.13-0.17 eV) for
the highest occupied &5 and &, states but the center of gravity
of the SOC-split states remains essentially the same (see Fig.
2). In this case the one-electron energies are not a sufficient
indicator of the easy axis of magnetization which must be
derived from a full total-energy calculations. For both solu-
tions the easy axis is determined by the larger orbital mo-
ment while the magnitude of the orbital anisotropy is of the
same order of magnitude. The difficulty to find a unique
answer for the MAE of the Ni dimer is related to the well-
known fact that the description of the electronic ground state
by a single-determinant wave function (which is inherent in
DFT) fails for Ni where the ground state has a multidetermi-
nant character.® The two solutions differing in their orbital
moments might be considered as possible single-determinant
solutions while a better description might by achieved with
an ansatz mixing these two (and possibly other) configura-
tions.

For Pd, SOC induces a splitting of the degenerate &3 and
&y states ranging between 0.29 and 0.36 eV, and a more
modest splitting of the = and m4 states between 0.14 and
0.24 eV. The center of gravity of the SOC-split doublets can
be shifted up or down; the very small MAE is the result of a
very delicate balance of up and down shifts. For the hard
axis (i.e., magnetization parallel to the dimer axis) we find,

224418-6



MAGNETIC ANISOTROPY OF TRANSITION-METAL...

in agreement with FSF (Ref. 8) and SCM (Ref. 7) but in
disagreement with FKRE,? an almost vanishing orbital mo-
ment. For the hard (parallel) magnetic axis of the Pd, dimer,
FSF (Ref. 8) report for both the LDA and the GGA a discon-
tinuous change in the orbital magnetic moment from g, ~0
to u. ~1.0ug if the dimer bond length is increased beyond
2.50 A while SCM (Ref. 7) report a similar increase in the
orbital moment for a bond length compressed to 2.15 A. We
find in our GGA calculations the same discontinuous varia-
tion in the orbital moment as reported by FSF. If the bond
length is only very slightly increased from its equilibrium
value of 2.49-2.51 A, the orbital moment increases to u,
~1.0ug while the orbital moment along the easy axis is
found to be rather insensitive to the dimer length. The dis-
continuous change in the orbital moment reverses the sign of
the orbital anisotropy but in both GGA calculations the sign
of the MAE remains the same; it even increases to a large
value of about 50 meV (both FSF and present work). Only
for the LDA calculations a reversal of the sign of the MAE is
found if the bond length is stretched beyond 2.6 A.8 The
discrepancy with respect to the work of FKRE is related to a
very large bond length of 2.93 A reported in their work—it
is difficult to understand the origin of such a large Pd-Pd
distance because the LDA used in their work rather tends to
underestimate the bond lengths. FSF report an LDA value of
the bond length of 2.45 A, smaller than their GGA value as
expected.

For Pt, we calculate large strongly anisotropic spin and
orbital moments—pug=1.88(1.34)ug, wu =2.74(0.80)ug for
the easy (hard) magnetic axis. Pt, is the only dimer for which
SOC influences also the bond length. In the scalar-relativistic
mode we find d=2.33 A (at a magnetic moment of ug
=2ug); including SOC we calculate d=2.38 A for magneti-
zation along the easy axis and d=2.35 A for hard-axis mag-
netization. No similar magnetostructural effect has been
found for the other 5d dimers Ir, and Os,. SOC leads to a
reordering of the eigenstates close to the Fermi level even for
perpendicular orientation of the magnetization [see Fig.
2(c)]—the o} state is lowered below the & state occupied by
two electrons which is now the HOMO. The splitting of the
doubly-degenerate 7 and & eigenstates at either side of the
HOMO for a magnetization parallel to the dimer axis is
larger than the separation of the eigenlevels. This leads to a
change in occupation: one electron from a & state is trans-
ferred to the lower component of the = state; the HOMO is
now the o state as in the scalar-relativistic approximation.
In addition, the pronounced anisotropy of the spin moment
(and hence also of the exchange splitting) is reflected in the
eigenvalue spectra—for some eigenstates SOC splitting is
not symmetrical but accompanied by a shift in the center of
gravity of the split eigenstates. This leads to contributions to
the MAE of 46.3 meV which are not restricted to eigenstates
close to the Fermi level. Similar effects have also been seen
for Ir, and (although to a much smaller extent) for Os,; they
decrease with a decreasing orbital anisotropy.

C. Fegroup

For the dimers of the Fe-group metals the trend in the
MAE is rather complex. Fe, shows axial anisotropy but with
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FIG. 3. (Color online) Kohn-Sham eigenvalue spectra for Fe,
(left), Ru, (center), and Os, (right) dimers, cf. Fig. 1.

a very small MAE of only 0.32 meV, Ru, has perpendicular
anisotropy with a large negative MAE of —36.5 meV, and
Os, an axial anisotropy with a lower MAE of only 28.8 meV.
Only for Fe,, reference values from the work of FKRE (Ref.
9) are available; they find a much larger MAE (32 meV)
related to a much higher orbital anisotropy.

The electronic ground-state configurations are s°d® for Fe
and Os but sd’ for Ru. In the scalar-relativistic approxima-
tion the ground state is S=3 for the Fe dimer and S=2 for the
Ru and Os dimers. For Ru, we have also found solutions
with S=1 and a lower bond length of d=2.03 A, and with
S=3 solution and d=2.23 A, both are 357 and 303 meV
above the ground state, respectively. Despite these relatively
large energy differences, it was found that different initial-
izations of the magnetic moment in the fully relativistic cal-
culations can lead to different locally stable solutions. Here
we report only the results for the lowest energy. Differences
in the atomic ground-state configurations and in the ex-
change splitting lead to different eigenvalue spectra. In the
scalar-relativistic approximation (and also for perpendicular
magnetization if SOC is included), the HOMO of the Fe,
dimer is the doubly-degenerate minority &, state occupied by
one electron only while the highest occupied majority state is
the antibonding o} state (see Fig. 3). For the Ru dimer the
HOMO is the doubly-degenerate antibonding majority
state occupied by two electrons while the highest occupied
minority state is the o state. For Os, the HOMO is again the
my state but, because the relativistic effects shift the anti-
bonding o7 state (which is unoccupied for Ru,) below the
HOMO, it is now occupied only by one electron. Hence al-
ready in a scalar-relativistic mode, all three dimers have dif-
ferent electronic configurations close to the Fermi edge.

For the Fe, the spin moment is almost unchanged by SOC
and the orbital magnetic moment is very small: 0.16ug for
the hard (perpendicular) axis and 0.32ug for the easy (paral-
lel) axis. For the hard axis the orbital moment agrees with
FKRE (Ref. 9) but for the easy axis they report a much larger
orbital moment. We find that the result for the orbital mag-
netic moment depends critically on the initialization of the
magnetic moment. If for a magnetic moment parallel to the
dimer axis the relativistic calculation is started with a lower
initial spin moment, it converges to a state with the same
spin moment but with a much larger orbital moment of w
=1.74ug, i.e., very close to the value reported by FKRE. If
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the iterations are continued (by setting a lower convergence
criterion) the calculation converges to the solution with low
orbital moment (which is lower in energy by about 86 meV).
We also tried to find a high-u, solution for the hard axis but
the calculations always converged to the low-moment result.
SOC splits for a parallel magnetic axis the degenerate &y
HOMO, but as the center of gravity is up shifted, the energy
gain is very modest. As the changes in the lower-lying eigen-
states are balanced, this explains the very small value of the
MAE.

For Ru, we find zero orbital magnetic moment for a mag-
netization along the dimer axis (as for Pd,), and a modest
orbital moment for perpendicular orientation. SOC induces
for axial orientation of the magnetic moment a splitting of
the degenerate and fully occupied 7y HOMO by 0.12 eV, the
lower-lying &3 and &y states are split by 0.20-0.26 eV, and
the splitting is accompanied by an up shift of the center of
gravity (see Fig. 3). The change in the sum of the one-
electron energies is =40 meV; this correlates rather well
with the calculated perpendicular MAE of —35.5 meV.

For the Os, dimer we calculate a spin anisotropy of
Aus=0.26 ug Which is even larger than the orbital anisotropy
of dus=0.18ug. The axial anisotropy with MAE=29 meV
results mainly from the splitting of the doubly-degenerate
HOMO occupied by only one electron. The SOC-induced
splitting of the lower-lying 74 and &y levels is quite large but
symmetric; the changes in all other eigenvalues essentially
balance each other.

D. Post-DFT calculations

A certain weakness of the DFT is that the effective one-
electron potential is orbital independent. To test whether an
orbital dependence of the electron-electron interaction has a
strong influence on the calculated orbital moments and mag-
netic anisotropy energies, we performed some calculations
using a hybrid functional mixing Hartree-Fock (and hence
orbital-dependent) exchange with DFT exchange in a ratio of
1:3 and treating correlation at the GGA level, and with a
DFT+U approach?5! adding a Hubbard-type on-site Cou-
lomb potential U acting on the d electrons to the DFT Hamil-
tonian. In the version of the DFT +U proposed by Dudarev et
al.,%! the on-site repulsion enters only in the form (U-J),
where J is the on-site exchange interaction. We use a con-
stant value of J=1 eV and vary U between U=1 eV (rep-
resenting the GGA limit—but note that there might be small
differences arising from incomplete cancellations between
the double-counting corrections in the standard DFT and
Hubbard terms) and U=5 eV. The on-site repulsion in-
creases the exchange splitting for the partially occupied d
states but leaves the potential acting on fully occupied or
empty eigenstates essentially unchanged. We use the DFT
+U approach in the form of GGA+U calculations.

The use of the GGA+U is based on the observation of
Chadov et al.?! that with a value of U ~3 eV for the bulk
ferromagnets orbital moments in agreement with experiment
are obtained while leaving the spin moment unchanged. The
hybrid functional chosen is the HSEO3 functional*” (but the
PBEO functional*® gives essentially identical results because
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the screening of the exchange in the HSEO3 functional is
long range and ineffective for isolated atoms and dimers). It
must, however, be pointed out that for bulk ferromagnetic
hybrid functionals lead to an overestimation of the spin
moment.5? For Fe the calculated moment is about 3ug, sub-
stantially larger than both experiment and conventional GGA
calculations (which agree on a moment of 2.2ug). The re-
sults are compiled in Table II.

For Ni, we find that admixture of Hartree-Fock exchange
increases the dimer bond length, leaves the spin moments
unchanged, and leads even to a slight reduction in the orbital
moment for easy-axis orientation (compared to the low-
energy solution A in the GGA). Along the hard axis the or-
bital moment is unaffected. The MAE is reduced from 6.5 to
3.7 meV. In calculations with hybrid functionals we find only
the solution with a substantial orbital moment for in-axis
magnetization, in contrast to the GGA calculations.

HSEO3 calculations for Pd, leave the bond length and the
spin and orbital moments for parallel orientation of the mag-
netic moment unchanged; for perpendicular orientation the
orbital moment is increased from 0.36ug to 0.50ug. The
MAE is very small; we find that a perpendicular orientation
is still preferred but only by 0.3 meV.

In hybrid-functional calculations for Pt, the bond length is
slightly increased by 0.05 A. Spin moments are hardly af-
fected but the orbital moment of the dimer increases from
2.74up to 3.02ug for easy (parallel) orientation of the mag-
netic moment and from 0.80ug to 1.06 ug for hard-axis ori-
entation. The spin anisotropy is slightly reduced while the
orbital anisotropy remains unchanged. The MAE is reduced
from 46.5 to 30.5 meV.

Examination of the eigenvalue spectrum shows that the
main effect of the admixture of a fraction of Hartree-Fock
exchange is to increase the exchange splitting of the partially
occupied eigenstates. For the Pt, dimer these are the 7
states where the exchange splitting is increased from 1.05 to
3.05 eV for the bonding 74 states the increase is from 0.86 to
1.90 eV. The influence is much smaller for the - and
o-bonded d states and for the s states (all changes are smaller
than 0.1 eV), whereas changes in the bonding/antibonding
splitting are also modest. Although in the scalar-relativistic
approximation the empty  state is pushed quite far above
the Fermi level, due to a strongly increased SOC splitting of
both the 7 and & states for in-axis orientation, we find a
similar change in the occupation of the highest eigenstates as
with the GGA functional (see Fig. 4 and compare with Fig.
2) and consequently only a reduction but no reversal of the
MAE.

For Pd, the partially occupied d state is the antibonding
o state whose exchange splitting is increased to 3.32 eV but
this does not introduce any change in the orbital occupancy;
the perpendicular anisotropy is preserved. For Ni, the stron-
gest increase in the exchange splitting is calculated for the
antibonding & but, as the occupied majority-spin component
is located at sufficiently high binding energy, this does not
induce a change in the magnetic anisotropy.

We have also performed a few calculations with a GGA
+U Hamiltonian and U varying between 1 and up to 5 eV,
The effect of the Hubbard-type on-site potential U is again to
increase the exchange splitting of partially occupied eigen-
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TABLE II. Interatomic distance d (in A), spin ug and orbital &, moments (in wg) of transition-metal
dimers for axial and perpendicular orientations of the magnetization, MAE, and spin-orbit coupling constant
£ (both in meV). The MAE is positive for any easy axis parallel to the dimer axis. The calculations have been

performed with a hybrid functional.

Axial Perp.

Dimer Method d Hs ML Hs ML MAE &
Ni, HSE03 2.27 1.98 0.50 1.96 0.30 3.7 101
GGA+U(1 eV) (A) 2.09 1.98 0.54 1.98 0.38 9.2 101

GGA+U(1 eV) (B) 2.08 1.98 0.02 1.98 0.38 -6.7 117

GGA+U(2 eV) (A) 2.08 1.98 0.48 1.98 0.38 25.0 105

GGA+U(2 eV) (B) 2.07 1.98 0.02 1.98 0.38 -6.4 117

GGA+U(3 eV) (A) 2.08 2.00 0.42 2.00 0.36 17.0 114

GGA+U(3 eV) (B) 2.07 1.98 0.02 2.00 0.36 -6.2 117

Pd, HSE03 2.50 1.96 0.02 1.98 0.50 -0.3 343
GGA+U(1 eV) 2.49 1.96 0.02 1.98 0.62 -2.3 393

GGA+U(3 eV) 2.50 1.94 0.02 1.98 0.40 -2.1 384

GGA+U(5 eV) 2.50 1.94 0.04 1.98 0.40 -2.3 355

Pty HSE03 243 1.88 3.02 1.28 1.06 305 743
GGA+U(1 eV) 2.38 1.88 2.74 1.34 0.80 45.6 735

GGA+U(2 eV) 2.38 1.90 2.82 1.40 0.84 13.3 708

GGA+U(3 eV) 2.38 1.90 2.90 1.48 0.88 -19.5 644

GGA+U(5 eV) 2.37 2.04 3.12 1.66 1.00 -85.0 492

states. For the Ni, we find for an axial orientation of the
magnetization, as for the standard GGA calculations, the co-
existence of solutions with high and almost vanishing orbital
moment, leading to a positive and negative MAE, respec-
tively. The solution with an easy axis parallel to the dimer
axis (positive MAE) is lower in energy, independent of the
value of U, with an energy difference varying between 17
and 28 meV. A modest on-site Coulomb potential leads to a
slightly stronger MAE. Since this is accompanied by a de-
crease in the orbital anisotropy, this cannot be described by a
perturbative approach. For Pd, only the solution with almost
zero orbital moment exists for parallel magnetization, inde-
pendent of U. Since there is also only a modest decrease in
the perpendicular orbital moment with increasing U, the
MAE is hardly affected.
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FIG. 4. (Color online) Kohn-Sham eigenvalue spectra for Pt,
dimers for parallel and perpendicular orientations of the magnetic
moments, calculated using (a) a hybrid functional and with a
GGA+U approach, and (b) U=2 eV and (c) U=5 eV (cf. Fig. 2).

For the Pt dimer the GGA+U calculations predict a
change in sign of the MAE with an increasing Coulomb
repulsion. At a modest value of U=2 eV, the main effects
are enhanced spin and orbital moments, an increased ex-
change splitting of the = states, and an increased SOC
splitting—due to their combined effect, the ordering of the
eigenstates near the Fermi level remains essentially the same
for both axial and perpendicular orientations of the magneti-
zation. As a result, the easy axis remains unchanged but due
to shifts of lower-lying eigenstates, the MAE is reduced (see
Fig. 4). For U=5 eV, the exchange splitting of the 7} states
(Aey=2.8 eV) and my(A=1.5 eV) is increased to about the
same magnitude as with the hybrid functional. For these
states we also find a very large SOC splitting—even larger
for the bonding component than calculated with a hybrid
functional while the SOC splitting of the & state remain
more modest. These lead to a rearrangement of the occupied
eigenstates even at higher binding energies and to significant
changes also in other contributions to the total energy, be-
yond the one-electron energies.

E. Dimers vs monowires

It is also interesting to confront our results for the mag-
netic properties of transition-metal dimers with the results
available in the literature3®-32 for straight monowires. These
results are compiled in Table 111. The comparison shows that
the relation between dimers and wires is entirely different for
the magnetic 3d metals and for the nonmagnetic 4d and 5d
metals.

For the 3d elements the interatomic distance is consider-
ably shorter in a dimer than in an infinite monowire. The
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TABLE Ill. Comparison of the magnetic properties of dimers
and monowires: interatomic distance d (in A), spin ug and orbital
. moments (in wg) for axial and perpendicular orientations of the
magnetization, and MAE (in meV/atom). The MAE is positive for
any easy axis parallel to the dimer axis.

Axial Perp.
Element d Hs L s L MAE
Fe, Dimer 198 292 0.16 292 0.08 0.15
Fe? Wire 225 345 044 345 0.08 2.25
Co, Dimer 196 195 039 195 0.16 3.55
Co? Wire 215 212 010 212 0.08 —-0.68
Niy Dimer 2.09 099 029 098 0.19 3.25
Ni? Wire 218 120 050 1.20 0.06 11.43
Ru, Dimer 207 199 0 197 012 -1825
RuP Wire 224 112 015 1.10 0.03 -10.50
Rh, Dimer 221 193 091 190 0.25 23.65
RhP Wire 231 030 036 O 0 5.00
Pd, Dimer 249 098 001 0.99 0.18 -1.15
Pd° Wire 248 050 0 0.30 0.12 -5.00
Pt, Dimer 238 188 274 134 0.80 23.15
pt¢ Wire 239 019 017 O 0 2.00

aReference 31, GGA.
bReference 30, LSDA.
‘Reference 32, GGA.

increased distance leads to an enhancement of the spin mo-
ment but not necessarily to a corresponding enhancement of
the orbital moment. For the 4d and 5d elements the contrac-
tion of the bond length in the dimer is much more modest;
for Pd and Pt it is the same in the dimer and in the infinite
wire. Both spin and orbital moments are strongly reduced in
the wire compared to the dimer.

The formation of orbital moments and the origin of a
strong MAE in monowires has been discusses by Mokrousov
et al.,%° Smogunov et al.,*? and Velev et al.% in terms very
similar to the analysis we have used for dimers. The main
difference is that the discrete eigenvalue spectrum of the
dimer is replaced by a set of one-dimensional bands with
sharp van-Hove singularities at the upper and lower edges
(see, e.g., Spisak and Hafner,?® and Mokrousov et al.® for
detailed representations of the one-dimensional band struc-
ture). Under the rotational symmetry (group C.,,) of the wire
there are two double-degenerate bands (corresponding to the
g and &y states of the dimer) and a nondegenerate band
(corresponding to the oy states). The bands are split under
the influence of exchange and spin-orbit interactions. The SO
splitting depends again on the direction of magnetization; for
parallel magnetization the splitting of the doublets is first
order in the SOC operator; for perpendicular magnetization
the SOC operator has zero matrix elements within the dou-
blets; a splitting occurs only near the band crossing points.>?
A spin moment is formed when the exchange splitting leads
to a larger occupation of spin-up states while an orbital mo-
ment is formed if bands with angular momenta =, have
different occupancies. A strong effect is to be expected if the

PHYSICAL REVIEW B 79, 224418 (2009)

van-Hove singularity of a spin-split degenerate band occurs
close to the Fermi edge.

The essential difference between the 3d and the heavier
metals is that in the former case the exchange splitting is
much larger than the SOC splitting while for the second
group both are of similar magnitude. For the 3d elements the
band narrowing resulting from the increased interatomic dis-
tance in the wire leads to an enhanced spin moment. For Fe
wires the Fermi level lies just above the lower van-Hove
singularity of the minority &4 band (corresponding to the &,
state of the dimer), while for Ni wires it lies just above the
upper singularity (corresponding to the & state of the dimer).
In these cases, the SOC-induced splitting is more efficient
for the wire with large density of states (DOS) even at Ep,
leading to an increased orbital moment for parallel but not
for perpendicular magnetization. In a Co wire the Fermi
level falls close to the DOS minimum in the &4 band; in this
case the orbital moments in the wire is even lower than in the
dimer. For the heavy elements the bandwidths of the wire are
strongly influenced by long-range interactions—this leads to
a strong decrease in the exchange splitting and of the spin
moment if the interatomic distance is lower than a critical
value.® For all wires the equilibrium interatomic spacing is
lower than this threshold; the onset of the formation of an
orbital moment is coupled to the formation of a spin
moment.3%32 Hence for these elements the orbital moment in
an infinite wire is decreased compared to the dimer and this
is also reflected in the magnitude of the MAE. The sign of
the MAE is the same for dimers and wires except for Co
where the strong decrease in the orbital anisotropy leads to a
small negative MAE for the infinite wire.

V. DISCUSSION AND CONCLUSIONS

We have presented detailed DFT calculations of the influ-
ence of spin-orbit coupling (SOC) on the structural and mag-
netic properties, and of the magnetic anisotropy energies of
dimers of metals from groups 8 to 10 of the Periodic Table.
For the metals from group 10 we have also briefly examined
the influence of orbital-dependent post-DFT corrections
(mixing of Hartree-Fock and DFT exchange, and addition of
an orbital-dependent on-site Coulomb potential to correct for
the self-interaction error in DFT).

SOC has almost no influence on the dimer bond length.
Only for a Pt, dimer a stretching of the Pt-Pt distance by
0.03 A has been found. Due to the mixing of different spin
eigenstates, the spin moment is no longer an integer multiple
of ug when SOC is included. For all dimers considered here,
SOC induces a slight reduction in the spin moment by
0.02u5—0.25ug, increasing with the strength of the SOC.
For the heavier elements the coupling between spin and or-
bital moments also induces an anisotropy of the spin mo-
ments which is modest for the 4d and rather strong for the 5d
elements. In some cases, the determination of the relativistic
ground state is hampered by the existence of multiple local
minima with different orbital moments. This is the case for
Ni, where, for a magnetic axis parallel to the dimer axis, a
solution with a large orbital moment is only 27 meV lower in
energy than a low-moment solution while for perpendicular
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magnetization, only one solution with an intermediate value
of the orbital moment is found. Hence the two solutions lead
to different signs of the orbital anisotropy and of the MAE.
This could also explain why DFT calculations published in
the literature predict different easy-axis orientations.”® For a
Pd, dimer we find, in agreement with earlier results,® a dis-
continuous variation in the orbital moment with the length of
the dimer. A further difficult case is the Fe, dimer. Here our
result for the easy-axis orbital moment and for the MAE is
much lower than the value reported by Fritsch et al.>—here
again we succeeded in finding a high-moment solution but at
a higher energy than the low-moment results. Altogether our
analysis has demonstrated that very strict convergence crite-
ria and a careful exploration of the potential-energy surface
as a function of both spin and orbital moments is required for
a reliable determination of the MAE.

One of the main objectives of our study was to elucidate
the physical mechanism determining the variation in the
MAE with d-band filling and strength of the SOC. Here we
found that the analysis of the eigenvalue spectra proposed by
Strandberg et al.” is very useful. For all three dimers of the
Co group, the HOMO in a scalar-relativistic approximation
and for perpendicular magnetization if SOC is included is a
doubly-degenerate & state occupied by a single electron. In
this case the most important factor leading to a preferred
axial magnetization is the lifting of the degeneracy of the
eigenstates leading to a reduction in the one-electron ener-
gies. For the dimers from the Fe and Ni groups, we find a
small axial anisotropy for the 3d dimers, perpendicular an-
isotropy for the 4d dimers, and a rather large axial MAE for
the 5d dimers. In these cases we could show that a decisive
factor is difference in the atomic ground states (lower
d-electron number) of the 4d elements. For both Ru, and Pd,
the HOMO s a doubly-degenerate doubly occupied r state
and SOC splitting stabilizes a perpendicular anisotropy as
discussed in detail above. For the other four dimers an axial
anisotropy is calculated.

Post-DFT calculations have been explored for the dimers
of the Ni group. Mixing orbital-dependent Hartree-Fock with
DFT exchange leads to an increased bond length for Ni and
Pt dimers, in which spin moments remain unaffected, while
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orbital moments are slightly increased for Pd and Pt—but
this hardly affects the MAE, adding an on-site Coulomb U to
the d states. Similarly to an exact-exchange contribution, the
effect of U is to increase the exchange splitting of the par-
tially occupied d states and an increase in the SOC. Spin
moments are hardly changed; orbital moments decrease with
increasing U for Ni, and Pd, but increase for Pt, where a
large U leads to a change in sign of the MAE. However, such
large values of the on-site repulsion evidently lead to a rather
unrealistic eigenvalue spectrum.

We also presented a comparative analysis of the formation
of orbital moments and of MAEs in dimers and in infinite
straight monowires. It is shown that the differences in the
magnetic properties of dimers and wires can be traced back
to the difference between the discrete eigenvalue spectrum of
the dimer and a continuous one-dimensional DOS of the
wire. This analysis also highlights the difference between the
magnetic 3d and the nonmagnetic 4d and 5d elements.

In summary, we have presented detailed DFT calculations
of the magnetic anisotropy energies of dimers of the late
transition atoms from groups 8 to 10, providing an improved
understanding of the physical effects determining the sign
and magnitude of the MAE. Our results also illustrate some
of the difficulties inherent in such calculations, associated
with the difficulty of finding the relevant minima on a com-
plex potential-energy surface and explaining certain discrep-
ancies with regard to other calculations.”® Calculations with
hybrid functionals and a GGA+U Hamiltonian (which intro-
duce an orbital dependence of the effective one-electron po-
tential) introduce only modest changes with respect to con-
ventional DFT calculations, as long as only moderate
realistic values of the on-site Coulomb repulsion are admit-
ted. The largest MAE calculated for a Pt, dimer corresponds
to a temperature of about 500 K. However, whether this is a
result that is significant for potential applications will depend
on the ability to find a substrate or matrix supporting the
dimer without strongly reducing the MAE.
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Ab initio density functional calculations including spin-orbit coupling (SOC) have been performed
for Pt,, n = 2-6 clusters. The strong SOC tends to stabilize planar structures for n = 2-5, whereas
for clusters consisting of six atoms, three-dimensional structures remain preferred. SOC leads to the
formation of large orbital magnetic moments and to a mixing of different spin states. Due to the spin-
mixing the total magnetic moment may be larger or smaller than the spin moment in the absence
of SOC. Both spin and orbital moments are found to be anisotropic. Because of the strong SOC the
energy differences between coexisting magnetic isomers can be comparable to or even smaller than
their magnetic anisotropy energies. In this case the lowest barrier for magnetization reversal can be
determined by a magnetic isomer which is different from the ground state configuration. © 2011

American Institute of Physics. [doi:10.1063/1.3530799]

I. INTRODUCTION

The current interest in magnetic nanostructures is mo-
tivated by the quest for nanoscale information storage de-
vices and by potential applications in nanospintronics.>? A
quantity of prime interest is the magnetic anisotropy, i.e., the
dependence of the total energy of the system on the orienta-
tion of the magnetic moment. The magnetic anisotropy en-
ergy (MAE) determines the barrier to magnetization rever-
sal due to thermal excitations; a large MAE is necessary to
prevent the loss of information. The origin of the magnetic
anisotropy is the coupling between the spin and orbital de-
grees of freedom; it is a fundamentally relativistic effect. In
addition, magnetic anisotropy is critically dependent on sym-
metry and dimensionality; typically, the magnetic anisotropy
is found to be much larger in low-symmetry nanostructures
than in highly symmetric bulk materials. Prerequisites for a
high magnetic anisotropy are a large spin magnetic moment
and a strong spin—orbit coupling. Hence clusters or nanostruc-
tures of late 5d elements possessing an intrinsic spin moment
and a strong spin—orbit coupling (SOC) are potential candi-
dates for magnetic nanostructures with a large MAE.

However, for such clusters SOC is of decisive importance
not only for the MAE but also for determining the equilibrium
geometric structure. For small Pt clusters Huda et al.® have
demonstrated that SOC stabilizes planar structures over the
three-dimensional arrangements favored by scalar relativis-
tic calculations, but magnetic properties have not been con-
sidered in their study. For neutral and charged Au clusters
Hakkinen et al.* reported an increased preference for planar
structures compared to Ag and Cu clusters, in agreement with
experimental studies on mass-selected clusters by Gilb et al.®
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The stabilization of planar configurations has been attributed
to relativistic effects shifting the 6s level closer to the 5d state
and leading to a stronger s—d hybridization.

An abundant literature (including many ab initio studies)
has been devoted to the geometric and magnetic properties of
small metallic clusters (see, e.g., Refs. 6 and 7 and further ref-
erences cited therein), but only a few ab initio calculations 813
have attempted to determine the MAE. For the smallest clus-
ters, transition-metal dimers, the investigations have demon-
strated that the magnetic anisotropy is determined by the na-
ture and occupation of the electronic eigenvalues close to the
Fermi level.1>12 For magnetic moments perpendicular to the
dimer axis, as in the absence of SOC, the eigenvalue spectrum
consists of doubly degenerate 74 and 84 and nondegenerate
oq States. (Detailed representations of the eigenvalue spectra
of dimers of Pt and other transition metals are given in the
papers by Strandberg et al.'° and Btoaski and Hafner).*? For
magnetic moments aligned parallel to the dimer axis, SOC
induces a splitting of the degenerate eigenstates due to the
broken inversion symmetry. If the highest occupied eigen-
state is doubly degenerate but occupied only by a single elec-
tron, the SOC-induced splitting of the eigenstate will stabilize
an axial anisotropy.1®12 A remarkable result of these studies
is also that not only the orbital moments but also the spin
moments can display a substantial anisotropy if the SOC is
strong enough. The formation of orbital magnetic moments
and the origin of a large MAE in monowires has been dis-
cussed by Mokrousov et al.,'* Smogunov et al.,*® and Velev
et al.’® using similar arguments. The main difference is that
the discrete eigenvalue spectrum of the dimer is replaced by a
set of one-dimensional bands, with sharp van Hove singular-
ities at the upper and lower edges. Under rotational symme-
try (group C.o), there are doubly degenerate and nondegen-
erate bands corresponding to the 84 and 74 and oy states of
the dimer, respectively. Exchange coupling and SOC induce a

© 2011 American Institute of Physics
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band-splitting. For axial magnetization the SOC-induced
splitting is first order; for perpendicular magnetization the
SOC has zero matrix elements within the doublets and a
splitting occurs only near the band crossing points. For Pt
monowires Smogunov et al. have predicted a giant MAE—
in this case the wire is ferromagnetic (FM) if the direction of
magnetization is parallel to the wire, but the magnetic mo-
ments vanish if the magnetization direction is rotated to a per-
pendicular orientation. The spin-anisotropy predicted for the
4d and 5d dimers and the demagnetization of Pt monowires
induced by a rotation of the magnetization direction indicate
that the classical picture of the MAE based on perturbation
theory, with a modest anisotropy of the orbital magnetic mo-
ments at isotropic spin moments,*” cannot hold for clusters of
the heavy transition metals. The same remark applies to the
description of the MAE in terms of an effective “giant-spin”
Hamiltonian proposed by Canali et al.,*® which is also based
on the assumption of isotropic spin moments.

For larger clusters, most attempts to understand the MAE
have been limited to semiempirical approaches;'*?° only a
very few ab initio calculations have been published to date.
Kortus et al. calculated the MAE (defined as the difference in
total energy for magnetic moments parallel and perpendicular
to the symmetry axis) of 5- and 13-atom clusters of Co and
Fe in terms of the second-order contribution from the SOC
term, at a fixed geometry obtained from scalar relativistic cal-
culations. For the five-atom clusters forming a trigonal bipyra-
mid, MAE’s of 0.1 and 0.2 meV/atom have been reported for
Co and Fe clusters, respectively. For an Fey3 cluster forming
a distorted tetrahedron, an MAE of 0.27 meV/atom was re-
ported, while a Coy3 cluster was described as magnetically
isotropic. In mixed clusters the occupation of the sites with
different atoms lowers the symmetry, leading to an enhanced
MAE. The highest value of 0.37 meV/atom was reported
for a CoyoFes cluster. Very recently Sahoo et al.'® reported
ab initio investigations of the MAE of 13-atom clusters of Fe,
Co, and Ni, concentrating on the influence of symmetry. For
clusters with the structure of an ideal icosahedron, MAEs of
1.7,0.31, and 0.77 ueV/atom, comparable to the MAE of the
bulk metals, have been reported for Fe;3, Coi3, and Nijs, re-
spectively. In this case, because of the high symmetry of the
cluster, the leading contribution to the MAE is sixth-order in
the SOC. A geometric distortion lowering the symmetry was
found to enhance the MAE by orders of magnitude. For Fe;3
an MAE of 0.32 meV/atom was reported for a “Jahn-Teller-
distorted” cluster. However, only a restricted relaxation of
the icosahedral structure describable by one-parameter mod-
els was permitted and the optimization was performed in a
scalar relativistic mode, such that the possible influence of the
SOC on the cluster structure was not considered. Fernandez-
Seivane and Ferrer (hereafter referred to as FSF)° performed
ab initio calculations of the geometric and magnetic struc-
tures of clusters of Pd, Ir, Pt, and Au with up to seven atoms,
including SOC. For each cluster between two and five differ-
ent “seeds” for the geometric and magnetic structures of the
cluster have been used to initialize the calculations, making
together five to ten different initial configurations per clus-
ter. The MAE was defined as the energy difference between
the two solutions with the lowest energies—evidently this

J. Chem. Phys. 134, 034107 (2011)

energy difference may or may not correspond to the true mag-
netic anisotropy energy, as illustrated by their results for Pdy
and Pt,. For the dimers, axial anisotropy for Pt, and perpen-
dicular anisotropy for Pd, were reported, in semiquantitative
agreement with our results.'? For the trimers a triangular con-
figuration with an in-plane easy axis was reported, again in
partial agreement with our results to be discussed below. A
Pt, cluster forms a rhombus with an easy axis lying in the
plane—in this case we have been able to find a configuration
with the same geometric but a different magnetic structure
and a lower energy. For a Pts cluster the ground state (GS)
geometry reported by FSF (Ref. 9) is a tetragonal pyramid,
whereas in their “first excited state” the cluster forms a trig-
onal bipyramid. Evidently in this case the energy difference
between these states is not an MAE, but a structural energy
difference (ignoring for the moment that there are also sub-
stantial differences in the spin and orbital moments of both
configurations). It is important, however, to note that this
structural energy difference is of the same order of magnitude
with the MAEs reported for the smaller clusters. In addition,
the work of Huda et al.* has shown that the ground state struc-
ture of a Pts is not three-dimensional, but that a flat geometry
is preferred.

These discussions illustrate the difficulties in achieving a
correct relativistic description of clusters formed by heavy 5d
metals. For these metals exchange and SOC induce a splitting
of the Kohn-Sham eigenvalues which are of comparable or-
der of magnitude. Energy differences between structural and
magnetic isomers are also comparable and can be as small as
magnetic anisotropy energies. In such a case an extended ex-
ploration of geometric and magnetic configurations space is
required.

In the present work we investigated the structural, elec-
tronic, and magnetic properties of Pt, clusters with n < 6 us-
ing ab initio density-functional theory (DFT) including SOC.
Planar clusters are found to be lower in energy than three-
dimensional arrangements up to n =5. The energy differ-
ences between coexisting magnetic isomers with anisotropic
spin and orbital moments are of the same order of magnitude
with the MAE. These results lead to a picture of the physical
mechanism determining the size of the MAE of the clusters,
which is fundamentally different both from that suggested by
low-order perturbation theory where the MAE is determined
by a modest orbital anisotropy at isotropic spin moments'’
and from a description in terms of an effective giant-spin
Hamiltonian such as in molecular magnets.1%18

II. COMPUTATIONAL SETUP

Our calculations are based on DFT as implemented in the
Vienna ab initio simulation package VAsP,?%?? using a plane-
wave basis and the projector-augmented wave approach?® for
describing the electron—ion interaction. The semilocal PW91
functional®* in the generalized gradient approximation (GGA)
and the spin-interpolation proposed by Vosko et al %> has been
used for exchange and correlation. The use of a gradient-
corrected functional is essential for magnetic systems. If
the local-density approximation (LDA) is used, the ground
state of Fe is predicted to be hexagonal-close-packed and
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nonmagnetic instead of body-centered cubic and ferromag-
netic; Cr is found to be non-magnetic instead of antiferro-
magnetic (AFM) in the LDA ground state. In contrast, the
GGA predicts the correct structural and magnetic ground
states in both cases.?® For a Pt, dimer an extended fully
relativistic investigation of the performance of different lo-
cal and semilocal exchange-correlation functionals in com-
parison with quantum-chemical approaches was performed
by Anton et al.?” It was concluded that spin-polarized GGA
functionals lead to excellent agreement with the experimental
bond length and binding energy. The GGA predictions are far
superior to LDA results and for Pt, even better than quantum-
chemical data.

Spin—orbit coupling has been implemented in vAsP by
Kresse and Lebacg.?® Following Kleinman® and MacDonald
et al.,® the relativistic Hamiltonian given in a basis of to-
tal angular momentum eigenstates |j, m;) with j =1 +1/2
(containing all relativistic corrections up to order o2, where
«a is the fine-structure constant) is recast in the form of 2 x 2
matrices in spin-space by reexpressing the eigenstates of the
total angular momentum in terms of a tensor product of reg-
ular angular momentum eigenstates |I, m) and the eigenstates
of the z-component of the Pauli spin matrices. The relativistic
effective potential consists of a term diagonal in spin-space
which contains the mass-velocity and Darwin corrections and
the spin—orbit operator,

V= VE VO = STV, + VL L my, m,

I.m

where 1, is the unit operator in spin-space and

ts:l(Lz L).

2\L, -L,

The I-components of the scalar Vi and spin-orbit V/5° po-
tentials are weighted averages over the | & 1/2 components,
assuming that the magnetization is directed along the z-axis.
The Hamiltonian is therefore a 2 x 2 matrix in spin-space.
The nondiagonal elements arise from the spin—orbit coupling,
but also from the exchange-correlation potential when the sys-
tem under consideration displays a noncollinear magnetiza-
tion density. Calculations including spin—orbit coupling have
therefore to be performed in the noncollinear mode imple-
mented in VASP by Hobbs et al. 3! and Marsman and Hafner?
where the Hamiltonian is a functional of the 2 x 2 density ma-
trix n*# (7). The electron density n() is given by the trace of
the density matrix, and the density matrix may be written as
a linear combination of the 2 x 2 unit matrix and the vector
o = (0%, 0¥, o?) of the three Pauli spin matrices,

[n()dap + M(T) - 5]

N (F) = ) ,

with the magnetization density M(7) = 3, n“*(F) - 5*¢. For
a local magnetization m(r) directed along the unit vector
fi = (sin6 cos ¢, sinf sin ¢, cos 6), the exchange splitting is
b()i - Swhere b(r) = § Exc[n*#()]/6m(r) is the functional
derivative with respect to the spin density m(F) = |m(F)|.
The spin—orbit interaction is transformed using the Wigner

J. Chem. Phys. 134, 034107 (2011)

spin-rotation matrices D/2(9, ¢) to3%3*
VD29, p)L - SDV2(0, 9).

Note that both spin-orbit coupling and noncollinearity lead to
a mixing of different spin-components.

Local electronic and magnetic properties can be calcu-
lated by projecting the plane-wave components of the eigen-
states onto spherical waves within atomic spheres. Within
each atomic sphere, spin and orbital momentums are referred
to the local spin quantization axis. The local spin and orbital
moments at the individual atoms have been determined by in-
tegrating the local angular-momentum- and spin-decomposed
partial densities of states over occupied states. Note that the
projection of the plane-wave basis states onto atomic spheres
necessarily introduces a small error in the derived local quan-
tities.

The calculations were performed for clusters placed into
the center of a large cubic box with an edge length of 12 A.
For larger planar clusters the edge length was increased along
the longest axis of the cluster to verify that the results are not
influenced by interaction of the cluster with its periodically
repeated images. The basis set contained plane waves with a
kinetic energy of up to 500 eV; a convergence of the total en-
ergy within 10~7 eV was imposed during the self-consistency
cycle. The cluster structure was relaxed without any symme-
try constraints until the forces on all atoms were less than
10 meV/A. For selected clusters and geometries we have veri-
fied that the results remain unchanged if a larger cutoff energy
or a more stringent criterion for total energy and force conver-
gence is imposed.

For the optimization of the cluster geometry, all possi-
ble geometries identified by earlier scalar relativistic calcula-
tions which are close enough in energy to the ground state ge-
ometry have been reoptimized in calculations including SOC
self-consistently. For a simultaneous optimization of all ge-
ometric, electronic, and magnetic degrees of freedom, the
magnetization vector relaxes to a direction where the total
energy is stationary. In addition, configurations with a fixed
arbitrary direction of the magnetization can be explored by
constraining the direction of the magnetization vector by ap-
plying a penalty function. For each structural isomer the
magnetic structure relaxes to a locally stable configuration re-
lated to the initial one by a steepest descent path. The symme-
try of this configuration corresponds to one of the magnetic
point groups that can be derived from the crystallographic
point group of the cluster. However, as this magnetic structure
is not necessarily the ground state, we have tested for each
cluster a number of magnetic configurations, including struc-
tures breaking the magnetic point group symmetry (PGS).

Ill. RESULTS

Below we shall discuss our results for the geome-
tries, spin and orbital magnetic moments, and the magnetic
anisotropy of Pt, clusters with n = 2-6. It has to be admit-
ted that even at the level of scalar relativistic calculations,
the results remain controversial. The literature published be-
fore 2006 has been summarized by Futschek et al.,” and the
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new results that have appeared meanwhile®>-38 have not al-
ways helped to achieve a converged result. The reasons for
the divergent results are difficult to assess—they are related to
different pseudopotentials and basis sets as well as different
criteria for stopping the self-consistency iterations and the
structural optimizations. Even plane-wave calculations us-
ing the same potential can produce different results because
the criteria for energy and force convergence differ between
10~2 and 107 eV for energies and differ also widely for
the residual forces. A further limitation of most calculations
published so far is that static relaxation calculations always
lead to a structure which is related to the initial one by a
steepest—descent path. Many different initial configurations
have to be used—but there is no guarantee that the global min-
imum has been found. To circumvent this difficulty, Futschek
et al.” have used a dynamical simulated annealing at ele-
vated temperature, followed by slow cooling and a final static
optimization.

Spin—orbit effects on the cluster geometry have been re-
ported by Huda et al.® and Sebetci;® geometry and mag-
netic anisotropy have been investigated only by FSF.° We will
therefore compare our results for the geometry to the recent
calculations but concentrate on the confrontation of our re-
sults for the MAE with those of FSF. In this context it is
important to characterize briefly their computational setup.
FSF used the local-orbital pseudopotential code SIESTA,®
norm-conserving pseudopotentials,*® and an implementation
of SOC based on the so-called “on-site” approximation.** For
dimers and trimers both LDA and GGA functionals have been
used, but for clusters with four and more atoms only the LDA
has been used. This must be kept in mind when the results are
compared.

Our results for the Pt, dimer have been published
before.'? We begin our discussion with a brief recapitulation
of these results, putting them into a more general context.

A. Pty

For a Pt, dimer the scalar relativistic DFT—GGA cal-
culations predict a magnetic moment of 2 ug and a bond
length varying between 2.33 A (plane-wave based calcula-
tions)> 73537 and 2.45 A (local-orbital calculations).® ¢ The
calculations of Sebetci®® based on a hybrid functional yield a
bond length of 2.37 A. The GGA result calculated in a plane-
wave basis agrees with the measured bond length of 2.33 A
(Ref. 42).

If SOC is taken into account, the bond length increases
slightly to 2.35 A for axial and to 2.38 A for perpendicular
magnetization.>"*2 Slightly larger bond lengths of about
2.43 A have been reported by Sebetci and FSF. A Pt, dimer
has an easy magnetization direction parallel to the dimer axis;
the very large MAE of 23.1 meV/atom is a consequence of
the fact that the change of the magnetization direction induces
a transition from a high-moment state with My; = 4.5ug
for axial to a low-moment state with My = 2 ug for mag-
netization perpendicular to the dimer axis,*? parallel to a
contraction of the dimer bond length from 2.38 to 2.35 A.
The loss of magnetic moment arises primarily from a strong

J. Chem. Phys. 134, 034107 (2011)

reduction of the orbital moment from M| ~ 2.7 ug to
~0.8 ug. The spin and orbital moments for the easy axis
orientation are in semiquantitative agreement with FSF, who
report, however, smaller spin and orbital anisotropies at a
larger MAE of 37.5 meV/atom.

The strong spin and orbital anisotropy calculated for
the Pt dimer corresponds to the results of Smogunovet al.!®
who found strained monoatomic wires of Pt to be FM if
magnetized along the wire axis, but nonmagnetic if the
magnetization direction is constrained to a perpendicular
direction, resulting in a “giant” MAE of 36 meV/atom. Dimer
and monowires are thus first examples to demonstrate that in
nanostructures with a strong SOC, a reorientation of the mag-
netization direction may not only change the orbital moments
but also induce a transition between high- and low-moment
states or even cause the total disappearance of magnetism.

B. Pt3

For the Pty trimer all scalar relativistic calculations
agree on a structure forming an equilateral or nearly equi-
lateral triangle, but with bond lengths varying between
2.48-2.49 A in the plane-wave calculations® "% and 2.53-
2.57 A in the local-orbital approaches.®3%:4% The magnetic
structure has been described as either nonmagnetic®3 or
magnetic” %4344 with a spin moment of 2 ug. Futschek et al.”
report an energy difference of only 14 meV/atom between
the two magnetic isomers. Nonrelativistic quantum-chemical
calculations*® predict an isocele triangle with only a very
small difference in the bond lengths (2.551 and 2.543 A) and
a nonmagnetic ground state.

SOC favors a Jahn—Teller distortion to an isocele trian-
gle with two edges measuring 2.50 and one 2.51 A, point
group symmetry 2mm in the Hermann—Mauguin notation.
The easy axis is in-plane, coincident with the mirror-plane of
the structure, see Fig. 1(a). The total magnetic moment is M,
= 2.5 up, areduced spin moment of 1.5 pg due to the mixing
of different spin-states is overcompensated by a collinear total
orbital moment of about 1 ug. A mixing of singlet and triplet
states, with a dominant contribution from the triplet states, is
also predicted by the quantum-chemical calculations.*® Local
spin and orbital moments are noncollinear, but the total spin
and orbital moments are always aligned [see Fig. 1(a)]. In-
plane rotation of the magnetization direction leaves total spin
and orbital cluster moments unchanged, while the local mo-
ments undergo large variations [see Fig. 1(b)]. The in-plane
MAE is very modest, only 0.2 meV/atom.

The magnetic point group is 2m'm’ (where the prime in-
dicates that the symmetry operation must be combined with a
time-reversal operation which reverses the direction of axial
vectors such as the magnetic moment)*® for the ground state
and m'm2’ for the hard in-plane direction. For perpendicu-
lar magnetization the Ptz cluster forms an equilateral triangle;
both spin and orbital magnetic moments are strongly reduced;
together we find My = 1 ug, with an MAE of 5.1 meV/atom
relative to the in-plane easy axis configuration. The local spin
and orbital moments are parallel on the site with the largest
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FIG. 1. Geometric and magnetic structures of a Ptz cluster for in-plane
[(a) and (b)] and perpendicular (c) magnetization (as indicated by the grey
arrows). Red (light) arrows shows spin magnetic moment and blue (dark) ar-
rows the orbital magnetic moment; the numbers give the absolute values of
the local spin (upper number) and orbital (lower number) magnetic moments
Ms(i) and M (i) in ug. The easy axis corresponds to configuration (a), the
energy for configuration (b) determines the in-plane, and (c) the axial MAE.
For each configuration the magnetic point group symmetry and the energy
difference relative to the ground state are listed below, cf. text.

moment, but antiparallel on the other two sites [see Fig. 1(c)].
Hence the magnetic structure breaks the threefold symmetry
of the geometric arrangement; the magnetic point group sym-
metry is m'm2’ as for the hard in-plane configuration. As for
the dimer, rotation of the magnetization to an orientation per-
pendicular of the easy plane induces a transition to a different
low-moment magnetic isomer.

Our result for the GS agrees reasonably well with FSF.°
However, FSF reported somewhat larger total moments of
2.96 ug and 2.19 ug for in-plane and perpendicular magne-
tization, respectively, and an MAE of 4.8 meV/atom in the
GGA, comparable to our value for the perpendicular MAE.
The larger magnetic moments reported by FSF are derived
from a calculation of the local spin moments using a Mulliken
analysis and a calculation of the local-orbital moments via the
matrix elements of the orbital moment operator in their local
atomic basis set. It has been shown that the Mulliken analy-
sis based on overlapping local orbitals systematically leads to
larger values of the local moments than the integration over
atomic spheres.*3

C. Pty

Scalar relativistic calculations predict for the Pt, cluster a
structure forming a slightly distorted tetrahedron with an edge
length of 2.60 A and a magnetic moment of 2 ug, although a
flat rhombus with edge length 2.50 A and moment 4 g is only
2 meV/atom higher in energy.” According to Sebetci,*® Nie
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et al.,% and Xiao and Wang,®® the scalar relativistic ground
state is a more strongly distorted tetrahedron with a moment
of 2 ug, whereas Bhattacharya and Majumder®” found a high-
moment rhombus with 4 ug to be lower in energy than the
low-moment tetrahedron by 20 meV/atom. The differences in
the bond length are probably due to different basis sets and
more relaxed criteria for total energy and residual forces upon
relaxation. A tetrahedral ground state geometry and a spin of
S=1isalso predicted by the quantum-chemical calculations
of Dai and Balasubramanian.*’

Calculations including SOC predict a rhombus (point
group mmm) with an edge length of 2.53 A, almost equal
to the length of the short diagonal, to be lower in energy by
32 meV/atom than the tetrahedron. The higher stability of the
rhombus compared to the tetrahedron agrees with Huda et al.
and FSF,° while Sebetci®® finds the tetrahedron to be lower in
energy. The local-orbital calculations predict slightly larger
interatomic distances (2.55 A according to FSF, 2.55-2.60 A
according to Sebetci). Surprisingly the GS is AFM with lo-
cal magnetic moments M;(i) = £0.54 ug on the sites con-
nected by the short diagonal, while the other two atoms are
nonmagnetic due to the frustration of the AFM interactions in
triangular configurations. Rotation of the AFM moments into
the plane reduces both spin and orbital moments and costs an
energy of 4.4 meV/atom [see Figs. 2(a) and 2(b)]. The mag-
netic point group symmetries of these AFM configurations is
m'm'm'.

For in-plane magnetization an FM state with spin and or-
bital moments aligned parallel to the short diagonal of the
structure, My =4 ug, Ms=2.6 ug,and M = 1.4 ug [see
Fig. 2(c)] is energetically favored over the AFM state. This
configuration corresponds to the scalar relativistic GS of the
rhombus with Ms = 4 ug, with a reduced spin moment due
to mixing of spin states which is just compensated by the or-
bital moment [Fig. 2(c)]. In-plane rotation of the FM mag-
netic moment to a direction parallel to the long diagonal
costs an energy of 8.7 meV/atom and leads to a transition to
a low-moment isomer with My = 3 ug [see Fig. 2(d)]. For
perpendicular magnetization we find an FM solution with
M; = 3.7 ug with an energy intermediate between the two
FM in-plane configurations [see Fig. 2(e)]. All three FM con-
figurations have magnetic point group symmetry mm’'nv’.

Since the ground state is AFM, an MAE may be de-
rived only for the excited FM states. The in-plane FM
configuration corresponds to the ground states reported by
Sebetci® and FSF;® we also note a quite good agreement of
the total magnetic moments. FSF derived a large MAE of
12.5 meV/atom separating in-plane and perpendicular high-
moment FM states. This energy is larger than the energy dif-
ference between our FM perpendicular and in-plane configu-
rations of 5.3 meV/atom. The difference is due to the fact that
FSF used the LDA for tetramers and larger clusters. For the
smaller clusters FSF demonstrated that the LDA always leads
to significantly larger values of the MAE.

For the three-dimensional structural isomer of Pty, the
calculations including SOC predict a perfect tetrahedral ge-
ometry (point group symmetry 43m, edge length 2.59 A) and
a noncollinear antiferromagnetic structure [see Fig. 3(a)]. All
local moments point along one of the threefold symmetry
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FIG. 2. Geometric and magnetic structures of a Pty cluster for in-plane [(b—d)] and perpendicular [(a) and (e)] magnetization. Configurations (a) and (b) are

antiferromagnetic, and (c)—(e) ferromagnetic, cf. Fig. 1.

directions; the magnetic point group is 4'3m. The
noncollinear orientation of the local moments relieves the
frustration of the antiferromagnetic nearest-neighbor coupling
in a triangular configuration. The AFM configuration of the
Pt, tetrahedron is related not only to the AFM ground state
of the planar cluster but also to the AFM ground state of
the Pt, tetrahedron with zero spin from the scalar relativistic
calculations.” However, as in these calculations noncollinear-
ity was not considered, the frustration could be relieved only
by lowering the tetrahedral symmetry. The total energy of this
state is higher by 31 meV/atom than that for the magnetic GS
of the rhombus. A noncollinear magnetic GS has also been
reported by FSF (Ref. 9) for a Pd, tetrahedron.

A locally stable ferromagnetic state is found for a mag-
netization direction aligned parallel to one of the edges of the
tetrahedron [see Fig. 3(b)]. In this configuration both local
spin and orbital moments are enhanced relative to the ground
state and slightly canted relative to the global magnetic mo-
ment. In this configuration the geometric structure is distorted
in a way similar to that found in the scalar relativistic cal-
culation; the magnetic point group symmetry is 2m’'m’. This
configuration is higher in energy by 6.14 meV/atom than the
noncollinear ground state.

D. Pts

Scalar relativistic calculations®"-3>36 predict that the
Pts cluster forms a trigonal bipyramid carrying a mag-
netic moment of 4 ug, which is found to be lower in
energy by 35 meV/atom than a square pyramid with a mag-
netic moment of 6 1. Sebetci®® finds a capped tetrahedron to

AE= D.fl() meV/atom
43m’

AE = 6.14 meV/alom

2Zm'm’

FIG. 3. (a) Noncollinear magnetic ground state structure of a Pty cluster
with a tetrahedral geometry. (b) Ferromagnetic state with the magnetization
aligned parallel to one of the edges of the tetrahedron, forming a distorted
tetrahedron, cf. Fig. 1.
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FIG. 4. Geometric and magnetic structures of a Pts cluster for perpendicular and in-plane magnetizations, cf. Fig. 1. The ground state is the high-moment
configuration (a), which is energetically almost degenerate with a configuration where all magnetic moments are rotated by 180°. Configurations (b) and (c) are
low-moment ferromagnetic and configurations (d)—(f) antiferromagnetic. The angles « (for in-plane rotation of the magnetization direction) and 8 (for rotation

to a perpendicular orientation) have been defined in the inset, cf. Fig. 5 and text.

be lower in energy, while Bhattacharya and Majumder®” find a
planar cluster with a moment of 2 ug to be favored already at
the scalar relativistic level. A distorted trigonal bipyramid is
predicted by the quantum-chemical calculations of Majumdar
et al .46

If SOC is included, a Pts cluster forms a slightly distorted
square plus an isocele triangle (see Fig. 4); this planar struc-
ture is favored by 40 meV/atom over a trigonal bipyramid
and by 34 meV/atom over a square pyramid. [All structural
energy differences are calculated for the magnetic ground
state of the respective geometrical configurations, i.e., the FM
in-plane state of the planar structure (see Fig. 4), the FM
in-plane state of the square pyramid [see Fig. 6(a)], and the
FM in-plane state of the trigonal bipyramid [see Fig. 7(a)].
The prediction of a planar ground state geometry agrees with

the results of Huda et al.,® while Sebetci®® and FSF (Ref. 9)
find the square pyramid to be the lowest in energy. Station-
ary magnetic states of the planar cluster for magnetization
along in- and out-of-plane symmetry directions are shown in
Fig. 4. In the GS [configuration (a)] with Mj; ~ 3 ug (Ms
= 1.7 ug, M = 1.3 ug), the magnetization is in-plane; the
total spin and orbital moments are parallel to the twofold sym-
metry axis of the cluster. Inversion of the direction of magne-
tization by 180° leaves the magnetic moments and the total
energy unchanged. Rotation of the direction of magnetization
by 90° within the plane of the cluster or to a perpendicular ori-
entation leads to a transition to low-moments states [see Figs.
4(b) and 4(c)] which are 4.2 and 2.8 meV/atom above the GS.
For all directions of the magnetization, the FM configurations
(a)—(c) coexist with AFM configurations [see Figs. 4(d)—-4(f)].
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FIG. 5. Variation of the total energies of the ferromagnetic (full and empty circles) and antiferromagnetic (squares) configurations of a Pts cluster upon rotation
of the magnetization direction within the (x,y) plane of the cluster and in the (y,2) plane perpendicular to the twofold symmetry axis. See Fig. 4 for the definition
of the angles. For the ferromagnetic configurations solutions with high (HM), intermediate (IM) and low (LM) magnetic moments are indicated, cf. Fig. 4.

Except for an orientation of the local magnetic moments par-
allel to the twofold symmetry axis [FM GS (a) and AFM
configuration (d)], the AFM state is lower in energy. The low-
est barrier to a magnetization reversal is via the AFM out-of-
plane configuration (f), with an MAE of 1.2 meV/atom. The
point group symmetry of the planar Pts structure is 2mm. In
the magnetic point group symmetries of the stationary con-
figurations, one or two of the symmetry elements have to be
combined with the time-reversal operation, as indicated in
Fig. 4.

For all clusters the magnetic potential-energy surface as
a function of the orientation of the magnetic moment consists
of interpenetrating sheets representing different magnetic iso-
mers. To explore the potential-energy surfaces in more de-
tail, we performed for Pts a series of calculations with con-
strained orientations of the magnetic moments. If, starting
from the FM high-moment ground state, we gradually rotate
the magnetization direction in-plane, taking the converged
charge and spin densities from the last step to initialize the
self-consistency cycle, we follow a steeply ascending curve
of FM high-moment states (M ~ 3 ug) ending at « = 90° at
an energy 16 meV/atom above the GS [see Fig. 5(a)]. How-
ever, for magnetization perpendicular to the twofold symme-
try axis, an FM solution with a lower moment (M; ~ 1.75 ug)
has an energy only 4.2 meV/atom above the GS and can also
be followed to smaller angles. At somewhat higher energies
of about 8 meV/atom above the GS, we also found a low-
moment FM solution with My ~ 1 ug [see Fig. 5(a)]. At in-
termediate angles where the total energies of high- and low-
moment states are comparable, it is very difficult to find a
well-converged solution. Coexisting FM and AFM states are
also found for magnetization directions in a plane perpendic-
ular to the twofold symmetry axis [see Fig. 5(b)]. The AFM
state (f) represents the lowest barrier to magnetization reversal
relative to the magnetic GS.

FSF (Ref. 9) found for the Pts cluster a ground state con-
figuration in the form of a square pyramid and a huge mag-
netic moment of M; ~ 7ug, in contrast to the present work
and that of Huda et al.® In its “first excited state” the clus-
ter forms a trigonal bipyramid with a lower magnetic moment

of My ~ 4.4 ug (Ms = 3.6 ug, M = 0.8 uug). Hence energy
difference between these two states of 1.1 meV/atom is not an
MAE, but a structural and magnetic energy difference.

To allow a comparison with their results it is of interest to
also explore the magnetic properties of the three-dimensional
structural isomers of the Pts cluster. For the square pyramid
the three stationary magnetic states we have been able to iden-
tify are shown in Fig. 6. In the magnetic GS the fourfold
symmetry of the geometric structure is broken by slightly dif-
ferent bond lengths of 2.56 and 2.57 A in the basal plane;
although all four atoms carry the same spin and orbital mo-
ments. The large total magnetic moment of Mj; = 5.3 ug
(Ms=3.9ug, M_ = 1.4 ) is aligned parallel to the edge
of the square, but the local magnetic spin and orbital mo-
ments are slightly canted relative to the overall magnetization
direction [see Fig. 6(a)], in line with the reduced symmetry.
Rotation of the magnetization direction parallel to the basal

AE = 1.02 meV/atom
2'mm’

AE = 0.00 meV/atom
2’m'm’

»
X

)"

- >
256 A

AE = 20.70 meV/atom
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FIG. 6. Geometric and magnetic structures of a Pts cluster forming a square
pyramid for in-plane [(a) and (b)] and perpendicular (c) magnetizations, cf.
Fig. 1 and text.
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FIG. 7. Geometric and magnetic structures of a Pt cluster forming a trigonal
bipyramid for in-plane (a) and perpendicular (b) magnetizations, cf. Fig. 1
and text.

plane requires to overcome a modest in-plane MAE of 1.02
meV/atom. In the saddle-point configuration the magnetiza-
tion is parallel to the diagonal of the base; the fourfold sym-
metry is broken for both the geometric and magnetic struc-
tures [see Fig. 6(b)], although the total cluster moment re-
mains unchanged. Initialization of the magnetization along
the fourfold axis leads to a stationary magnetic state with
a lower total moment of M; =39 ug (Ms=29ug, M. =
1.0 ug) aligned along the axis, but again canted local mo-
ments [see Fig. 6(c)]. The bonds connecting the atoms in the
basal plane to the vertex are slightly elongated by 0.02 A. The
energy of this axial low-moment state is 20.7 meV higher than
that of the ground state.

Our magnetic ground state configuration for the trigonal
bipyramid is shown in Fig. 7(a). The threefold rotational sym-
metry is broken by a slight distortion of the central triangle.
The magnetic moments are ferromagnetically aligned parallel
to the central triangle of the cluster and a small difference ex-
ists between the magnetic moments of the atoms occupying its
vertices. The magnetic point group symmetry is m'm’2 ; the
easy axis is aligned with the twofold symmetry axis. The total
magnetic moment of My = 3.7 ug is slightly lower than the
moment calculated by FSF (Ref. 9) (considering the differ-
ences in the calculations of the local moments) and also lower
than the spin moment of 4 ug derived for the scalar relativis-
tic case. In-plane rotation of the magnetic moment to a direc-
tion parallel to one of the edges of the triangle increases the
energy by only 0.06 meV/atom. Alignment of the magnetiza-
tion direction parallel to the axis of the bipyramid restores the
threefold symmetry axis and leads to a ferromagnetic config-
uration with a total moment of M; = 3.8 ug (magnetic point
group 6m’2") which is higher in energy by 4.3 meV/atom. In
contrast to the strong anisotropy of both spin and orbital mo-
ments of the planar cluster, for the three-dimensional structure
the spin moment is almost isotropic and the orbital anisotropy
is modest on the three atoms occupying the central triangle
and more pronounced only at the apices.

Hence for the two three-dimensional structural isomers
of the Pts cluster, our analysis qualitatively confirms the
observation of FSF: the out-of-plane MAE of the square pyra-
mid of 20.7 meV/atom is larger than the structural energy dif-
ference of 6 meV/atom between the square pyramid and the

J. Chem. Phys. 134, 034107 (2011)

trigonal bipyramid in their respective magnetic ground states.
However, this is a structural energy difference, and not a mag-
netic anisotropy energy. Also, the GS of the Pts cluster is pla-
nar and the MAE of the planar cluster is lower than the struc-
tural energy difference to the three-dimensional isomers.

E. Ptg

The predictions for the structure of a Ptg cluster avail-
able in the literature scatter widely. The earlier scalar rela-
tivistic calculations in our group led to the surprising result
that a capped square pyramid with a magnetic moment of
6 ug is lower in energy by 23 meV/atom than an octahedron
in the same spin-state and also lower in energy than any pla-
nar configuration.” Xiao and Wang® found the lowest energy
for a planar geometry consisting of a central square capped
on two sides by two triangles, lower by about 27 meV/atom
than both an octahedron and a trigonal prism. Bhattacharya
and Majumder®” and Nie et al.*® predicted a planar geometry
consisting of four edge-sharing triangles, which was found to
be favored by a large energy difference of 110 meV/atom over
the most favorable three-dimensional structure (a capped trig-
onal bipyramid). Sebetci® found a distorted trigonal prism
with a moment of 6 ug to be lower in energy by 25 meV/atom
than a distorted capped square pyramid with the same mag-
netic moment and much lower in energy than a strongly dis-
torted octahedron. This lack of agreement on the most basic
features of the cluster prompted us to repeat the scalar rela-
tivistic calculations for all candidate structures with stringent
criteria on energy and force convergence. A regular trigonal
prism (interatomic distances 2.57 A in the basal plane, height
2.51 A) and a magnetic moment of 8 ug were found to be
the ground state with an energy lower by 11 meV/atom than
the square pyramid plus an ad-atom (magnetic moment 6 ug)
and by 26 meV/atom than an almost perfectly symmetric oc-
tahedron with a magnetic moment of 6 ug. Among the pla-
nar structures the configuration reported by Xiao and Wang®
was found to be favored (but higher in energy by more than
100 meV/atom than the three-dimensional structures).

If SOC is taken into account, the energetic order is re-
versed in favor of the octahedron with a noncollinear low-
moment state [see Fig. 8(a)] which is found to be lower in
energy by 13.8 meV/atom than the square pyramid plus ad-
atom with Mj; = 5.0 ug [see Fig. 8(c)]. Compared to the
octahedron, a trigonal prism with a magnetic moment
of M; =6.9ug [Fig. 8(e)] is energetically disfavored by
35 meV/atom and a planar structure [similar to that of Pts,
see Fig. 8(g)] with My = 2 ug by 140 meV/atom. For all four
structural isomers, the energy difference refers to the mag-
netic ground state derived from calculations with initial mag-
netic configurations differing in the magnitude and direction
of the magnetization.

In the magnetic ground state, the Pt octahedron has a
perfect octahedral geometry with all interatomic distances
equal to 2.62 A but the distribution of the magnetic moments
breaks the octahedral symmetry. The magnetic structure is
noncollinear. The four Pt atoms occupying the equatorial
plane carry spin moments of 0.26-0.27 ug, directed along the
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FIG. 8. Geometric and magnetic structures of a Ptg cluster in different configurations. (a) and (b): Octahedral ground state geometry with the magnetic
structure in the easy (a) and hard (b) axis configurations. (c) and (d): Capped square pyramid magnetized along the easy (c) and hard (d) directions. (e) and
() Trigonal prismatic configuration magnetized along the easy (e) and hard (f) directions. (g)—(i): Planar structure with perpendicular (g) and in-plane [(h) and
(i)] magnetizations. Below each configuration, the energy differences relative to the GS and the magnetic point group symmetry are listed. For the definition of

symbols, see Fig. 1.

face-diagonals; pairs of moments are perpendicular to each
other, see Fig. 8(a). The local-orbital moments are directed
along the edges of the octahedron; moments aligned parallel
to the same edge point into opposite directions. The atoms on
the apical sites carry small spin and orbital moments which
are also parallel to the equatorial plane. The local magnetic

moments add up to a cluster moment of M; = 0.83 ug, di-
rected essentially perpendicular to one of the triangular facets
of the octahedron. Due to the complex magnetic structure, the
magnetic symmetry group is only 2'2’2. The hard magnetic
axis points along the fourfold symmetry axis of a slightly
distorted octahedron with point group symmetry 4mm. The
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magnetic structure is collinear but breaks the fourfold sym-
metry; the magnetic point group symmetry is only 2'2'2, as
for the magnetic GS. Spin and orbital moments of the atoms
in the equatorial plane have almost the same size as in the
easy axis configuration but are rotated parallel to the over-
all magnetization direction. The total magnetic moment is
Mj; = 2.5 ug; the MAE is only 1.4 meV/atom. The exis-
tence of a noncollinear magnetic GS of the octahedral Ptg
cluster might seem surprising, but the existence of compet-
ing exchange-interactions has been demonstrated already in
the scalar relativistic calculations where an antiferromagnetic
configuration was found to be favored over a nonmagnetic
state for zero total spin and ferrimagnetic configurations were
reported for low-moment isomers of the Pts octahedron.

The second structural isomer is a distorted square pyra-
mid plus an ad-atom with a low symmetry (point group m).
In the magnetic ground state the spin moments are aligned
parallel to one of the edges of the basal plane of the pyra-
mid and orbital moments are slightly canted relative to the
spins [see Fig. 8(c)]. The local moments add to a cluster mo-
ment of M; = 4.8 ug. A rotation of the magnetization direc-
tion to a perpendicular direction in the basal plane changes
the cluster moment to My = 4.6 ug (the spin moment is re-
duced from 3.5 to 3.2 ug, while the orbital moment increases
by 0.1 ug) and costs an “in-plane” MAE of 2.9 meV/atom
[see Fig. 8(d)]. If the magnetic moment is perpendicular to
the basal plane, both spin and orbital moments are reduced
(Ms=2.7ug, M. = 1.1 ug, My = 3.8 ug). The perpendic-
ular MAE is 12.5 meV/atom.

The magnetic ground state for the trigonal prism in
its high-moment state with My = 7.6 ug is perpendicular to
the triangular basis and the magnetic structure preserves the
threefold symmetry (magnetic point group symmetry é’m’z/),
see Fig. 8(e). If the magnetization is perpendicular to one
of the rectangular facets, the slight differences in the lo-
cal spin and orbital moments break the threefold symmetry
and the magnetic point group symmetry is reduced to m'm'2
[Fig. 8(f)]. Both spin and orbital moments are reduced, result-
ingin My = 6.9 ug. The MAE is 15.7 meV/atom.

For the energetically least favorable planar configuration,
we calculate an easy axis perpendicular to the plane of the
cluster [see Fig. 8(g)]. The cluster is in a low-moment state
with My = 2.0 ug. In-plane configurations with the magne-
tization oriented along the long and short axes of the clus-
ter and a total magnetic moment of about 2 ug [Figs. 8(h)
and 8(i)] are disfavored by MAEs of 0.63 and 0.82 meV/atom,
respectively. MAE and spin and orbital anisotropies are much
smaller than those for the planar Pts cluster.

No AFM configurations could be found for any of the
structural isomers of the Pt cluster. It is interesting that for
both the Pts and Pts clusters, low-moment configurations are
stabilized in the planar configurations while high-moment
states are formed in the three-dimensional structures.

IV. DISCUSSION AND CONCLUSIONS

In summary we find that spin—orbit coupling has a strong
influence on the geometric and magnetic structures of small
Pt clusters. (i) Planar structures are stabilized up to Pts; for

J. Chem. Phys. 134, 034107 (2011)

larger clusters, the energetic order of different structural iso-
mers is changed. (ii) The clusters have large orbital magnetic
moments comparable to the spin moments; both are strongly
anisotropic. The anisotropy of the moments decreases with
increasing size of the clusters. (iii) SOC leads to a mixing
of different spin-states; the total magnetic moments can be
enhanced as well as reduced compared to a scalar relativis-
tic treatment. (iv) Local spin and orbital moments can be
noncollinear, but the total spin and orbital moments of the
cluster are always aligned. (v) An antiferromagnetic ground
state is found for both planar and tetrahedral Pt, clusters.
For a planar Pts cluster the moments are ferromagnetically
aligned, but the first excited magnetic state shows antiferro-
magnetic ordering. (vi) The magnetic potential-energy sur-
face as a function of the orientation of the magnetization (or
of the local magnetic moments for AFM states) consists of in-
terpenetrating sheets representing different magnetic isomers
(low- and high-moment FM as well as AFM states). (vii) The
magnetic anisotropy energy (taken as the energy of the lowest
saddle-point on the magnetic energy surface leading to mag-
netization reversal of an FM GS) can correspond to a low-
moment state (Pt,, Pt3), an AFM isomer (Pts), or even to a
configuration with higher total moment than that in the GS
(Ptg). No MAE can be given for Pt because the GS is antifer-
romagnetic.

These surprising results are a consequence of the strong
spin—orbit coupling inducing a splitting of the eigenstates,
which is comparable to the exchange splitting and much
larger than the average level spacing. In the absence of
exchange splitting and SOC, the geometric structure of the
nonmagnetic clusters is determined by the formation and
occupation of bonding/antibonding states, depending on the
hybridization of the atomic orbitals. Formation of magnetic
moments leads to an exchange splitting between majority and
minority spin states. For a metal with a nearly filled d-band
such as Pt, the majority states will be completely occupied
whereas the occupation of the antibonding minority states
will be reduced (favoring the formation of a magnetic GS).
Even at a scalar relativistic level, magnetism can influence
the structural stability of clusters. For example, for a Ptg
cluster with vanishing total moment, a square pyramid plus
an ad-atom and an incomplete trigonal bipyramid are almost
energetically degenerated and favored over the octahedron or
the trigonal prism.” Whether SOC leads to a further splitting
and a reordering of the eigenstates around the Fermi level de-
pends on the magnetic symmetry of the cluster. Without SOC
both spin-up and spin-down states can be classified according
to the point group symmetry of the cluster. For example, for a
Pt, dimer ddz and dds$ states are twofold degenerate due to
mirror and time-reversal symmetry. The degeneracy of these
states is conserved for magnetization perpendicular to the
dimer axis but lifted for parallel magnetization because re-
flection and time-reversal are no longer symmetry operations.
The large SOC splitting changes the occupation of states
close to the Fermi level and favors the occupation of states
with a large orbital moment.'%? For the trimer and pentamer
the geometric structure corresponds to PGS 2mm. The
magnetic PGS (Ref. 45) of the GS of Pt3 is m'm’2 and that of
the other two stationary configurations is 2’m’'m (where the
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symbols m" and 2" indicates that the symmetry operation must
by combined with a time-reversal operation which reverses
the direction of axial vectors such as the magnetic moment).
For the Pty cluster the geometric PGS mmm is changed to
m'm’'m’ for the AFM and to mm'm’ for the FM states. For the
FM states of Pts with crystallographic point group 2mm, the
time-reversal operation has to be applied to a mirror operation
if the magnetization is parallel to the mirror plane and to the
twofold rotation if the magnetization is perpendicular to the
axis (as indicated in Fig. 4); similar rules apply to the AFM
configurations. For the GS of the Ptg cluster the crystallo-
graphic PGS m3m of the octahedron is reduced by different
local magnetic moments on crystallographically equivalent
sites to 2/2'2. For the first excited state the geometric symme-
try is reduced to 4/ mmm, but the magnetic symmetry is again
2'2'2. Mirror and/or rotational symmetries induce degenera-
cies which are lifted by SOC if the symmetry is broken for
a given direction of the magnetization. The stabilization of
different magnetic isomers depends on the interplay between
exchange splitting and spin-orbit splitting of eigenstates,
depending on the magnitude of the exchange splitting (and
hence of the magnetic moment) and on the direction of mag-
netization. These very general considerations also suggest
that similar strong spin-orbit effects will also be found in
other nanostructures of the heavy 5d metals. An example has
already been reported by Smogunov et al.*> who reported for
a Pt monowire ferromagnetic order if the moment is perpen-
dicular to the axis of the wire which disappears completely if
the magnetization is forced to be parallel to the wire.

The structural and magnetic properties of the Pt clusters
illustrate the complexity of the interplay of strong SOC, ex-
change splitting, and hybridization of the electronic eigen-
states. It must be emphasized that a combined optimization
of the geometric and magnetic degrees of freedom requires
the absence of any symmetry constraints and extremely ac-
curate calculations with very stringent limits on total energy
and force convergence. We believe that the divergent results
reported in the literature are largely due to insufficient con-
vergence (which may indeed be very slow). It must also be
emphasized that it will not be possible to test our predictions
for the magnetic anisotropy experimentally because gas-phase
clusters can always rotate freely such that the easy magnetic
axis will be aligned with an applied magnetic field. However,
these results are important for a fundamental understanding of
the intrinsic properties of these clusters, and they form a refer-
ence for investigations of clusters supported on a solid surface
where the orientation of the cluster is fixed by the binding
to the substrate and where the magnetic anisotropy is deter-
mined by the interplay between the intrinsic anisotropy of the
cluster and that imposed by the interaction with the substrate.
First results for Pt clusters supported on graphene layers will
be reported soon.*®
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Abstract

Ab initio density-functional calculations including spin—orbit coupling (SOC) have been
performed for Ni and Pd clusters with three to six atoms and for 13-atom clusters of Ni, Pd, and
Pt, extending earlier calculations for Pt clusters with up to six atoms (2011 J. Chem. Phys. 134
034107). The geometric and magnetic structures have been optimized for different orientations
of the magnetization with respect to the crystallographic axes of the cluster. The magnetic
anisotropy energies (MAE) and the anisotropies of spin and orbital moments have been
determined. Particular attention has been paid to the correlation between the geometric and
magnetic structures. The magnetic point group symmetry of the clusters varies with the
direction of the magnetization. Even for a 3d metal such as Ni, the change in the magnetic
symmetry leads to small geometric distortions of the cluster structure, which are even more
pronounced for the 4d metal Pd. For a 5d metal the SOC is strong enough to change the
energetic ordering of the structural isomers. SOC leads to a mixing of the spin states
corresponding to the low-energy spin isomers identified in the scalar-relativistic calculations.
Spin moments are isotropic only for Ni clusters, but anisotropic for Pd and Pt clusters, orbital
moments are anisotropic for the clusters of all three elements. The magnetic anisotropy energies
have been calculated. The comparison between MAE and orbital anisotropy invalidates a
perturbation analysis of magnetic anisotropy for these small clusters.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In modern magnetic recording technologies, bits of infor-
mation are stored in magnetically stable domains and a
large magnetic anisotropy energy, determining the barrier to
magnetization reversal due to thermal excitations, is therefore
required to inhibit loss of information [1, 2]. A high magnetic
anisotropy energy requires large spin and orbital moments
and a strong spin—orbit coupling. Furthermore, a reduction
of the size of the domain carrying one bit of information
necessitates an increase of the magnetic anisotropy energy per

1 Author to whom any correspondence should be addressed.

0953-8984/11/136001+19$33.00

atom. In nanostructures (ultrathin films, chains and clusters)
the magnetic spin and orbital moments are enhanced over their
bulk values because of the reduced dimensionality and reduced
coordination number, and this is expected to lead to a strongly
enhanced MAE. Therefore, the novel magnetic properties of
nanostructures have received increasing attention during the
past decade [3-6]. The ultimate limit of miniaturization is
reached for small metallic clusters.

The magnetic properties of small transition-metal clusters
have been studied extensively in the past, both experimen-
tally [3-5, 7-11] and theoretically [6, 12-23]. Attention has
focused in particular on 13-atom clusters, where generally
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the formation of icosahedral structures had been expected.
Recent ab initio studies predicted different structures for the
4d and 5d metals, without, however, reaching agreement
on the ground-state configurations [14-23]. Stern—Gerlach
experiments found strongly enhanced magnetic moments in
small Ni clusters, reaching nearly three times the value in
ferromagnetic fcc Ni. It has also been demonstrated that
small clusters of 4d and 5d metals, such as Rh, Pd, or Pt,
which are non-magnetic in the bulk, carry a magnetic moment.
Since the spin-orbit coupling in these heavy elements is much
stronger than in the magnetic 3d metals, small clusters of
these elements are expected to have a large MAE. From the
theoretical side, spin-density-functional theory (SDFT) offers
an efficient way to study magneto-structural properties of
nanostructures. However, to date most theoretical studies
have been performed in a non-relativistic or scalar-relativistic
mode, providing detailed information on the geometrical
properties and on the magnetic spin moments, but not on
orbital moments and magnetic anisotropies (see [13-15, 23]
and further references given therein). While the calculation
of orbital magnetic moments and of the magnetic anisotropy
of small metallic clusters in the gas phase has been attempted
in a number of studies based on semi-empirical tight-binding
schemes [24-28], only a few relativistic ab initio studies have
addressed this problem using SDFT [23, 29-38] and quantum-
chemical methods [39, 40]. In addition, relativistic studies
of magnetic atoms and clusters supported on non-magnetic
metallic surfaces of heavy metals using SFDT techniques have
been reported [24, 28, 41-47]. In this case the magnetic
anisotropy is determined by the interplay between the large
magnetic moment of the adatoms and the strong spin—orbit
coupling in the substrate.

Huda et al [30] investigated the effect of spin—orbit
coupling on the geometric structures of Pt, clusters (n =
2,...,5) and reported that relativistic effects lead to a
preference for planar structures, but did not report any
magnetic data. Piotrkowski et al [23] examined the effect
of spin-orbit coupling on the atomic structure of 13-atom
clusters formed by transition-metals and reported only modest
changes in the structural energy differences for the transition
metals, while for Au;s SOC was found to favor the formation
of three-dimensional over planar structures (in contrast to
the results for smaller Au clusters). Again no results on
orbital moments and magnetic anisotropies were reported. The
results of Huda et al have been contested by Sebetci [31],
who reported three-dimensional structures also for Pt tetra-
and pentamers. Fernandez-Seivane and Ferrer [32] performed
spin-density-functional calculations of the magnetic anisotropy
energies for selected Pd, Pt, Ir and Au clusters with up to
seven atoms, but with SOC implemented only in an on-site
approximation. Strandberg et al [33], Fritsch et al [35] and
Btonhski and Hafner [36] investigated the magnetic anisotropy
of a series of dimers of late transition metals from the Fe,
Co and Ni groups and attempted to relate the MAE to the
splitting of the eigenstates caused by spin—orbit coupling and
the increasing filling of the d states. Strandberg et al [33]
used the SDFT results to construct a giant-spin Hamiltonian
that allows the investigation of the angular-dependence of

the magnetic anisotropy energies. Later work by Strandberg
et al [34] extended the investigations to Co, (n = 2,...,5),
MnyNy, and CosFe; clusters. Sahoo et al [38] reported ab
initio investigations of the MAE of 13-atom clusters of Fe,
Co, and Ni, concentrating on the influence of symmetry. For
clusters with the structure of an ideal icosahedron, MAE’s of
1.7, 0.31, and 0.77 peV/atom, comparable to the MAE of
the bulk metals, have been reported for Fe;3, Co13, and Niyg,
respectively. In this case, because of the high symmetry of the
cluster, the leading contribution to the MAE is sixth order in the
SOC. A geometric distortion lowering the symmetry was found
to enhance the MAE by orders of magnitude. For Fe;3 an MAE
of 0.32 meV /atom was reported for a ‘Jahn-Teller-distorted’
cluster. However, only a restricted relaxation of the icosahedral
structure describable by one-parameter models was permitted
and the optimization was performed in a scalar-relativistic
mode, such that the possible influence of the SOC on the
cluster structure was not considered. Very recently Btohski
et al [37] performed relativistic calculations of the structural
and magnetic properties of Pt,, n = 2-6 clusters. In agreement
with Huda et al it was found that for clusters consisting of up
to five atoms SOC leads to a preference for planar structures
and that even for a six-atom cluster the energetic ordering of
different isomers is reversed. SOC leads to the formation of
large orbital magnetic moments and to a mixing of different
spin states. Due to the spin-mixing the total magnetic moment
may be larger or smaller than the spin moment in the absence
of SOC. Both spin and orbital moments are found to be
anisotropic. Because of the strong SOC the energy differences
between coexisting magnetic isomers can be comparable to
or even smaller than their magnetic anisotropy energies. In
this case the lowest barrier for magnetization reversal can be
determined by a magnetic isomer that is different from the
ground-state configuration. This result is closely related to
the finding of Smogunov et al [48], who showed that for
freestanding Pt—-monowires ferromagnetic ordering is observed
for a magnetization perpendicular to the axis of the wire, while
magnetization disappears if the moments are forced to align
parallel to the axis. Hence in this case the ‘giant’” MAE is a
demagnetization energy.

These results are important for assessing the validity of
simplified theories of the MAE. A well known expression
for the MAE was derived by Bruno [49] within perturbation
theory, assuming that the majority band is completely filled
and that the spin moments are isotropic. In this case the
MAE is proportional to the spin—orbit coupling parameter &
and to the difference in the expectation values of the orbital
moment calculated for the easy and hard axes of magnetization,
i.e. to the anisotropy of the orbital moment. Bruno’s theory
has been extended by van der Laan [50] to account for terms
contributing to second order and for a possible weak anisotropy
of the spin moment. Similarly, the description of the MAE
in terms of an effective Hamiltonian with a single giant-
spin degree of freedom given by Strandberg et al [33, 34]
assumes that the size of the effective spin moment remains
unchanged upon rotation to the magnetization directions. Both
descriptions cannot account for the results derived for Pt
clusters and monowires.
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Pt clusters with their strong SOC are a special case
because only the smallest clusters are magnetic. Magnetism
has been reported to disappear already for a cluster with about
13 or slightly more atoms. In the present work we have
extended the investigations to Ni and Pd clusters. Clusters
of the late 3d and 4d metals tend to be quite strongly
magnetic [14, 15] and their larger spin moments might at least
partly compensate for the weaker SOC.

2. Computational details

The electronic structure calculations and structural optimiza-
tions reported here have been performed employing the
Vienna ab initio simulation package VASP [51, 55]. VASP
performs an iterative solution of the Kohn-Sham equations
of density-functional theory within a plane-wave basis and
using periodic boundary conditions. A semilocal functional in
the generalized gradient approximation (GGA) [52] (PW91)
and the spin-interpolation proposed by Vosko et al [53] are
used to describe electronic exchange and correlation and
spin-polarization.  The projector-augmented wave (PAW)
method [54, 55] is employed to describe the electron—ion
interactions. The PAW approach produces the exact all-
electron potentials and charge densities without elaborating
nonlinear core-corrections, which is particularly important for
magnetic elements.

The PAW potentials have been derived from fully
relativistic calculations of the atomic or ionic reference
calculations. Spin-orbit coupling has been implemented in
VASP by Kresse and Lebacq [56]. Following Kleinman
and Bylander [57] and MacDonald et al [58], the relativistic
Hamiltonian given in a basis of total angular momentum
eigenstates |j, m;) with j =1 &+ % (containing all relativistic
corrections up to order o, where « is the fine-structure
constant) is recast in the form of 2 x 2 matrices in spin-space
by re-expressing the eigenstates of the total angular momentum
in terms of a tensor product of regular angular momentum
eigenstates |, m) and the eigenstates of the z-component of the
Pauli-spin matrices. The relativistic effective potential consists
of a term diagonal in spin-space which contains the mass
velocity and Darwin corrections, and the spin—orbit operator,

V= VE 4V =NV -1, + O STI my (L, m,
I,m

where 1, is the unit operator in spin-space and

g "_l LZ L_
|_-s_2(|_+ L)

The |-components of the scalar V; and spin-orbit V5°
potentials are weighted averages over the | + % components,
assuming that the magnetization is directed along the z-
axis. The Hamiltonian is therefore a 2 x 2 matrix in spin-
space. The nondiagonal elements arise from the spin—orbit
coupling, and also from the exchange—correlation potential
when the system under consideration displays a noncollinear
magnetization density.  Calculations including spin—orbit
coupling have, therefore, to be performed in the noncollinear
mode implemented in VASP by Hobbs et al [59] and

Marsman and Hafner [60]. The Kohn-Sham equations
with the relativistic effective potential have been solved self-
consistently. Forces acting on the atoms have been calculated
using the Hellmann—Feynman theorem.

The smallest clusters were placed into a 10 x 10 x 10 A
cubic box, being large enough to suppress any interactions
between the periodically repeated images of the clusters. The
size of the box has been extended to 15 x 15 x 15 A for the
larger 13-atom clusters. Geometric, electronic and magnetic
degrees of freedom were relaxed simultaneously without any
constraint until the change in total energy between successive
iteration steps is smaller than 10~7 eV. The calculations were
performed in two steps. First a collinear scalar-relativistic
calculation has been performed. The geometry optimization
has been performed by a static relaxation using a quasi-Newton
method, starting from different initial configurations, including
both three-dimensional and planar structures. For clusters
with 13 atoms, in addition, molecular-dynamics simulations
followed by a dynamical simulated annealing have been
performed (details can by found in the paper by Futschek et al
[14, 15]). In addition, structures proposed on the basis of
other algorithms for searching global energy minima [16, 23]
have been examined. In the second step the configurations
resulting from the scalar-relativistic calculations were used
to initialize the noncollinear calculations, including spin—
orbit coupling [59, 60], allowing again for a relaxation of
all geometric, electronic and magnetic degrees of freedom.
For each structural isomer of a cluster a set of self-consistent
calculations with different initial orientations of the magnetic
moments was performed to find the easy and hard magnetic
axes and to calculate the MAE in terms of the difference
in the total energies. For each initial configuration all
structural, electronic, and magnetic degrees of freedom have
been optimized without any symmetry constraint, but for the
converged solution the magnetic point group symmetry has
been determined.

The basis set contained plane waves with a maximum
kinetic energy of 500 eV, a convergence of the total energy
within 10~7 eV was imposed during the self-consistency
cycle. The cluster structure was relaxed without any symmetry
constraintso ulntil the forces on all atoms were less than
10 meV A ~. We have checked that the results remain
unchanged for higher cut-off energies and even more stringent
criteria for convergence. Calculations were performed for the
I'-point of the computational cell only. The total magnetic
moments of the clusters are calculated from the difference
in the integrated spin-polarized densities of states. This is
possible because spin and orbital cluster moments are always
collinear. Local spin and orbital moments are determined by
projecting the plane-wave components of the eigenstates onto
spherical waves inside slightly overlapping atomic spheres.
Because this projection depends on the choice of the atomic
radius, the sum of the local moments is not necessarily
identical to the total cluster moment.

3. Results

Some of the effects of spin-orbit coupling have already been
documented in earlier studies [30, 37], and these findings have
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Figure 1. Binding energies of Ni, Pd, and Pt clusters calculated in
the scalar-relativistic approximation and including SOC. Bulk
cohesive energies are marked for comparison by full symbols at the
right margin. Cf the text.

been confirmed by our calculations. (i) The SOC energies
per atom (defined as the difference in the total energies with
and without SOC) show only a modest variation with the
size of the cluster. For Pt clusters, the values oscillate
around 0.45 eV/atom [30, 37], they are much smaller for Pd
(~0.05 eV/atom) and Ni (~0.01 eV/atom) clusters. (ii) The
binding energy of the clusters, calculated with respect to
the separated-atom limit, is reduced by SOC for Ni (by
about 0.035 eV/atom) and Pt (by about 0.20 eV/atom)
cluster, because SOC makes a larger contribution to the
total energy of the isolated atoms with an open d shell
(electronic configuration d°st), see figure 1. For Pd clusters,
SOC enhances the binding energies on average by about
0.02 eV/atom because the SOC energy of the free atoms
with their closed d'® shell does not outweigh the corrections
to the total energy of the clusters. For Niy, the reduction
of the binding energies leads to slightly better agreement
with the experimental values of Grushow and Evin [69],
E, = 1.44/158/1.70/2.04 eV /atom for n = 3-6, to be
compared with Ep, = 1.92(1.89)/2.22(2.18)/2.47(2.43)/2.69
(2.65) eV /atom from theory (SOC corrected values in paren-
theses), although it should be emphasized that experimental
binding energies are subject to large uncertainties. No
experimental values are available for Pd and Pt clusters.
(iii) The influence of SOC on the cluster geometry is modest
in most cases. Changes in bond lengths are very small, usually
less than 0.01 A. (iv) For Ni and Pd clusters the energetic
order of different structural isomers remains unchanged, while
for Pty clusters SOC favors planar structures for n up to
5 [30, 37]. In the following, the discussion will concentrate on
the magneto-structural properties of transition-metal clusters,
and the correlation between their geometry and magnetism.

3.1. Trimers

The scalar-relativistic calculations for Ni and Pd trimers predict
a ground-state configuration forming an equilateral triangle,
a magnetic spin moment of us = 2ug (i.e. S = 1, spin
triplet), and bond lengths of 2.20 and 2.52 A, respectively.
For this highly symmetric configuration the highest molecular

orbital is triply degenerate, but occupied by only two electrons.
Hence it is expected that the cluster undergoes a Jahn-Teller
distortion lowering the symmetry from D3, = 6m2 to Cypy, =
mm2. According to the calculations by Futschek et al [14, 15],
for a Niz trimer a minimal distortion with a difference of
0.01 A between one short and two long bonds occurs, while
for Pd; and Pt; 6m2 symmetry is preserved. The stability
of Pd and Pt trimers at the SDFT level against Jahn-Teller
distortion is consistent with other SDFT calculations, while
Balasubramanian et al [39, 61] and Valerio and Toulhoat [62]
have shown that calculations at a multiconfiguration Hartree—
Fock level or using hybrid functionals mixing Hartree—Fock
and DFT exchange predict a broken symmetry. However, it
must be pointed out that the deviations from perfect threefold
symmetry reported there are very modest, with differences in
the bond lengths around 0.01 A and in the bond angles of the
order of 0.02°-0.04°.

The calculations including spin—orbit coupling have been
initialized with three different orientations of the magnetization
direction: in-plane, along the z-direction (i.e. along a twofold
symmetry axis of the equilateral triangle—for the definition
of the coordinate system see figure 2), out-of-plane, along
the y-direction, and along the [111] direction. For in-plane
and out-of-plane orientations the total energy is stationary
with respect to a rotation of the magnetic axis. The former
represents the easy, the latter the hard magnetic axis. The
difference in the total energies defines the MAE, which is 2.35
and 0.85 meV/atom for Ni and Pd trimers, respectively. For
an initially oblique direction, the magnetic axis relaxes to the
in-plane orientation. For the Nis cluster in this relaxed state,
the moments form an angle of about 30° with the easy axis,
i.e. they are oriented along one of the edges of the triangle
and the energy difference of 0.1 meV defines the very low in-
plane anisotropy energy. For the Pds trimer the angle with
respect to the easy axis is about 60°, i.e. the magnetization
relaxes to a symmetry-equivalent easy axis, and the total
energy difference is only 0.02 meV /atom—essentially on the
edge of the computational accuracy.

The orientation of the magnetic axis can break the
symmetry of the cluster. For a magnetization axis
perpendicular to the plane of the trimer, the threefold symmetry
is conserved. The magnetic point group (MPG) symmetry
6m'2’ (in Hermann—-Mauguin notation [63], a prime attached
to a symmetry operation indicates that this operation must
be combined with a time-reversal operation which reverses
the direction of axial vectors such as the magnetic moment)
is compatible with the ferromagnetic alignment of the local
moments along the main symmetry axis. For an in-plane
magnetization direction both the geometric and the magnetic
symmetry are reduced to orthorhombic. We find isosceles
triangles for both trimers, with two short and one long edge for
the Ni3, and two long and one short edge for the Pd3 cluster (see
figure 2). However, while the geometric distortions are modest
(differences in bond lengths do not exceed 0.02 A), large
differences appear in the local magnetic moments. The MPG
is m'm’2, compatible with the parallel alignment of the local
spin moments and the canting of the local orbital moments
towards the twofold symmetry axis. The local total magnetic
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Figure 2. Structure and local spin (upper value) and orbital magnetic moments (lower value) (in ug) of Niz ((a), (b)) and Pd; ((c), (d)) clusters
in their easy-axis (first row) and hard-axis (second row) configurations. The spin and orbital moments are represented by the red (light gray)
and blue (dark gray) arrows. For each configuration the magnetic point group symmetry and the energy difference relative to the ground state

are listed below. Cf the text.

moments are larger on the atom occupying the vertex pointing
along the easy axis, i.e. oriented along the mirror plane of the
structure (see figure 2). Total spin and orbital moments of the
cluster and the local spin and orbital moments at the site with
the highest moment are always collinear, but on the other two
sites spin and orbital moments are canted by angles varying
between £25° (Pd3), £46° (Pt3) and +48° (Ni3) and the local
spin moments are also slightly canted relative to the global
magnetization axis, see figure 2.

While in a scalar-relativistic description both trimers have
a spin moment of 2 ug (S = 1), SOC induces a mixing
of different spin states with the largest contributions coming
from low-lying spin isomers. For the Ni trimer, both low-

and high-spin isomers have high excitation energies (larger
than 77 meV) in the scalar-relativistic approximation, while
for Pd3 S = 1 and S = 0 isomers are energetically
degenerate [14, 15]. Consequently, the relativistic calculations
yield a spin moment which is slightly enhanced for Ni (us =
2.19 ug), but reduced for Pd (us = 1.66 ug). The orbital
moments increase with increasing strength of the SOC as
expected, we find . = 0.58, 0.93 and 1.07 ug, and uy =
2.77, 2.59 and 2.54 ug for Ni, Pd and Pt [37] in their easy-
axis orientation, respectively.

Spin and orbital moments of the clusters show different
degrees of anisotropy: for Niz the spin moment is isotropic,
but the orbital moment is strongly reduced for the out-of-plane
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(hard) orientation (0.06 wg/atom). For Pds both spin and
orbital magnetic moments are only weakly anisotropic, the spin
moment is lower, the orbital moment larger along the easy axis.
For the Pd3 cluster with out-of-plane magnetization we could
also identify a low-moment (LM) magnetic isomer, which is
higher in energy by 7.9 meV/atom than the GS magnetic
configuration. For the Pt trimer we had found [37] that the
rotation of the magnetic moment to a direction perpendicular
to the plane induces a transition to a LM isomer, with reduced
spin and orbital moment. For the Pd trimer such a LM isomer
exists, but it does not form the GS, for the Ni-triangle our
calculations failed to find LM magnetic isomers for different
orientations of the magnetization.

For triangular Pd and Pt trimers much larger MAE’s of
8.3(10.0) meV/atom and 11.4(4.8) meV/atom, respectively,
have been reported by Fernandez-Seivane and Ferrer [32]
from calculations using the local-density approximation (LDA)
and gradient-corrected functionals (GGA results given in
parentheses). The easy-axis orientation described in their
paper is also in-plane with noncollinear local spin moments for
Pt;. The MAE is calculated as the energy difference between
this ground-state configuration and the first excited magnetic
isomer with out-of-plane orientation. Information on the
cluster geometry and on the spin and orbital magnetic moments
can be found in the supplementary information to their paper.
Quite generally we find that for most clusters these authors
report larger spin and lower orbital moments than we find in
our work. What is more important, however, is that irrespective
of the functional that has been used, Fernandez-Seivane and
Ferrer report much larger spin and orbital anisotropies for
both trimers. It appears that the differences in the orbital
moments are a consequence of the on-site approximation used
for the calculation of the spin—orbit coupling matrix elements
within their local orbital approach [64], while the local spin
moments are derived from a Mulliken analysis. It has been
demonstrated that the Mulliken analysis based on overlapping
local orbitals systematically leads to larger local moments
than the integration over atomic spheres [38]. The anisotropy
in the total magnetic moment per trimer can be as large as
0.88 wg, distributed about equally between spin and orbital
contributions. With such a large change in the moment, it
appears to be legitimate to raise the question whether their
‘excited state’ really differs from the ground state only by a
rotation of the magnetization direction and if it does not rather
represent an excited magnetic isomer. If we add the excitation
energy for the LM isomer of the Pd3 cluster to our calculated
MAE, we arrive at an energy which is very close to the value
reported by Fernandez-Seivane and Ferrer [32].

3.2. Tetramers

According to the scalar-relativistic calculations the ground
state of the Ni, tetramer is a distorted tetrahedron (the point
group symmetry is lowered to S, = 4, with two short edges
of 2.20 A and four long ones of 2.32 A) and a spin moment
of us = 4 upg and local moments of 1 wg on all four atoms.
A Pd, cluster forms a regular tetrahedron (edge length 2.61 A,
symmetry group Tq = 43m) with a magnetic moment of g =

2 ug. For the calculations including SOC, again three different
orientations of the magnetic moment have been chosen for the
initial configuration: (i) along the x-axis, i.e. parallel to one of
the edges of the tetrahedron (see figure 3), (ii) along the z-axis,
i.e. perpendicular to one of the edges of the tetrahedron (this is
parallel to a twofold symmetry axis), and (iii) along the [111]
direction (for a perfect tetrahedron this would be parallel to a
threefold symmetry axis).

While for a Pty cluster SOC induces a preference for a flat
structure (a rhombus whose short diagonal has almost the same
length as one of the edges) [30, 37], for the Ni and Pd tetramers
the tetrahedral structure and bond lengths remain unchanged.
For Pd, the structural energy difference between tetrahedron
and rhombus is even increased by 40 meV /atom by including
SOC. For Niy the total energy is found to be stationary for a
magnetization perpendicular to the edges of the cluster, aligned
along one of the edges of the tetrahedron or parallel to one of
the threefold symmetry axes (along the [111] direction), see
figures 3(a)-(c). The total magnetic moment of the cluster
is w3 = 3.80 ug, i.e. slightly lower than the spin moment
resulting from a scalar-relativistic calculation. The reduction
of the spin moment is expected because of the existence of
a S = 1 isomer with a low excitation energy of 27 meV,
while a S = 3 isomer is higher in energy by 130 meV [15].
The admixture of a low-spin state is compensated by a
modest orbital moment. The easy magnetization direction is
perpendicular to the edge, the hard oriented parallel to an edge.
Both spin and orbital moments of the cluster are isotropic
within the computational accuracy, and this is also reflected
in a small MAE of 0.46 meV /atom. The local orbital moments
are slightly canted relative to the spin moments.

The symmetry of the geometric structure is reduced to
C,y = mm2, the magnetic point group m'm’2 allows a parallel
alignment of the local spin moments and a slight canting
of the orbital moments in all three magnetic configurations.
For a magnetization oriented along the hard axis, the broken
symmetry is reflected by slightly different orbital moments
on pairs of atoms (see figure 3(b)), for a magnetization
perpendicular to one of the triangular faces the local orbital
moment is smaller on the atoms in the plane perpendicular
to the magnetization and larger on the fourth atom (see
figure 3(c)). For this orientation of the magnetization, the MAE
isonly 0.11 meV/atom. The total orbital is almost the same for
all three configurations.

For the Pd, cluster calculations, including SOC conserves
the perfect tetrahedral symmetry of the geometric structure
and the bond lengths, and thus magnetic moments initialized
parallel or perpendicular to one of the edges of the tetrahedron
(and hence parallel to a twofold symmetry axis) converged
to energetically degenerate stationary solutions with spin and
orbital moments of us = 1.84 ug, u. = 0.48 ug, and puy =
2.32 up. A slight reduction of the spin moment compared to
the scalar-relativistic result is overcompensated by the orbital
moment of the cluster. However, as no magnetic point group
with tetrahedral symmetry is compatible with a ferromagnetic
state [63], magnetization necessarily reduces the symmetry
of the cluster. For the easy-axis orientation the MPG is
m'm’2, with the total magnetic moment parallel to the twofold
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Figure 3. Structure and local magnetic moments of Ni4 ((a), (b), and (c)) and Pd, ((d), (e)) clusters for different orientations of the

magnetization direction. Cf figure 2 and the text.

symmetry axis. The size of the local spin and orbital moments
is the same on all four sites, the local orbital moments are
slightly canted relative to the overall magnetization directions
(see figure 3(d)). For a magnetic moment oriented along a
threefold symmetry axis the total and local spin moment are
the same, but the local orbital moments are now aligned with
the spin moments. The local orbital moment is significantly
larger on the atom located on the threefold symmetry axis. This
leads also to a small enhancement of the cluster orbital moment
to u = 0.51 ug. The MPG is 32". This magnetic axis is
disfavored by an MAE of 0.26 meV /atom.

For the Pty cluster, inclusion of SOC not only stabilizes
a planar over the tetrahedral structure (in agreement with
Huda et al [30] and Xiao and Wang [65], but in disagreement
with Sebetci [31]), it also stabilizes an antiferromagnetic
ground state [37]. For a tetrahedral Pt cluster a noncollinear

antiferromagnetic ground state with the local moments
oriented along the four threefold symmetry axes was reported.
The geometric structures predicted for Pd, and Pt4 structures
agree with the results of Fernandez-Seivane and Ferrer [32].
For the Pd, tetrahedron these authors report two frustrated
noncollinear ferromagnetic configurations to be lower in
energy than a noncollinear antiferromagnetic configuration,
similar to that reported by Btohski et al [37] for the Pty
tetrahedron. In the two energetically most favorable states, a
large magnetic moment exists only at one site. A total spin
moment of about 1 g and a modest orbital moment of about
0.2 ug seems to be hard to reconcile with a spin moment
from the scalar-relativistic calculations, which, according to
the number of valence electrons, can only be zero or an even
multiple of ug. The energy difference between these two
configurations of 3.5 meV/atom has been interpreted as the
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MAE of the cluster—this would be one order of magnitude
larger than our result.

3.3. Pentamers

For all pentamers the scalar-relativistic calculations predict a
trigonal bipyramid (point group symmetry Dz, = 6m2) to be
the ground-state configuration, with a spin of S = 2 for Nis
and Pts and S = 1 for Pds. The lengths of the bonds forming
the central triangle of Nis (2.25 A) are shorter than the bonds
to the atoms at the apices (2.33 A). In contrast, in the Pd
pentamer the bonds forming the triangle are longer (2.91 A)
than the remaining bonds (2.56 A). However, a structure which
is closer to that of the Ni pentamer is almost energetically
equivalent. The local magnetic moments of the apical atoms
are always slightly lower than those on the atoms forming the
central triangle: 0.74/0.84 ug and 0.35/0.43 ug for Nis and
Pds, respectively.

The calculations including SOC have been initialized with
the magnetic axis parallel to the threefold symmetry axis,
within the plane of the central triangle, and along the [111]
direction. Adding spin—orbit coupling stretches the interatomic
distances within the central Ni-triangle by 0.01 A, the total
magnetic moment of the Nis cluster is uy = 4.27 ug, us =
3.82 ug and . = 0.45 ug in the magnetic ground state
with the easy magnetic axis in the equatorial plane, along
a twofold symmetry axis (see figure 4(a)). In the ground-
state configuration local spin and orbital moments are strictly
collinear, both spin and orbital moments are smaller on the
apical atoms. The hard magnetic axis is the threefold symmetry
axis. The spin moments are isotropic, the orbital moments
are the same on all atoms with . = 0.10 ug, leading to a
slight increase of the total orbital moments to 0.50 ug (see
figure 4(c)). A magnetization perpendicular to the threefold
axis reduces the magnetic symmetry to orthorhombic (MPG
m’'m’2), without inducing a geometric distortion and with only
very small differences in the local orbital moments. For the
hard magnetic axis parallel to the threefold symmetry axis the
MPG is 6m'2". The MAE is 0.27 meV /atom relative to the in-
plane orientation, although this configuration has slightly lower
orbital moments. The in-plane anisotropy is determined by a
rotation of the magnetization by an angle of 60° with respect
to the twofold symmetry axis of the central equilateral triangle
(see figure 4(b)), it amounts to only 0.09 meV /atom at almost
isotropic total spin and orbital moments.

For the Pds cluster SOC changes the geometry for in-
plane magnetization: the equatorial plane forms an isosceles
triangle with one bond shorter by 0.03 A than the remaining
two, and the distances between the apical atoms are stretched
by about 0.02 A. The crystallographic symmetry is reduced
to C,y = mm2. The easy magnetic axis lies again in
the equatorial plane, in this case we also determine a larger
in-plane anisotropy energy than for Nis: a rotation of the
magnetization axis by 60° leads to an increase of the total
energy by 0.91 meV/atom (see figures 4(d) and (e)). In both
cases the MPG is m'm'2. The cluster moments for in-plane
magnetization are ny = 2.38 ug, us = 1.81 ug and u, =
0.57 ug; i.e. mixing with low-spin states is overcompensated

by the orbital moment. Local orbital moments are slightly
canted relative to the local spin moments only on the apical
atoms. Rotation of the magnetic axis within the plane leaves
the spin moments almost unchanged, but the total orbital
moment slightly decreases for the hard in-plane orientation.
Calculations initialized along the threefold axis always relaxed
to in-plane orientation of the magnetic moments. Therefore
the MAE could only be calculated for a frozen direction of
the magnetization parallel to the threefold symmetry axis,
resulting in an MAE of 2.1 meV/atom. For the hard axis the
geometric symmetry is conserved, the magnetic symmetry is
6m'2’. The spin moments are slightly, and the orbital moments
are strongly reduced to half of their value calculated for the
easy axis (see figure 4(f) for details).

For the Pts cluster SOC stabilizes a planar structure,
rotation of the magnetization axis leads to complex transitions
between different magnetic isomers [37]. For the Pts cluster
forming a trigonal bipyramid, the easy axis is again in-plane,
the total magnetic moment of the cluster is u; = 3.69 ug,
with us = 2.76 ug and . = 0.93 ug, i.e. much larger than
for Pds. The hard axis is the threefold symmetry axis. The
MAE is rather large, 4.3 meV/atom [37]. For the Pds cluster
Fernandez-Seivane and Ferrer [32] report a stable structure in
form of a trigonal bipyramid and similar spin, but lower orbital
moments than our calculations. From the Supplementary
Information to their paper we find out-of-plane (uniaxial) MAE
of 0.4 meV/atom and a very small in-plane anisotropy of
0.1 meV/atom, in good agreement with our results. The lower
orbital moments in their calculations also lead to the slightly
lower value for the MAE.

3.4. Hexamers

For the Nig cluster the scalar-relativistic calculations predict a
slightly distorted octahedral geometry (point group symmetry
reduced to Dy = 4/mmm) with a spin moment of 8 ug.
The local magnetic moments at the two apical atoms are
reduced by 0.02 g compared to those on the four equatorial
atoms. The GS structure of Pdg is a non-magnetic perfect
octahedron (symmetry group O, = m3m, bond length of
2.65 A). Previous calculations by Futschek et al [14] for Pdg
predicted the S = 1 state to be the GS, but note that the S=0
isomer is only 10 meV/atom higher in energy. For the Ptg
cluster a capped square pyramid with S = 3 was found to be
preferred over a distorted octahedron with the same spin [14].

SOC leaves the geometry of the Ni hexamer unchanged,
the total moment per cluster is reduced to w; = 7.12 ug
(us = 6.54 ug and . = 0.58 wg). The easy magnetic axis
is parallel to the fourfold symmetry axis, with collinear spin
and slightly canted local orbital moments (MPG 4/mm’'ny,
see figure 5). The local spin moments are all 1.09 pg/atom,
but large differences are found for the local orbital moments:
0.12 upg on the equatorial atoms (canted by 7° relative to the
spins) and 0.05 ug on the apices (canted by 17°). The hard
magnetic axis of Nig lies parallel to one of the edges of the
central square of atoms (i.e. along a twofold symmetry axis). In
this configuration the fourfold rotational symmetry is broken,
the MPG is mm'm’. The local spin moments of 1.09 ug/atom



J. Phys.: Condens. Matter 23 (2011) 136001

P Btofski and J Hafner

AE = 0.00 meV/atom
m'm'2

m'm'2

AE = 0.09 meV/atom
m'm'2

(©)

AE = 0.27 meV/atom
6m'2’

AE =0.91 meV/atom
m'm'2

AE =2.10 meV/atom
6m'2'

Figure 4. Structure and local magnetic moments of Nis ((a)—(c)) and Pds ((d)—(f)) clusters, calculated for different magnetization directions.

Cf figure 2 and the text.

are completely isotropic, but the local orbital moments on the
four equatorial sites are reduced to 0.09 ug/atom (canted by
+24° relative to the spins), and those on the apical atoms are
enhanced to 0.13 ug/atom and collinear to the spins. The
MAE is only 0.21 meV /atom. A stationary state is also found
for a magnetic axis perpendicular to one of the triangular facets
(for a perfect octahedron this would be a threefold symmetry
axis). The energy of this configuration is only 0.1 meV lower
than for magnetization along the hard axis.

Applying SOC to the calculation for the Pdg octahedron
promotes a magnetic GS structure with a cluster moment of
~2.6 up (;,LS = 1.90 up and uL = 0.66 ,lLB). A Jahn—
Teller distortion lowers the symmetry to D4, = 4/mmm, the
interatomic distances between the central square are stretched
t0 2.69 A, and those to the apical atoms are unchanged. This
is reflected in the local moments: the four equatorial sites
carry local spin moments of 0.28 g /atom and very small local
orbital moments of 0.03 g /atom, whereas on the apical atoms
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Figure 5. Structure and local magnetic moments of distorted octahedral Nig ((a), (b)) and Pds ((c), (d)) clusters, with magnetization along the
easy ((a), (c)) and hard ((b), (d)) magnetic axes. Cf figure 2 and the text.

both the local spin and orbital moments are enhanced to 0.39
and 0.27 ppg/atom, respectively. The magnetic moments are
strictly aligned (compare figures 5(c) and (d)). The MPG is
4/mm'nY, as for the Nig cluster. Similarly as for Nig, the
hard magnetic axis of Pdg lies parallel to one of the edges
of the equatorial square, the magnetic symmetry is reduced
to mm’'m’. A rotation of the magnetization direction from the
easy to the hard magnetic axis inverts both the geometry of the
cluster (the bonds between equatorial atoms are shortened to
2.63 A, while those to the apical atoms are stretched to 2.68 A)
and the relative size of the local magnetic moments (now, the
local moments on the apical atoms are reduced, whereas those
on the four equatorial sites are increased and canted by +21°).

For Ptg the relativistic calculations reverse the energetic
order in favor of the perfect octahedron with bond lengths
of 2.62 A [37]. In the GS, the magnetic structure of the
Pts cluster is rather complex, with strongly noncollinear local
spin and orbital moments (local spins are oriented along the
square diagonals, while the local orbital moments are aligned
along the edges and they are antiparallel and slightly deviate

10

from the equatorial plane). The cluster total moment, oriented
perpendicular to one of the triangular facets, is low
0.83 ug. The hard magnetic axis is aligned along one of the
edges of the equatorial square with an MAE of 1.4 meV /atom.

Fernandez-Seivane and Ferrer [32] reported results only
for Pdg. Geometry and bond lengths agree reasonably with
our results, but the tetragonal distortion of the octahedron is
less pronounced. The GS is almost non-magnetic, with a spin
moment of only 0.036 ug and a larger orbital moment of
0.148 wg. Their MAE of about 1 meV /atom is calculated for
a non-magnetic excited state. \We believe that the differences
in magnetic moment and total energy represent rather the
computational accuracy of their set-up rather than a true
magnetic anisotropy.

3.5. 13-atomclusters

For a cluster formed by 13 atoms it is generally expected
that the equilibrium structure is an icosahedron, because
this structure allows for the formation of the maximum
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number of nearest-neighbor bonds. Recent studies [12, 14-23]
have demonstrated that this is not the case, without,
however, converging to a generally accepted result. These
calculations have been performed using different ab initio
codes: VASP [12, 14-17, 21], SIESTA [18, 19], or
GAUSSIANO3 [20, 21] and using either plane-wave (VASP)
or localized (SIESTA, GAUSSIANO3) basis sets, pseudo-
potentials (SIESTA) or all-electron (GAUSSIANO3, VASP)
methods (note that the projector-augmented wave method
implemented in VASP uses the full electron density and hence
should be considered as an all-electron method). While
these technical differences may account for some quantitative
differences in the structural energy differences, the main
origin of the discrepancies in the predicted ground-state
configurations is probably in the algorithms used in searching
for the global energy minimum. Futschek et al [14, 15]
used a dynamical simulated annealing strategy starting with
a high-temperature molecular-dynamics run, followed by a
slow-cooling process and a final static conjugate-gradient
minimization. Wang and Johnson [16] followed a procedure
originally proposed by Stillinger and Weber [70, 71] for
generating low-energy amorphous structures. During a high-
temperature MD run, low-energy configurations are monitored,
and these selected configurations are optimized by a static
minimization. Kumar and Kawazoe [17] built the structure of
larger clusters by sequentially adding atoms to the structures
of low-energy isomers of smaller clusters. Aguilera-Granja
et al [18, 19] use static relaxations starting from clusters
with different symmetries. Fournier et al [20-22] used a
search algorithm called ‘taboo search in descriptor space’ [72]
attempting to interpolate in configuration space between
local energy minima detected in DFT calculations using
appropriately chosen descriptors, and to search for novel
candidate structures.

For the Niyz cluster the first calculations of Aguilera-
Granja et al [18] predicted an icosahedral structure with a
moment of 8 upg to be the ground state, in good agreement
with Futschek et al [15], who found a distorted icosahedron
with the same magnetic moment. More recent calculations
of Aguilera-Granja et al [19] reported a structure in the
form of a ‘fragment of a double icosahedron’ and a higher
moment of 10 ug. However, no structural or magnetic energy
differences with respect to the previously reported structure
are given. For Pd;3 Chang and Chou [12] and Futschek et al
[14] reported a GS structure forming a biplanar arrangement
of close-packed layers and a magnetic moment of 6 ug,
Wang and Johnson [16] a low-symmetry structure with the
same moment (but a slightly different biplanar structure was
found to be only 5 meV/atom higher in energy). Aguilera-
Granja et al [18, 19] reported the same conflicting results as
for Niyz. Fournier et al [20, 21] found distorted icosahedral
structures with a magnetic moment of 8 g, but the character
and magnitude of the distortion were not specified. It also
appears that their ‘global’ search algorithm did not explore
layered configurations. For Pt;3 Futschek et al [15] reported
a similar, but non-magnetic, biplanar structure as for Pdjs.
Wang and Johnson [16] found that the GS is a *double triangle’
structure with a magnetic moment of 2 g, which is essentially
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a different stacking variant of the biplanar structure reported by
Futschek et al. Kumar and Kawazoe [17] reported a triangular
bilayer structure with a capping atom in a threefold site and
= 2 ug, similar to Wang and Johnson. Aguilera-Granja et al
reported first [18] an icosahedral GS, and later [19] a structure
similar to that reported by Kumar and Kawazoe. Fournier et al
reported a structure for Pty3 described as an ‘oblate multiply
capped trigonal prism’ (which we would consider rather as
a kind of square pyramid) which is characterized either as
non-magnetic [22] or weakly magnetic (u = 2 ug) [20].
The problem is that the results are difficult to compare—
even when results for a large number of isomers are reported,
the structures dealt with in the other studies cannot be found
among them. The MD + static relaxation approach used by
Wang and Johnson [16] seems to be able to explore the largest
region of configuration space, but one has to keep in mind
that the static optimization always converges to a minimum
of the static potential energy connected to a selected high-
temperature minimum by a steepest descent path—it is not
evident that this will allow one to detect the global minimum.
The simulated annealing approach used by Futschek et al
[14, 15] depends on the quenching speed—which is always too
high. The search algorithm of Fournier et al [72] seems to look
preferentially for three-dimensional structures. A comparison
of accurate total energies could decide the issue, but at the
level of the structural energy differences in question, energies
derived from different codes cannot be directly compared, and
even if the same code has been used, the results depend on
basis set completeness (cut-off energies for plane-wave codes),
convergence criteria for forces and energies etc which are
hardly ever reported in sufficient detail.

An alternative is to compare the structural energy
differences relative to a common reference configuration, for
example an ideal icosahedron. For a Niyz cluster there is
good agreement between the structural energy differences of a
cuboctahedron of 92(88) meV /atom and of a buckled biplanar
structure of 10(10) meV//atom relative to an ideal icosahedron
calculated by Futschek et al [14] and Piotrkowski et al [23]
(results in parentheses). Equilibrium magnetic moments of
8 g for the icosahedron and 10 ug for the biplanar structure
are also in agreement. The relaxation of the icosahedron
(lowering the symmetry to Cy,) leads to an energy gain of
21 meV /atom, which is more than the 10 meV /atom for the
lowest energy structure detected by the global search algorithm
of Piotrkowski et al. Hence the distorted icosahedron is
confirmed as the equilibrium structure of the Niy3 cluster.

For Pd;3 we find that the buckled biplanar structure is
lower in energy by 26 meV /atom than the ideal icosahedron.
The energy difference for the asymmetric lowest energy
structure of Piotrkowski et al [23] is 25 meV/atom, for
the structure reported by Wang and Johnson [16] it is
22 meV/atom. All three calculations agree in a total magnetic
moment of 8 ug for the icosahedron and 6 ug for the optimal
structure. Hence for Pdiz we can only conclude that the
energy surface in configuration space is very flat, with multiple
minima differing only by a few meV /atom.

For Ptj3 the situation is different.  Relative to an
ideal icosahedron with a moment of 2 ug the energy of
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a buckled biplanar structure with zero moment is lower by
165 meV/atom (present work) and 160 meV/atom [16],
respectively. Piotrkowski et al [23] report an energy difference
of 154 meV /atom for a slightly different biplanar configuration
with a moment of 4 ug. The good agreement shows that the
comparison of the structural energy differences is meaningful.
Both studies report low-energy structures which have not been
detected using the dynamical simulated annealing strategy of
Futschek et al [14]. The energetically most favorable structure
of Wang and Johnson [16], with a moment of 2 g, is lower
in energy by 240 meV/atom, Piotrkowski et al [23] reported
a structure with the same moment and an even larger energy
difference of 271 meV /atom.

35.1. Niiz. For the Niyz cluster the scalar-relativistic
calculations predict for the distorted icosahedron with 8 g an
excitation energy for a low-spin isomer with a ferrimagnetic
structure (opposite orientation of the magnetic moment on the
atom in the center) of only 24 meV/atom. This excitation
energy is only slightly lower than the structural energy
difference of 31 meV/atom with respect to the biplanar
arrangement. The symmetry of this configuration has been
described as Cyp, but the distortion from a threefold symmetry
(point group C3, = 3m) with respect to an axis perpendicular
to the close-packed planes is only minimal. Magnetic isomers
with moments of 10 and 12 ug are almost degenerate in energy,
the local moments reflect the approximate threefold symmetry
with respect to an axis perpendicular to the planes [15]. A third
metastable structural variant consists of a centered distorted
cube, capped on four square facets such that the point group
symmetry is Dgn = 4/mmm. This configuration has spin
S = 5, and it is higher in energy by 71 meV/atom than the
distorted icosahedron.

For the Niyz cluster the fully relativistic calculations
confirm the icosahedral ground-state geometry with unchanged
interatomic distances. The structural energy difference is
slightly enhanced for the capped cube and unchanged for the
biplanar structure. For the distorted Niy3 icosahedron we have
found local equilibria for the magnetization oriented along
a pseudo-threefold or a pseudo-fivefold symmetry axis—the
former is the easy and the latter the hard magnetic axis (see
figure 6). The distortion of the geometric structure is also
reflected in small differences in the local spin and orbital
moments, in the magnetic state the mirror symmetry is broken,
the MPG is only 1. The MAE is 0.4 meV /atom. A calculation
initialized along a twofold symmetry axis also converged to the
same easy axis. For this orientation the total magnetic moment
isuy =8.97 up (us = 8.48 ug and u = 0.49 ug). The spin
moment is found to be isotropic, but for the hard magnetic axis
we calculate a larger orbital moment of ;| = 0.82 ug. Both
the spin and orbital moments on the atom in the center of the
icosahedron are reduced by about a factor of two compared to
those on the outer vertices. Local spin moments vary between
0.63 and 0.73 ug, and local orbital moments between 0.03 and
0.05 up for easy-axis, and between 0.04 and 0.08 g for hard-
axis magnetization, and most local orbital moments are canted
relative to the local spin moments by angles up to 28°.
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For the structural isomer forming a centered, capped
cube slightly elongated along the tetragonal axis, the
structural energy difference is slightly increased from 71 to
93 meV/atom. The easy magnetic axis is parallel to the
fourfold symmetry direction of the geometric structure (see
figure 6(c)). Due to small differences in the canted local
orbital moments, the MPG is reduced to m’, with the mirror
plane parallel to the (x, y)-plane. The in-plane anisotropy
is very small, only 0.06 meV/atom. In the configuration
with the global magnetization direction along the x-axis a
higher magnetic symmetry (MPG m'm’'2) with the twofold
axis parallel to the magnetization is conserved. The hard axis
is perpendicular to the fourfold symmetry axis (y-direction).
In this configuration the MPG is reduced to m’, the MAE is
0.6 meV/atom. As expected, the mixing with low-spin states
leads to a reduction of the magnetic moment relative to the spin
moment of 10 ug found in the scalar-relativistic calculations,
touy = 7.03 ug, us = 6.14 ug and uL = 0.90 ug. The
spin moment is isotropic, but the orbital moments differ by
A = 0.4 ug. On the atom in the center of the cube, the spin
moment is reduced and aligned antiparallel to that on the outer
sites, and the local orbital moments are completely quenched
(to a value smaller than 0.01 ug). Local orbital moments are
canted relative to the local spin moments, which are aligned
relative to the chosen magnetic axis.

The structural energy difference of 31 meV/atom found
for the biplanar structure relative to the icosahedron is
unaffected by SOC. If the direction of magnetization is
initialized parallel to the atomic planes, the direction of the
moments is found to be locally stable, (see figure 6(f)), with
a total cluster moment of ny; = 12.48 ug (us = 11.39 up
and . = 1.09 ug), i.e. comparable to the spin moment from
the scalar-relativistic calculations. The magnetization reduces
the symmetry to a mirror operation perpendicular to the global
magnetic moment, the MPG m is compatible with the canting
of the local orbital moments. If the direction of magnetization
is initialized perpendicular to the atomic planes, it relaxes to an
oblique orientation with unchanged spin and orbital moments.
A calculation with frozen perpendicular magnetization leads to
a configuration with conserved threefold symmetry (MPG 3),
the MAE is 0.09 meV/atom. The spin moment is isotropic, the
orbital moment is reduced from 1.23 up to 1.09 up.

Our result for the Niy3 icosahedron can be compared with
the results of Sahoo et al for icosahedral Fe, Co, and Ni
clusters [38]. If an ideal icosahedral symmetry is enforced,
a Niyz cluster has an MAE of only 0.77 peV/atom. Only
a restricted relaxation describable by one-parameter models
has been permitted: a ‘Jahn-Teller (JT) distortion” preserving
the fivefold symmetry, but contracting the cluster along the
fivefold axis, and a “Mackay (M) distortion’ reducing the point
group symmetry from icosahedral to tetrahedral and initiating
a transformation of the icosahedron into a cuboctahedron. For
Niz3, both JT and M relaxations lead to an energy gain of
about 16 meV/cluster compared to an ideal octahedron. This
is slightly smaller than the lowering of the total energy by
21 meV/atom upon unconstrained relaxation. The average
values for the spin and orbital moments per atom (0.66 g
and 0.06 ug, respectively) are very close to our values, and
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Figure 6. Geometric and magnetic structures of Niy3 clusters: the top row shows the icosahedral ground-state configurations, with the
magnetization oriented along a threefold (a) and a fivefold (b) symmetry axis. The former is the easy magnetic axis. The second row shows
the structure consisting of a centered cube capped on four square facets, with the magnetization directed along one of the Cartesian axes
((c)—(e)). The easy axis is the y-direction parallel to the fourfold symmetry axis (d), the hard axis in the z-direction (e). The bottom row shows
the biplanar structure, with the magnetization initialized along the x and z directions, i.e. parallel and perpendicular to the close-packed planes
((f), (9)). Spin moments are shown by the red arrows, orbital moments by the blue arrows. For sake of clarity, the length of the arrows
representing the orbital moments has been multiplied by ten. Cf figure 2 and the text.

also very close to the bulk values. No information on the
anisotropy of the magnetic moments is given in their work. For
a JT-distorted Niy3 icosahedron, an MAE of 0.688 meV/atom
was reported. This MAE is about 30 times larger than that
calculated for the M-distorted cluster. The MAE for the JT-
distorted cluster is of the same order of magnitude as our result,
although the full relaxation leads to a much lower symmetry.

35.2. Pdiz. For the Pdysz cluster the buckled biplanar
arrangement with a magnetic moment of 6 ug represents the
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GS, and the cluster now has perfect C3, = 3m symmetry
(although this has been overlooked in the earlier work [14]).
The magnetic energy difference from the LM (4 ug) isomer
is only 3 meV/atom, and rises to 22 meV/atom for the
HM (8 wg) magnetic isomer, reaching a value comparable
to the structural energy difference with respect to a perfect
icosahedron (symmetry I, magnetic moment 8 ug) of
26 meV/atom. The structural energy difference of a capped
cube with a central atom (symmetry D4, = 4/mmm, magnetic
moment 4 ug) is almost twice as large at 39 meV//atom [14].
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Figure 7. Magnetic structure of the Pd;3 biplanar cluster with the easy magnetic axis oriented perpendicular to the atomic planes (a) and after
rotation of the magnetization by 90° to the hard axis (b). Spin moments are shown by the red arrows, orbital moments by the blue arrows. Cf

figure 2 and the text.

The calculations including SOC for Pdiz confirm the
biplanar structure to be the ground state, but the structural
energy difference with respect to the icosahedron is reduced to
13 meV /atom, whereas that of the capped cube is increased to
57 meV/atom. The modest influence of SOC on the structural
energy differences is in agreement with Piotrkowski et al [23],
who did not report any magnetic data from their relativistic
calculations. The easy magnetic axis is perpendicular to the
atomic planes, the total magnetic moment of the cluster is
ny = 713 up (us = 541 pug, u = 1.72 up), the
orbital moment leads to an increased magnetization compared
to the scalar-relativistic limit. In this configuration, threefold
symmetry (MPG 3) is conserved (see figure 7(a)). The hard
axis lies parallel to the atomic planes, breaking the threefold
symmetry (MPG 1). The MAE is 0.28 meV/atom. The small
MAE is reflected in a low spin and orbital anisotropy: Aus =
0.20 ug and Au. = —0.06 ug. For both magnetization
axes, local spin and orbital magnetic moments are slightly
noncollinear (see figure 7).

It is remarkable that, while for the smaller clusters, from
trimer to hexamer, the easy magnetic axis is always the same
for Ni and Pd clusters, for the biplanar 13-atom clusters the
easy axis is in-plane for Ni and perpendicular for Pd. Different
orientations of the magnetic moment in the GS have been
reported for the Ni and Pd dimers [36], where they could be
attributed to the different electronic configuration of the atoms.

Any initialization of a magnetization direction for the
remaining Pd;3 structures always converges to the easy
magnetic axis, for the icosahedron parallel to a fivefold
symmetry axis, and for the capped cube parallel to the fourfold
symmetry axis.

3.5.3. Pt;3. For the Pty cluster we have examined the
buckled biplanar structure with C3, = 3m symmetry found
by Chang and Chou [12] and Futschek et al [14], as well as the
lowest energy structure identified by Wang and Johnson [16].
This structure is also a biplanar arrangement, but with two
triangular fragments of a close-packed plane with six atoms
each stacked exactly one above the other, with the 13th atom
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Figure 8. Magnetic structure of the biplanar Pt;5 cluster. Cf figure 2
and the text.

located in a threefold hollow. Wang and Johnson reported
several such triangular biplanar structures, which differ only
in the location of the 13th atom and which are all lower in
energy than the buckled biplanar structure. A 13-atom cluster
also represents the upper size-limit for a spontaneous magnetic
polarization of Pt clusters: the biplanar cluster has a non-
magnetic ground state (but very low excitation energies for
states with S = 1-4), the ground state of the lowest energy
structure, as well as that of a distorted icosahedron and a
distorted cubic structure has spin S = 1, again with low
excitation energies for low- and high-spin states.

Calculations including SOC and admitting a noncollinear
magnetic structure converge for the biplanar structure to
a magnetic state with locally fluctuating spin and orbital
moments, adding to modest cluster moments of ;3 = 1.47 ug
(us = 0.88 ug and . = 0.64 ug), quite independent of
the initialization. The distribution of the local moments breaks
the threefold symmetry (see figure 8). No clear preference
for a magnetic easy axis could be detected. This corresponds
to the scalar-relativistic fixed-moment result of energetically
degenerate S =1 and 0 isomers.

For the lowest energy triangular structure we have
initialized the magnetization along a direction perpendicular
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Figure 9. Magnetic structure of the triangular Pt;3 cluster with the lowest energy. Cf figure 2 and the text.

to the two atomic layer, and along two perpendicular in-
plane directions. For a perpendicular magnetization the
calculations converge to a non-magnetic state—this is also
the ground state. If the magnetization is initially set along
the x-direction (see figure 9), along one of the edges of the
triangle we find a slightly noncollinear magnetic configuration
(absolute values of total, spin and orbital moment wu;
158 ug, us = 1.06 ug, ur = 0.52 ug) which is only
0.08 meV /atom above the ground state. The magnetic point
group symmetry is m'. Initialization along a direction parallel
to the mirror plane of the structure (along the y-direction) leads
to a noncollinear magnetic configuration with lower moment
(n3 = 0.92 ug, s = 0.68 ug, o = 0.25 ug). The in-plane
MAE is 1.03 meV /atom.

For the distorted icosahedron we calculate a similar
magnetic configuration, with slightly larger spin (us
1.67 pg) and lower orbital (1. = 0.23 pg) moments and
a stronger canting between local spin and orbital moments.
The difference between both structural isomers corresponds to
a slightly larger scalar-relativistic energy difference between
the icosahedral spin isomers, with a preference for the S =1
state by 7 meV/atom. For the capped cubes the calculations
including SOC always converged to a non-magnetic state.
Altogether this confirms that a Pt cluster of this size is close
to a magnetic to non-magnetic transition.

4, Discussion

We have performed a first-principles investigation of the
influence of spin—orbit coupling on the structural and magnetic
properties of small transition-metal clusters formed by Ni and
Pd, completing our investigation of the MAE of clusters of
the Pt-group elements. For Pt clusters we had found that
SOC can reverse the relative stability of structural isomers
(and in particular stabilize planar structures for Pt; and Pts
clusters) and lead to a large MAE comparable to the energy
difference between magnetic isomers. In contrast, SOC
does not affect the relative stability of different structural
isomers of Ni and Pd clusters, although it can lead to modest
changes in the interatomic distances and induce changes in
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the crystallographic and magnetic point group symmetries,
depending on the orientation of the magnetization axis.

The quantities of central interest to our investigation are
the orbital magnetic moment and the magnetic anisotropy of
the clusters. The results are summarized in table 1, including
our previous results for Pt clusters [37] and on dimers of all
three elements [36]. Both the orbital moment and the MAE
are found to depend on the strength of the SOC, the size and
the geometry of the cluster. For the Ni, clusters the mixing
of different spin states caused by the coupling to the orbital
moments leads to a reduction of the spin moment (with the
exception of the trimer), the orbital moment is approximately
0.5 ug/cluster, varying only little with cluster size and leading
to a rapidly decreasing . /us ratio with increasing cluster
size. The total magnetic moment per cluster varies between
ny = 2.77 ug for the trimer and ny = 8.97 ug for the
icosahedron, the moment per atom varies around 1 g for
the small clusters and reaches 0.69 ug for the icosahedron, a
value close to that in bulk Ni. The spin moment is generally
isotropic, a substantial orbital anisotropy of either sign is found
only for the Ni dimer and trimer (Ax. = 0.2 ug and 0.4 ug,
respectively) and for the distorted Ni-icosahedron (Aug
—0.33 up).

Pd atoms differ from Ni and Pt by a different electronic
ground state (s°d* instead of s'd®). Hence, Pd clusters have a
lower binding energy than both Ni or Pt clusters, because bond
formation requires an opening of the closed d'° shell. An open
d shell is also required for the formation of a magnetic moment.
The Pd, dimer has a spin moment of ~2 ug and an almost
vanishing orbital moment, clusters with n = 2-6 have a small
spin moment increasing from 1.66 g to 1.90 wg and an orbital
moment varying between 0.93 g and 0.48 g, resulting in an
almost constant total magnetic moment per cluster of 2.45 +
0.1 up and a ratio x| /s decreasing only slowly from about
0.6 for the trimer to 0.3 for the hexamer. Pd clusters show a
very small spin anisotropy and a much larger orbital anisotropy
of either sign—except the Pd, tetrahedron with isotropic spin
and almost isotropic orbital moment. For the larger Pd3 cluster
with a biplanar structure the spin moment (5.4 ug) is much
larger and more anisotropic than the orbital moment (1.7 ug).

For Pt clusters the situation is very complex [37]. Dimer
and trimer have a ferromagnetic ground state with w;
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Table 1. Equilibrium geometry, magnetic point group symmetry (MPG) for easy and hard magnetization axis, magnetic anisotropy energy
MAE (in meV /atom), spin- and orbital anisotropies, Ausand A (in ug), and ratio of orbital and spin moments . /1¢s for Niy, Pdy,, and
Pt, clusters. If Aus is positive, larger moments are found for the easy-axis orientation. The results for dimers are quoted after [36], for Pt

clusters after [37].

Magnetic axis

Easy Hard
n Structure (MPG) (MPG) MAE Aus ApL pL/us
2 Ni  Dimer Axial Perpendicular 3.2 0.02 020 0.29
Pd  Dimer Perpend. Axial -1.1 002 —-0.34 0.18
Pt  Dimer Axial Perpendicular 23.1 0.54 1.94 049
3 Ni  Triangle In-plane Perpendicular 23 0.00 040 0.26
m'm'2 6m'2’
Pd  Triangle In-plane Perpendicular 0.9 —0.08 0.19 0.56
m'm'2 6m'2’
Pt Triangle In-plane Perpendicular 44 0.72 0.88  0.99
m'm'2 m'm2’
4 Ni  Tetrahedron  Perpend. edge  Parall. edge 0.5 0.00 0.02 0.10
m'm'2 mm'2
Pd  Tetrahedron Perpend. edge  Threefold axis 0.3 0.00 0.01 0.26
m'm'2 32
Pt Tetrahedron  Noncoll. AFM
43m' 6
5 Ni  Bipyramid In-plane Threefold axis 0.3 000 —-0.05 0.13
m'm'2 6m'2’
Pd  Bipyramid In-plane Threefold axis 2.1 0.03 033 031
m'm'2 6m'2
Pt Bipyramid In-plane Threefold axis 4.3 012 —-0.24 034
m'm'2 6m'2’
6 Ni  Octahedron  Fourfold axis In-plane 0.2 0.00 —-0.04 0.09
4/mm'm’ mm'm’
Pd  Octahedron  Fourfold axis In-plane 0.3 002 —-0.10 0.35
4/mm'm’ mm'm’
Pt Octahedron  Noncoll. FI Fourfold axis 14
222 2'2'2
13 Ni Icosahedron Threefoldaxis  Fivefold axis 0.4 0.00 —-0.33 0.06
1 1
Ni  Biplanar In-plane Perpendicular 0.09 0.00 0.18 0.10
m 3
Pd  Biplanar Perpendicular  In-plane 0.3 020 —-0.06 0.32
3 1

4.6(2.5) ug and | /s = 1.5(0.7) for Pty (Pt3), respectively.
A Pty cluster has an antiferromagnetic GS for both planar
and tetrahedral structural isomers. For the stable planar Pts
cluster, ferro- and antiferromagnetic states are very close
in energy, only the less stable three-dimensional isomers
have a ferromagnetic GS with substantial spin and orbital
moments. Similarly, for Pts a stable octahedral isomer with
a low-moment GS coexists with high-moment, but less stable
structures. A Pty cluster is close to the magnetic — non-
magnetic transition. In the stable triangular geometry the GS
is weakly magnetic in a scalar-relativistic treatment, but non-
magnetic if SOC is taken into account. A weak magnetic
moment can be induced by a rotation of the magnetic axis.
Trends in the magnetic anisotropy are very complex,
depending on electron configuration, SOC and symmetry.
Among the dimers, Ni, and Pt; have an easy magnetization
direction along the dimer axis, while Pd;, shows perpendicular
anisotropy. As discussed in detail before [36], the difference
arises from the different character of the states closest to
the Fermi level and hence from the different electronic
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configurations of the free atoms. All trimers have an easy axis
within the plane defined by the three atoms. For Niz and Pd3
the threefold symmetry is reduced in the GS (magnetic point
group 2m'm’), but preserved for perpendicular magnetization.
The lower MAE of the Pds trimer arises from the different
sign in the spin and orbital anisotropies. For Pt; the same
reduced symmetry is also found for perpendicular orientation,
both spin and orbital moments are larger for the in-plane
GS. For the Niy cluster the tetrahedral symmetry is broken
for the geometric as well as the magnetic structure (MPG
m'm’2), irrespective of the direction of magnetization. For
Pd,4 the tetrahedral crystallographic symmetry is conserved,
but the magnetic symmetry is reduced to m'm’2 for the
easy and to 32’ for the hard magnetization axis. The Pty
tetrahedron has a noncollinear antiferromagnetic GS. Note
that no tetrahedral magnetic point group is compatible with
a ferromagnetic alignment of the local moments. For Niy
and Pd, the ratio between the modest MAEs calculated for
magnetizations parallel to the twofold and (pseudo)threefold
axes is the same as that between the small orbital anisotropies
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(at isotropic spins), i.e. it does not reflect the stronger SOC in
the Pd cluster.

For the pentamers forming a trigonal bipyramid the
threefold symmetry is broken for a magnetization parallel to
the equatorial plane (for Pds the broken magnetic symmetry is
accompanied also by a geometrical distortion), but preserved
for axial magnetization. = The MAE between the hard
magnetization direction along the threefold axis and the easy
direction in the equatorial plane is 0.3/2.1/4.3 meV/atom
for Nis/Pds/Pts, i.e. it increases as naively expected from an
increasing strength of the SOC. However, the situation is more
complex: the spin moments are isotropic for Nis and weakly
anisotropic for Pds and Pts, the orbital anisotropy is negative
for the Ni and Pt clusters, but positive for the Pd cluster.

The octahedron is the GS geometry for all three
hexamers—but note that for the Pts cluster this structure is
stabilized only by SOC. For Nig and Pdg the symmetry is
reduced to tetragonal (MPG 4/m'm'm’) for the easy axis
parallel to the fourfold axis. The symmetry is reduced to
orthorhombic (MPG mm’'mY) for the hard axis perpendicular
to the rotational axis. The spin moments are almost isotropic,
the orbital moments show a modest negative anisotropy. For
Pts the magnetic symmetry is further reduced to 2'2'2, the
magnetic ground state is noncollinear, with a net magnetic
moment oriented perpendicular to one of the triangular facets
of the cluster.

For the 13-atom clusters the GS structure is only for
Ni;3 a distorted icosahedron whose symmetry is further
reduced in the magnetic state. The MAE between hard
and easy magnetization directions parallel to the three- and
fivefold symmetry axes of the idealized icosahedral structure is
0.4 meV /atom, the orbital anisotropy is negative. Pd;3 clusters
form a biplanar structure which is also metastable for Nij3. Ni
and Pd clusters with this structure have high-moment GS, a Pt
cluster is only marginally magnetic. The easy magnetic axis of
the biplanar clusters is in-plane for Ni (MAE 0.09 meV/atom)
and perpendicular for Pd (MAE = 0.28 meV/atom). The
Nij3 cluster has isotropic spin moments and a positive orbital
anisotropy of 0.14 ug, the Pdjs cluster has a positive spin,
but a weak negative orbital anisotropy. For Pt;3 our new
calculations confirm that indeed the structure proposed by
Wang and Johnson [16] and Kumar and Kawazoe [17] is much
lower in energy than either the icosahedron or the buckled
biplanar structure. The lowest energy structure is again a
biplanar arrangement, but with a different stacking of the
two close-packed planes. We find that a Pt cluster of this
size is only marginally magnetic—the stable structure is non-
magnetic in the ground state, but a solution with non-vanishing
moments parallel to the atomic planes is essentially degenerate
in energy.

Our results show that the factors influencing the magnetic
anisotropy are much more complex than is usually assumed.
Although only for small Pt, clusters the influence of SOC is
strong enough to change the energetic ordering of different
structural isomers, even for the lighter Pd and Ni clusters SOC
induces magneto-structural effects depending on the direction
of magnetization: changes in the magnetic point group
symmetries are accompanied by modest geometric distortions
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of the clusters. The only exceptions are the tetramers where
the geometric structure is invariant under rotations of the
magnetization direction. For Ni, clusters the tetrahedral
symmetry is broken already at the scalar-relativistic level by a
Jahn-Teller distortion, for Pd,4 the crystallographic symmetry
is preserved, but the magnetic symmetry is reduced, because
no tetrahedral point group is compatible with a ferromagnetic
state. Rotational symmetry is incompatible with ferromagnetic
order between moments perpendicular to the symmetry axis.

Using perturbation theory, a formula relating the MAE to
the product of the SOC strength and the orbital anisotropy has
been proposed [49]. The derivation of this relation assumes
isotropic spin moments (and implicitly also a geometric
structure independent of the magnetization direction) and a
completely filled majority band, and postulates that the largest
orbital moment is always found for easy-axis magnetization.
Our results demonstrate that, at least for the heavier elements,
the spin moments are never isotropic and that the largest orbital
moment is not always found for easy-axis magnetization. For
the tetrahedral Pt, and the planar Pts clusters different initial
directions of the magnetization converge to different (ferro-/
antiferromagnetic) configurations [37]. In any case these
results demonstrate that, for these clusters, the changes in the
electronic and magnetic structures induced by a re-orientation
of the magnetization axis are too important to be describable
by perturbation theory.

Finally we should also point out that our approach
shares a certain deficit inherent to all density-functional
treatments of orbital polarization: because the calculation of
the exchange-field coupling to the magnetic moment is based
on averaged charge- and spin-densities, its orbital dependence
is underestimated. Hence the orbital moments derived from
density-functional theory are always somewhat too small.
A coupling between the magnetic moments and the orbital
degrees of freedom can, in principle, be achieved within the
framework of current spin-density-functional theory, which
has achieved some success in predicting the SOC-induced
band splitting in semiconductors [66, 67]. For open-shell
systems, however, the differences in the results achieved
with conventional spin-polarized DFT and current spin-density
functionals within an optimized effective potential (OEP)
framework were found to be only minimal [67, 68]. Hence,
the optimal description of orbital magnetism in complex open-
shell systems, such as transition metals, remains an unsolved
problem.

5. Conclusions

This work completes the ab initio investigations of orbital
magnetic moments and magnetic anisotropy of small clusters
of the metals of the Pd group. Our results provide new insights
into the correlation between the symmetry and the magnetic
properties of the clusters. For clusters with a symmetry axis
of order n > 3, ferromagnetic order is compatible with
rotational symmetry if the magnetization direction is parallel to
the symmetry axis, but not for perpendicular magnetization. In
this case magnetism breaks the crystallographic symmetry of
the cluster. For clusters with higher (tetrahedral or octahedral
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symmetry) no magnetic subgroup is compatible with a
ferromagnetic state. In this case the crystallographic symmetry
is broken irrespective of the direction of magnetization. The
former case is realized for the dimer, trimer and pentamer, the
latter for the tetramer and hexamer (but note that the symmetry
can also be broken even in the absence of SOC by a Jahn—Teller
mechanism). A novel result of our investigations is that even
for a 3d metal such as Ni, the change in the magnetic symmetry
leads to small geometric distortions of the cluster such that
there is a contribution to the MAE from the elastic energy.
However, in this case SOC is not strong enough to affect
the energetic ordering between different structural isomers.
For the 4d metal Pd these effects are more pronounced, but
qualitatively similar as for Ni. For a 5d metal such as Pt, SOC
is strong enough to stabilize for the smallest clusters structures,
which are only metastable in the scalar-relativistic limit. In
this case, due to the strong SOC, the magnetic anisotropy
energies can be comparable or even larger than the energy
differences between different magnetic isomers. Spin moments
are isotropic only for Ni clusters, orbital anisotropies defined
relative to the magnetic GS can have either sign. Hence, a
perturbation treatment postulating that the cluster geometry is
frozen, the spin moments are isotropic, and that the MAE is
proportional to the orbital anisotropy is not justified for these
small clusters.
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The geometric and magnetic structures of small Pt, clusters (n = 1 — 5) supported on a graphene
layer have been investigated using ab initio density functional calculations including spin-orbit
coupling. Pt—Pt interactions were found to be much stronger than the Pt—C interactions promot-
ing the binding to the support. As a consequence, the equilibrium structure of the gas-phase
clusters is preserved if they are deposited on graphene. However, the clusters bind to graphene
only via at most two Pt—-C bonds: A Pt, dumbbell prefers an upright position, the larger clus-
ters are bound to graphene only via one edge of the planar cluster (Pt and Pts) or via two ter-
minal Pt atoms of a bent Pty rhombus. Evidently, the strong buckling of the graphene layer in-
duced by the Pt—C bonds prevents the formation of a larger number of cluster-support bonds. As
the local spin and orbital magnetic moments are quenched on the Pt atoms forming Pt-C bonds,
the magnetic structure of the supported clusters is much more inhomogeneous as in the gas-
phase. This leads to noncollinear magnetic structures and a strongly reduced magnetic anisotropy

energy. © 2011 American Institute of Physics. [doi:10.1063/1.3577517]

I. INTRODUCTION

The development of modern magnetic information stor-
age technologies has spurred intense research efforts aimed
at improving our knowledge of magnetic nanostructures. In
magnetic information storage devices, bits of information are
stored in magnetically stable domains and a high magnetic
anisotropy energy is required to prevent loss of information by
a reversal of the magnetization direction stimulated by ther-
mal excitations.>? Magnetic anisotropy arises from the cou-
pling between the spin and orbital degrees of freedom and is
hence a fundamentally relativistic effect. In nanostructures,
both spin and orbital magnetic moments are enhanced over
their values in the bulk, but this does not immediately lead
to a high magnetic anisotropy energy which requires in ad-
dition a strong spin-orbit coupling. High magnetic moments
are found in the ferromagnetic 3d-metals where the spin-orbit
coupling is weak. Therefore, the quest for a high magnetic
anisotropy has been focused on nanostructures of the 3d-
metals supported on the surfaces of the nonmagnetic heavy
4d- or 5d-metal. The combination of the high magnetic mo-
ments of the 3d-atoms and the strong spin-orbit coupling in
the substrate favors a high magnetic anisotropy.3-%

Very recently, it has been pointed out that in nanostruc-
tures 5d-atoms (which are nonmagnetic in the bulk) acquire
an intrinsic magnetic moment and, combined with the strong
spin-orbit coupling characteristic for these heavy atoms, this
can lead to a very high magnetic anisotropy energy.”'? How-
ever, the strong relativistic effects are not restricted to the
formation of large orbital moments and of a high mag-
netic anisotropy: (i) It has been demonstrated that spin-orbit

3)Electronic mail: juergen.hafner@univie.ac.at.
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coupling (SOC) also influences the structural stability. For
Au and Pt clusters it has been shown that SOC leads to a
preference of two-dimensional planar over three-dimensional
structures.’> (ii) In contrast to nanostructures formed by
3d-metals, where the anisotropy of the spin magnetic mo-
ments is often very small, and where the magnetic anisotropy
energy can be calculated reasonably well within low-order
perturbation theory®>-1" (being proportional to the anisotropy
of the orbital moments and to the strength of the SOC); in
the 5d nanostructures, a change in the magnetization direc-
tion can completely change the magnetic state. For freestand-
ing Pt monowires, it has been shown that the wire has large
spin and orbital moments if magnetized parallel to the axis
of the wire, but is nonmagnetic if the magnetization is per-
pendicular to the wire.”° In this case the “colossal magnetic
anisotropy energy” is in fact a de-magnetization energy. Sim-
ilarly, for small Pt clusters it has been demonstrated that a
change of the magnetization direction can lead to a transition
between high- and low-moment states.'®'? In a Pts cluster,
the magnetic moments are ferromagnetically aligned in the
ground state, but the first excited magnetic state (which rep-
resents also the saddle-point configuration for magnetization
reversal) has antiferromagnetic character.

However, it must be admitted that the results available
so far are not of immediate practical relevance, since they
have been derived for freestanding monowires and clusters.
Smogunov et al.? have briefly considered the effect of the
substrate, but only for a wire extending along the edge of a
step on a jellium surface. A strong interaction between the
nanostructure and support will lead to a strong quenching of
the orbital moment and hence to an at least partial loss of their
intriguing magnetic properties. A possible choice of a weakly
reactive substrate of timely scientific interest is graphene.

© 2011 American Institute of Physics
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Since freestanding graphene layers have first been pro-
duced in 2004,'8 this material has been studied exten-
sively due to its unique electronic, magnetic, and mechani-
cal properties.’>?® Apart from the unusual properties of the
graphene-sheet alone, the presence of nanoparticles (clusters)
on graphene may lead to further applications in catalysis®* 2
and in ultimately miniaturized magnetic devices.??”

While the formation of small metallic clusters on metal-
supported graphene has been studied quite extensively (see,
e.g., Ref. 29 and further references cited therein), the proper-
ties of nanostructures on a freestanding graphene layer have
received less attention. Recently, individual platinum and gold
adatoms have been monitored in real time at high temperature
using a high-resolution transmission electron microscope.
The diffusion of metal atoms and a tendency of clustering
were observed. However, at the high temperature applied in
the experiment, the clusters are not stable. The activation
energy for the in-plane migration of both Au and Pt atoms
in graphene is found to be around 2.5 eV, indicating co-
valent bonding between metal and carbon atoms. Theoreti-
cally, the adsorption of alkali, noble, and transition metals on
graphene has been studied from first principles using spin-
density functional theory.?-28:31-3 Yazyev and Pasquarello®
studied trends in the binding energies and adsorption sites
of isolated adatoms on graphene through a series of simple
and transition-metal atoms. Most of these studies have con-
centrated on the structural and electronic properties of the
adsorbate-graphene system, and whenever magnetism come
into a play, it has been considered on a scalar-relativistic
level only. To the best of our knowledge, to date only Vo-
Van et al.?’ have addressed the problem of magnetism in
nanostructures on graphene using relativistic DFT calcula-
tions. They performed a combined experimental and theoret-
ical study of the growth and the magnetic properties of a flat,
epitaxial ultrathin cobalt film on graphene, demonstrating the
role of the Co/graphene interface in sustaining a perpendicu-
lar magnetic anisotropy in this system.

For Pt-clusters, scalar-relativistic investigations by Dai
et al.%8 found a preference for linear and tetrahedral structures
for three- and four-atom clusters adsorbed on graphene, while
Okazaki-Maeda et al.?® reported for Pt3 the formation of a
triangular configuration. For the tetrahedral Pt, cluster, Dai
et al.? reported a strong modification of the electronic struc-
ture of the graphene layer, such that the C-atoms exhibit a net
magnetization. The adsorption of Pd,, cluster withn =1 -5
on graphene has been studied by Cabria et al.?® For dimer
and trimer planar structures, with the Pd atoms bound to C-C
bridge sites, were predicted, while for tetramer and pentamer
three-dimensional configurations were found to be lower in
energy. The electronic structure calculations of Uchoa et al 3
for Pd-coated graphene have shown that the hybridization of
the graphene p; orbital with the localized d orbitals of the ad-
layer may induce itinerant magnetism in the graphene layer.
On the basis of the comparison of the surface free energies
of graphene and platinum, Zhou et al.?® suggested that be-
cause of the substantially lower surface energy of graphene
the adsorbed metal should form three-dimensional clusters
at room and higher temperatures. From the experimental re-
sults, however, it appears that first a two-dimensional seed

J. Chem. Phys. 134, 154705 (2011)

is formed, and the conversion to three-dimensional structures
occurs only if the cohesive energy of the cluster exceeds the
dissociative energy of the Pt—C bond.

The present work was devoted to a systematic investiga-
tion, using ab initio spin-density functional calculations in-
cluding spin-orbit coupling, of the magneto-structural proper-
ties of Pt,-clusters, with n < 5, supported on graphene. The
comparison with the gas-phase Pt;, clusters studied in our pre-
vious work!? should lead to an improved understanding of the
role of the support in determining the geometric and magnetic
structures of the clusters, including their magnetic anisotropy.

II. COMPUTATIONAL DETAILS

The electronic structure calculations and structural opti-
mizations reported here are based on DFT as implemented in
the Vienna ab initio simulation package VASP.%":38 VASP
performs an iterative solution of the Kohn-Sham equations
within a plane-wave basis and using periodic boundary con-
ditions. The basis set contained plane waves with a max-
imum kinetic energy of 500 eV. For electronic exchange
and correlation effects, the semilocal PW91 functional®® in
the generalized-gradient approximation (GGA) and the spin-
interpolation proposed by Vosko et al.*° were used. The use of
the GGA is essential for magnetic systems* and, in particular,
for Pt-clusters.*? The electron-ion interactions were treated
in the projector-augmented-wave (PAW) formalism.3®4% The
PAW approach produces the exact all-electron potentials and
charge densities and hence avoids the need to use elaborate
nonlinear core-corrections, which is particularly important for
magnetic elements. The PAW potentials have been derived
from fully relativistic calculations of the atomic or ionic ref-
erence calculations.

Spin-orbit coupling has been implemented in VASP
by Kresse and Lebacg,* following the approach of Klein-
man and Bylander*> and MacDonald et al.*® The relativis-
tic Hamiltonian containing all relativistic corrections up to
order «? (Where o is the fine-structure constant) is recast in
the form of 2 x 2 matrices in spin-space by re-expressing the
eigenstates of the total angular momentum in terms of a ten-
sor product of regular angular momentum eigenstates | I, m)
and the eigenstates of the z-component of the Pauli spin ma-
trices. The relativistic effective potential consists of a term
diagonal in spin-space which contains the mass-velocity and
Darwin corrections. The nondiagonal contributions in spin-
space arise from the spin-orbit coupling, but also from the
exchange-correlation potential when the system under con-
sideration displays a noncollinear magnetization density. Cal-
culations including spin-orbit coupling have therefore to be
performed in the noncollinear mode implemented in VVASP
by Hobbs et al.*” and Marsman and Hafner.*8

The graphene-sheet was represented by a periodically
repeated unit cell containing 96-atoms, with a distance of
20 A between neighboring layers, such that the interaction
between the repeated images is negligible. The Brillouin zone
was sampled using 3 x 3 x 1 I'-centered k-point mesh and
a Gaussian smearing of 0.05 eV. To explore the influence of
lateral interactions between the adsorbed nanostructures, for a
single adatom and for a Pt dimer calculations have also been
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performed using a smaller model with only 48 C atoms per
cell. For the smaller cell, the number of k-points has been
doubled to maintain the same density of sampling points in
reciprocal space. An adsorbate was placed on one side of
the graphene sheet and the whole system was relaxed with-
out any symmetry constraints until the forces on all atoms
were less than 25 meV/A. Simultaneously, the electronic and
magnetic degrees of freedom were relaxed until the change
in total energy between successive iteration steps was smaller
than 107 eV.

The calculations were performed in two steps. First a
scalar-relativistic calculation has been performed. The geom-
etry has been optimized by a static relaxation using a quasi-
Newton method, starting from different initial locations and
configurations of the Pt-adatoms. In the second step, the con-
figurations resulting from the scalar-relativistic calculations
were used to initialize the calculations including spin-orbit
coupling, allowing only for the relaxation of electronic and
magnetic degrees of freedom. To control the effect of the SOC
on the structure of supported clusters in some cases, we ini-
tialized the calculations from scratch, allowing for a simulta-
neous relaxation of geometric, electronic, and magnetic de-
grees of freedom.

To determine the magnetic anisotropy for each cluster on
graphene, a set of self-consistent calculations with different
initial orientations of the magnetic moments was performed.
The magnetic anisotropy energy was calculated as the dif-
ference in the total energies calculated for the easy and hard
magnetic axes.

Ill. RESULTS AND DISCUSSION

The adsorption energy per Pt-atom for a Pt,-cluster on
graphene is calculated as the total energy of the Pt,-graphene
complex, Epy,_graph, Minus the energy of the clean graphene
layer, Egrapn, and the total ground-state energy of the Pt, clus-
ter in the gas-phase, Ep, (taken from our previous work!?),

1
E;Tjt — H(EPtn/graph _ Egraph _ EPtn)‘ (1)

The energy defined by Eq. (1) measures the interaction energy
of Pt-clusters of a certain size and shape with the graphene
sheet. EM consists of a negative contribution from the en-
ergy gained by forming cluster-substrate bonds, and positive
contributions from the elastic distortions of both cluster and
graphene and (for different structural isomers realized in the
adsorbate and in the gas-phase) from the structural energy dif-
ference.

The binding between the Pt atoms in the cluster is mea-
sured by the cohesive energy of the adsorption complex,

1
Eggh — ﬁ(EPtn/graph _ Egraph _ nEP‘), (2)

where EP! stands for the total energy of an isolated Pt-atom.
The relaxed C-C distance in a clean graphene layer is
1.414 A, in very good agreement with the experimental value.
For the adsorbate-graphene complex, the lattice constants of
the computational supercell have been fixed at their equilib-

J. Chem. Phys. 134, 154705 (2011)

TABLE I. Adsorption energy, Eay, height of the Pt-adatom above the
graphene-sheet, z, Pt-C bond length, d, and buckling amplitude of the C-
layer, b, calculated for the Pt-adatom adsorbed in different sites. Values in
parentheses refer to the higher surface coverage, cf. text.

Adsorption

site Ead (eV) z(A) d(A) b (A)

br -1.535(-1.603) 1.981(1.979) 2.110(2.109) 0.290(0.379)
ot -1.357 2.040 2.040 0.224

6h -0.792 1.974 2.437 0.108

rium values for clean graphene, but the coordinates of all C
and Pt atoms have been relaxed without any symmetry con-
straint. For the isolated Pt adatom, we have determined the
equilibrium adsorption site. For the dimer and the larger clus-
ters, the initial configuration has been chosen such as to rec-
oncile as far as possible the structure of the gas-phase cluster
with energetically favorable positions of all cluster atoms on
the graphene layer. This starting structure has been relaxed
without symmetry constraints.

A. Pt-adatoms: Adsorption energies and sites

A single Pt atom has been placed into an on-top (ot),
bridge (br) or six-fold hollow (6h) position of the graphene
layer, using either a 48- or 96-atom supercell. The results are
summarized in Table I. In agreement with recent ab initio
calculations®? the bridge site is found to be energetically most
favorable, followed by the on-top and hollow positions. The
adsorption energy of about —1.5 eV calculated at the lower
coverage reflects the formation of a weak covalent bond be-
tween the p, orbitals of the two neighboring C atoms and the
dy, orbitals of the Pt atom (assuming a C—C bond parallel to
the x-direction). The adsorption energy on top of a C atom is
lower by only 0.18 eV, while the hollow site is strongly disfa-
vored. The Pt atom is located 1.98 A above the graphene layer,
at a distance of 2.11 A from both C atoms. Comparing the
three adsorption sites, we find that the C-Pt distance increases
with the coordination of the Pt atom, from the ot over the br
to the 6h site. The adsorption of the Pt atoms causes a buck-
ling of the graphene layer which is largest for bridge-adsorbed
atoms with an amplitude of 0.29 A—the C atoms binding the
adsorbate moving outward. No magnetic moments have been
found on the Pt-adatom in any of the adsorption sites.

The modest difference between the adsorption energies in
ot and br sites shows that Pt atoms on graphene are rather mo-
bile, diffusion along the network of the C-C bonds requires
an activation energy of only 0.18 eV.

For the isolated Pt adatom, we have also studied adsorp-
tion using a small cell with 48 C atoms (corresponding to a
coverage of about 2 pct.). The slight increase of the adsorp-
tion energy by —0.07 eV/atom reflects a modest attractive in-
teraction, the height of the adatom remains unchanged, but the
buckling induced in the graphene layer is increased.

Our adsorption geometry and energy and for the acti-
vation energy for diffusion of a Pt atom on graphene is in
good agreement with the results of Yazyev and Pasquarello,*
calculated using ultrasoft pseudpotentials at a higher
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FIG. 1. Side view (a) and (c) and top view (b) and (d) of the upright tilted
(a) and (b) and flat (parallel) (c) and (d) configurations of a Pt, dimer on
graphene. The initial Pt, positions are shown by the red circles. The structural
energy difference (A Egtr) in eV/cluster with respect to the ground-state (GS)
configuration is also listed.

coverage (3 x 3 supercell). These authors also examined
trends across the transition-metal series. Adsorption in a hol-
low was found to be favored for most metals, with the ex-
ception of Ir, Pd, and Pt where the bridge site is favored.
Dai et al.?® also found bridge adsorption to be favored. For
Pd atoms, Chan et al.3* also found the bridge position to be
favored, with an even lower activation energy for diffusion.
Cabria et al.?® also found bridge-adsorbed Pd atoms, with an
adsorption energy of only —1.04 eV/atom. The weaker bind-
ing of Pd compared to Pt is also in good agreement with the
trend reported by Yazyev and Pasquarello.3

B. Pt-dimer

Scalar-relativistic calculations predict for a Pt-dimer in
the gas-phase a bond-length of 2.35 A and a magnetic mo-
ment of 2 wg. If SOC is taken into account, the ground state is
a high-moment state with a total magnetic moment of 4.5 ug
oriented along the dimer axis. For perpendicular magnetiza-
tion, the moment decreases to 2 ug, the magnetic anisotropy
energy is 23.1 meV/atom.'> On graphene, the distance be-
tween two bridge sites across a hollow is 2.44 A. This sug-
gests that a Pt-dimer could be anchored to graphene via two
bridge sites. In addition, we have also examined an upright ad-
sorption configuration, see Fig. 1. If the relaxation is started
from the configuration parallel to the graphene sheet, Pt, ro-
tates from the br-br configuration to a ot-ot configuration,
with the Pt atoms displaced slightly from the ot positions
(which are 2.83 A apart) toward the hollows to avoid a too
large stretching of the Pt—Pt bond. In the relaxed configura-
tion, the dimer bond length is 2.46 A, the dimer is nonmag-
netic (see Table I1). An upright Pt-dimer is lower in energy by
about 0.39 eV. In the relaxed configuration, the dimer axis is
tilted by 11° with respect to the surface normal, the center of
gravity shifted by 0.115 A from br. The bond length of 2.38 A

J. Chem. Phys. 134, 154705 (2011)

TABLE I1. The interaction energy, E;’(‘j‘, adsorption energy, Eggh, both
in eV/Pt-atom, and the magnetic moment, us (in wg), of Pt, clusters ad-
sorbed on graphene. For a Pt dimer, results in parentheses have been calcu-
lated at a higher coverage, cf. text.

El Eg" ns
Pty-graphene

upright -0.478(-0.416) -2.383(-2.319) 1.5(1.5)
parallel -0.286 -2.190 0.00
Pt3-graphene

triangle-edge down -0.466 —2.948 0.5
triangle-vertex down -0.406 —2.888 0.0
chain 1 -0.273 -2.570 0.0
chain 2 -0.137 -2.434 1.0
Pts-graphene

bent rhombus -0.309 -3.034 15
zig-zag chain -0.129 —2.655 1.0
straight chain -0.012 —2.538 1.0
Pts-graphene

flat, canted -0.164 -3.197 15
dist. square pyramid -0.158 -3.143 15
flat, parallel -0.053 -3.086 15

is only slightly longer than in the gas phase. The upright dimer
is magnetic with a total spin moment of about 1.5 . The re-
duction of the magnetic moment relative to the gas phase is
almost entirely due to the interaction with the support, the lo-
cal magnetic moments are 0.9 ug on the upper and 0.55 ug
on the lower Pt atom of the dimer.

To investigate the influence of lateral interactions be-
tween dimers, we have repeated the calculations for the up-
right dimer also for a cell with 48 C atoms, i.e., with twice as
large coverage of Pt. At this increased coverage the adsorp-
tion energy is reduced by 62 meV/Pt-atom, the distance of the
lower Pt-atom from the graphene layer is increased from 2.11
to 2.26 A, the adsorbate-induced buckling of the substrate is
also reduced from 0.23 to 0.14 A. The repulsive interactions
also lead to an exactly upright position of the dimer. The mag-
netic moments remain unchanged.

The analysis of the energetics shows that the binding of
the Pt, dimer to graphene is weak, whereas the binding be-
tween the Pt atoms forming the dimer is larger than in the
gas-phase dimer. The adsorption energy per Pt-atom is higher
for the dimer than for the isolated ad-atoms, hence dimeriza-
tion is predicted to be energetically favored, in agreement with
observations by scanning tunneling microscopy?® and field
emission microscopy.*

Pt, dimers on graphene were also studied by Dai et al.,?
but only flat adsorption structures have been considered.
Dai et al. also reported much higher adsorption energies for
adatoms and clusters, although they claimed to have used the
same code. Their results disagree not only with ours, but also
with those of other authors. For Pd dimers on graphene, bind-
ing to bridge sites was reported,?® with a flat, nonmagnetic ad-
sorption configuration being lower in energy by 0.3 eV/atom
than an upright dimer. The adsorption energy of Pd, of only
-1.28 eV/Pd-atom was much lower than the value we find
for Pt,. For Au dimers, an upright adsorption configuration
has been predicted.*® Mixed Pt—Au dimers have been stud-
ied by Aktiirk and Tomak.° It was found that even when the
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FIG. 2. Side (a) and top view (b) of the magnetic ground-state structure of
a Pt cluster in a tilted upright position. Red (light) arrows shows spin-, blue
(dark) arrows the orbital magnetic moments, the numbers give the absolute
values of the local spin (upper number), and orbital (lower number) magnetic
moments in ug.

J. Chem. Phys. 134, 154705 (2011)

relaxation was started with a flat dimer and atoms located at
on-top sites, the final configuration was an upright dimer with
the Pt atom in a bridge position.

Calculations including SOC have been performed for the
ground-state configuration and with different initial orienta-
tions of the magnetic moments, aligned with the dimer axis
and hence almost perpendicular to the graphene-layer and per-
pendicular to the dimer and parallel to the graphene sheet.
Figure 2 shows the magnetic GS at the lower coverage.

The easy magnetization direction is oriented along the
dimer axis, the total magnetic moment of wj ~ 2ug is in-
creased compared to the spin moment of 1.5 ug from scalar
relativistic calculations. The local spin and orbital moments
are slightly noncollinear, both are much lower on the Pt atoms
binding to graphene. If the magnetization direction is initial-
ized in a direction parallel to the graphene-layer or perpen-
dicular to the Pt-dimer the calculations converge to a non-
magnetic state. The energy for this magnetic to nonmagnetic
transition amounts to 10.03 meV/Pt-atom.

The same calculation for higher coverage leads to a
a slightly different scenario. The easy magnetization axis
is again the dimer axis, the total magnetic moment is M,
~ 3ug. If the magnetization is perpendicular (and parallel to
the graphene sheet), the total magnetic moment is only
~ 1.1ug. For both the easy and the hard magnetic axis,
spin and orbital moments are collinear, both the local or-
bital moments are antiparallel for hard-axis magnetization

Bargg:sc:

AE =0.00 meV

(b) (d)

AE = 11.63 meV

AE =16.96 meV

®

FIG. 3. Magnetic structure of a Pty cluster for magnetization perpendicular (a) and (b) and parallel (c)—(f) to the graphene layer, calculated for a coverage
of ~2 pct in an upright position. The easy magnetization direction is perpendicular (a) and (b), but there is also a substantial in-plane anisotropy between
magnetization perpendicular (c) and (d) and parallel (e) and (f) the C-C bridge bonding to the Pt dimer. Red (light) arrows shows spin, blue (dark) arrows the
orbital magnetic moments, the numbers give the absolute values of the local spin (upper number), and orbital (lower number) magnetic moments in ug.
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[see Figs. 3(a)-3(d)]. The MAE of 11.6 meV/Pt-atom is
only slightly higher than at lower Pt-coverage. For a ro-
tation of the magnetization in a plane parallel to the
graphene support, we calculate an in-plane MAE of 5.33
meV [see also Figs. 3(e) and 3(f)]. The formation of higher
spin and orbital moments at increased coverage is due
to a larger distance from and a weaker binding to the
substrate.

Relativistic calculations performed for a Pt-dimer paral-
lel to the graphene sheet yield a nonmagnetic solution that is
by 577 meV above the GS (tilted magnetic configuration).

Compared to the gas-phase dimer, the MAE is reduced by
more than a factor of 2, corresponding to a reduced anisotropy
of both spin and orbital moments. Our results for upright Pt,
dimers are also closely related to those of Smogunov et al.
for free Pt mono-wires and wires supported on an idealized
nonreactive substrate and on a surface step, modeled by hard
walls. Smogunov et al.® found the wire is ferromagnetic for
parallel and nonmagnetic for perpendicular magnetization,
leading to a very high MAE. Very recently, very large MAE’s
have also been predicted for complexes of transition-metal
dimers with benzene,%* considered as model structures for the
adsorption of dimers on graphene. Upright adsorption modes
with the dimer located in the center of the benzene ring were
found to be preferred. The spin and orbital magnetic moments
on the atom binding to benzene are strongly quenched, while
the upper atom carries large moments. Huge MAE’s ranging
between 51 meV (Co,) and 104 meV (Ir,) per dimer, with the
easy axis perpendicular to the benzene plane, were reported
for Coy, Ruy, and Ir, dimers. The large MAE is related to a
modest anisotropy of the spin and a huge anisotropy of the or-
bital moments on the magnetic atom. An even larger MAE of
248 meV/dimer was calculated for a mixed Colr dimer were
the Co atom provides a strong bonding to the molecule and
induces a large moment on the Ir atom, while the Ir confers
a strong SOC to the system.>? For the mixed dimer also the
binding to a graphene support, with the Co atom in the hollow
position, was considered. This system shows an only slightly
reduced MAE of 198 meV/dimer and anisotropic spin and or-
bital moments on both atoms.

C. Pt-trimer

For a Ptz trimer in the gas-phase, scalar relativistic cal-
culations predict a structure forming a equilateral triangle
with interatomic distances of 2.49 A and a magnetic mo-
ment of 2 ug. SOC favors a small Jahn-Teller distortion with
bond-lengths of 2.50 and 2.51 A, the total magnetic mo-
ment is uy = 2.5up with an in-plane easy axis. Perpendicu-
lar magnetization is disfavored by an MAE of 5 meV/atom.
A linear Pt3 cluster has a ground-state energy higher by
0.185 eV/atom.

For Pt3 supported on graphene, we have considered two
flat triangular starting configurations with all three Pt atoms
in bridge sites, with Pt—Pt distances of 2.45 and 2.12 A, re-
spectively (see Fig. 4), and two linear configurations with
Pt atoms in bridge sites and with the same interatomic dis-
tance (see Fig. 5). Upon relaxation all four starting geome-

J. Chem. Phys. 134, 154705 (2011)
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FIG. 4. Side view (a) and (c) and top view (b) and (d) of the Pt-triangle
adsorption on the graphene-sheet. (a) and (b) show the magnetic ground state
configuration. The flipped nonmagnetic arrangement is shown in (c) and (d).
The initial Ptz position is shown by the red circles. The structural energy
difference with respect to the ground-state configuration is also listed.

tries are strongly changed. A flat-lying triangle is unstable,
relaxation leads to a triangle which is almost perpendicular
to the graphene layer and attached via either two Pt atoms to
position between br and ot [see Figs. 4(a) and 4(b)], or via a
single Pt atom to a substrate atom [see Figs. 4(c) and 4(d)].
The former configuration is magnetic with a spin moment
of 0.5 ug, the latter is nonmagnetic and higher in energy by
0.18 eV/cluster. The energy difference arises primarily from
a weak cluster-substrate bonding (see Table I1).

Our result that a flat configuration of a Pts triangle on
graphene is unstable is in contrast to the results of Cabria
et al.?® for Pd; trimers. A flat, bridge-bonded, and weakly
magnetic configuration was described as the equilibrium

state.

yb .

% AE =1136eV
(b) (d)

AE =1544eV

FIG. 5. Side view (a) and (c) and top view (b) and (d) of the Pts-chain ad-
sorption on the graphene-sheet. (a) and (b) show the nonmagnetic config-
uration. The magnetic arrangement is shown in (c) and (d). The initial Pts
position is shown by the red circles. The structural energy difference with
respect to the GS configuration shown in Fig. 4 is given below each structure.
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FIG. 6. Side (a) and (c) and top view (b) and (d) of the magnetic structure
of a Ptz-triangle on the graphene-sheet [cf. (a) and (b) of Fig. 4]. The easy
axis corresponds to configuration (a) and (b). For each configuration, the en-
ergy difference relative to the easy magnetic axis (EA) are listed below. Red
(light) arrows shows spin, blue (dark) arrows the orbital magnetic moments,
the numbers give the absolute values of the local spin (upper number), and
orbital (lower number) magnetic moments in ug.

In a linear Pts cluster, in the gas-phase, the interatomic
distance is 2.36 A. Hence for the Pts chain the distance of
2.12 A between two br sites is too small, the chain rotates
on the graphene sheet such as to stretch across two adja-
cent hexagons, with Pt—Pt distances of 2.49 A. This allows
to place all three Pt atoms almost exactly into a br site with-
out a too large compression of the Pt—Pt bond [see Figs. 5(a)
and 5(b)]. The chain is slightly bent, its adsorption induces a
strong buckling in the graphene layer. In this configuration,
the Pt; cluster is nonmagnetic, such as the flat-lying dimer.

The starting configuration with the Pt atoms in br sites
at larger distances of 2.45 A is locally stable, only the ter-
minal atoms are slightly displaced from the br sites such as
to admit a larger Pt-Pt distance of 2.55 A. Bending and sub-
strate buckling are similar as for the first configuration [see
Figs. 5(c) and 5(d)]. Both linear Pt3-graphene configurations
are higher in energy by 1.1 to 1.5 eV than the ground state.

Relativistic calculations have been performed for all four
Pts/graphene configurations, with the magnetization initially
oriented perpendicular to the graphene layer or parallel to it,
but either perpendicular or parallel to the triangle or linear
chain. Our aim is to explore the influence of the dimensional-
ity of the cluster on its magnetic anisotropy.

For the stable triangular configuration with a Pt-Pt
bond parallel to the graphene layer, the easy magnetic
axis is parallel to the graphene, parallel to C-C bonds,
but oblique to the triangular plane, see Fig. 6(a) and 6(b).
Inversion of the magnetization direction by 180°, paral-
lel to graphene leaves total energy and total magnetic mo-
ment unchanged. The total magnetic moment of wj; ~
1.1up is increased relative to the scalar-relativistic result,
because SOC leads to a mixing of different spin states
(the spin moment is increased to about 0.70 wg) and an

J. Chem. Phys. 134, 154705 (2011)

orbital moment of about 0.4 wg is added. For in-plane
magnetization, the calculation converges to a noncollinear
solution with almost the same total magnetic moment of about
1.1 up, see Figs. 6(c) and 6(d). The MAE calculated for these
two magnetic solutions is 1.72 meV/atom. Spin moments are
almost isotropic, but local orbital moments are changed by up
t0 0.09 up relative to the easy axis.

Surprisingly, the relativistic calculations applied to the
flipped Pt-triangle [see panels (c) and (d) of Fig. 4] converge
to a magnetic solution with a total magnetic moment varying
between 0.74 and 1 15, depending on the direction of magne-
tization. The easy magnetization axis is perpendicular to the
graphene layer, with local orbital moments canted relative to
the spin and total moments [see Figs. 7(a) and 7(b)] and total
spin and orbital moments of about 0.5 pg each. The energy
difference relative to the magnetic GS of the equilibrium ge-
ometry is increased to 222 meV.

A rotation of the magnetization within the plane of the Pt-
triangle to a direction parallel to the graphene does not yield
a locally stable configuration. In the converged solution, the
moments are canted away from both the Pt-triangle (such as
to be aligned with C—C bonds in the graphene) and also from
the graphene sheet [see Figs. 7(c) and 7(d)]. The energy in-
creases by an MAE of 3.24 meV/atom. The total spin moment
increases to 0.63 wg and the orbital moment to 0.39 upg.

The rotation of the magnetization to a direction per-
pendicular to the Pt3 plane but parallel to the C-layer [see
Figs. 7(e) and 7(f)] costs an energy of 6.04 meV and low-
ers the total magnetic moment to 0.74ug. The decrease is due
almost entirely to a decrease of the orbital moment, while the
spin moment remains unchanged with respect to the value cal-
culated for the easy axis.

For the linear Ptz chain, calculations including SOC pre-
dict a higher spin-moment of us = 0.94ug than for the tri-
angle (reflecting the reduced dimension of the cluster), but a
very similar orbital moment. The easy axis is parallel to the
graphene layer an roughly perpendicular to the Pt; chain. The
in-plane MAE is 3.2 meV (moments aligned with the chain),
the perpendicular MAE is 5.5 meV.

D. Pt-tetramer

In the gas-phase, the equilibrium geometry of a Pty
tetramer is a flat rhombus which is stabilized by relativis-
tic effects over a tetrahedral structure stable in the scalar-
relativistic limit. If SOC is included, the magnetic ground
state is collinear antiferromagnetic for the rhombus and non-
collinear antiferromagnetic for the tetrahedron.'? A linear Pt,
cluster is 0.20 eV/atom higher in energy.

The bond-length in the relaxed Pt, rhombus is 2.53 A;
hence, a flat Pt cluster with the four Pt atoms in br sites
around a hexagonal hole at distances of 2.45 A creates a struc-
ture under moderate compressive strain, see Fig. 8. Relax-
ation leads to a structure were the rhombus is bent around
the short diagonal. The atoms at both ends of the short diag-
onal are three-fold coordinated, they bind less strongly to the
graphene substrate than the remaining two-fold coordinated
Pt atoms and move to a distance 3.87 A above the graphene

Downloaded 15 Sep 2011 to 128.130.131.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



154705-8 P. Btofski and J. Hafner

J. Chem. Phys. 134, 154705 (2011)

AE =0.00 meV
(b) (d)

AE =3.24 meV

AE = 6.04 meV
®

FIG. 7. Side (a), (), and (e) and top view (b), (d), and () of the magnetic structure of a Pts-triangle in the flipped configuration on the graphene-sheet [cf. (c)
and (d) of Fig. 4]. The easy axis corresponds to configuration (a) and (b). For each configuration, the energy difference relative to the EA are listed below. Red
(light) arrows shows spin, blue (dark) arrows the orbital magnetic moments, the numbers give the absolute values of the local spin (upper number), and orbital

(lower number) magnetic moments in ug.

layer. The long diagonal of the rhombus is contracted from
4.24 to 3.63 A, such that the two Pt atoms are now much
closer to on-top sites. The energy gain by adsorption is only
modest, about 0.3 eV/Pt-atom. This structure is magnetic with
a spin-moment of 1.5 upg.

For a straight Pty chain, there are again two possibili-
ties with the Pt atoms in neighboring br sites at distances of
2.12 A or in br sites separated by 2.45 A across a hollow. The
strain on the bonds in a linear Pt4-chain across a hollow is re-
laxed by moving the two central Pt atoms close to the on-top
sites, resulting in the formation of a zig-zag chain which is
higher in energy by about 1.5 eV/cluster. A linear chain with

FIG. 8. Side (a) and top (b) view of the Pt4-cluster adsorbed on the graphene-
sheet forming a bent rhombus. The initial flat structure is shown by the red
circles.

the Pt atoms at neighboring br sites undergoes only a modest
relaxation, but this configurations is energetically even less
favorable (see Table I1). Both Pt-chains are slightly bent and
induce a strong buckling of the graphene layer, both are mag-
netic with a spin moment of 1 ug.

For Pd, clusters, Cabria et al.?® have compared the ad-
sorption energies of a flat rhombus and a tetrahedron. The lat-
ter has been found to be lower in energy, but a distortion of
the flat rhombus was apparently not permitted.

The calculations including SOC have been initialized
with the magnetization pointing along z-axis (perpendicular
both to the cluster and the graphene), along the Pt, edges, and
in an oblique direction. Figure 9 shows the magnetic structure
of the Pt-cluster obtained for the EA and hard magnetic axis
(HA) of magnetization.

The EA is perpendicular to the graphene layer, but all lo-
cal moments are slightly canted away from the surface-normal
[see Figs. 9(a) and 9(b)]. Local spin moments are larger at the
outer Pt atoms, while the local orbital moments are almost
the same on all four sites. The HA is parallel to the graphene
layer, aligned with the short diagonal of the cluster. In this
configuration, both local spin and orbital moments are much
larger on the outer Pt atoms. The total magnetic moment is
enhanced relative to the scalar-relativistic spin-moment, be-
cause the mixing with low-spin states is overcompensated by
the added orbital moment. The MAE is 0.65 meV/Pt-atom.
Both spin and orbital moments are larger for the hard mag-
netization direction (Aus = —0.07ug, A = —0.08up, a
negative value of the anisotropy of the moments correspond-
ing to larger moments for hard-axis magnetization).

We have also briefly analyzed the magnetic properties of
the straight Pt4 chains. Because all Pt-atoms in the chain are
bound to C atoms of the graphene layer, the total spin moment
is lower than for the rhombus. The zig-zag chain was found
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FIG. 9. Side (a) and (c) and top view (b) and (d) of the magnetic structure of
a GS Pty-cluster adsorbed on the graphene-sheet (cf. Fig. 8). The easy axis
corresponds to configuration (a) and (b). Red (light) arrows shows spin, blue
(dark) arrows the orbital magnetic moments, the numbers give the absolute
values of the local spin (upper number) and orbital (lower number) magnetic
moments in ug.

to be magnetically isotropic, the straight chain has a perpen-
dicular easy axis with an MAE of 1.4 meV for in-plane mag-
netization. SOC also leads to a further slight enhancement of
the structural energy differences.

E. Pt-pentamer

Scalar relativistic calculations predict for a Pts cluster
a structure forming a trigonal bipyramid with a moment of
4 pg. SOC favors a flat structure consists of a slightly

g

)’b- )

(b) (d)

GS AE =268 meV

J. Chem. Phys. 134, 154705 (2011)

distorted square plus an isocele triangle, the total mag-
netic moment is lowered to w; = 3ug, us = 1.7up, and L
= 1.3ug. The saddle point on the magnetic energy surface
determining the barrier for magnetization reversal (and hence
the MAE) belongs to an antiferromagnetic configuration.
SOC also predicts a lower energy for a square pyramid with
a high magnetic moment of x; = 5.3ug than for a trigonal
bipyramid.*2

With relaxed interatomic distances ranging from 2.42 to
2.51 A, the flat Pts cluster fits rather well to the graphene layer
with the Pt atoms located either on top of C atoms [panels (a)
and (b) of Fig. 10] or at bridge sites [see panels (e) and (f) of
Fig. 10]. The relaxation of these initial structures shows, how-
ever, that it is energetically unfavorable to former too many
Pt—C bonds—in both relaxed configurations the cluster is at-
tached to the graphene only via two, respectively only one
bond. In the GS configuration, the Pts is bound to two br sites
of graphene via one edge of the triangle, the cluster remains
almost flat, but rotates to an orientation almost perpendicu-
lar to graphene [see Figs. 10(a) and 10(b)]. Bond lengths are
slightly elongated compared to the gas phase, the substrate is
strongly buckled with an amplitude of 0.83 A. The spin mo-
ment is 1.5 g, lower than the spin-moment of 2 g of the
free cluster.

Starting from a configuration where the Pt atoms are
bound to br sites leads to a relaxed structure where only one
Pt atom is strongly bound to graphene while the remaining
part of the cluster drifts away from the support, but remains
parallel to the graphene layer [see Figs. 10(e) and 10(f)]. Pt-Pt
distances are only slightly stretched, the buckling is less pro-
nounced than in the GS geometry. This configuration has the
same spin moment, but is higher in energy by about 0.5 eV.

Panels (c) and (d) of Fig. 10 present the structure derived
from a square pyramid. As four atoms forming the basal plane
cannot all bind to the substrate, relaxation leads to a transfor-
mation to a distorted triangular bipyramid which is attached to

AE | =555 meV

®

FIG. 10. Side (a), (c), and (e) and top view (b), (d), and (f) of the geometric structure of a Pts cluster on graphene. For each configuration, the structural energy

differences relative to the GS configuration are listed below, cf. text.
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X AE =0.00 meV

(b) (d)

FIG. 11. Side (a) and (c) and top view (b) and (d) of the magnetic structure
of a flat Pts-cluster adsorbed on graphene. Note that the two configurations
are related by flipping the local spin and orbital moments to the opposite
direction, they are energetically degenerate, cf. text.

the graphene layer via weak bonding of three Pt atoms at on-
top sites. Average bond lengths are slightly increased relative
to the free cluster, the total magnetic moment of ;; = 1.5up
is strongly reduced relative to that of the square pyramid
(us = 5.3us) or of the trigonal bipyramid (1; = 3.9ug) in
the gas phase. The total energy is higher by 268 meV than
for the GS configuration. The higher energy is due almost en-
tirely to the less favorable binding between the Pt atoms in
the cluster, while the interaction with the substrate is almost
the same for both configurations (see Table II). In contrast,
for Pds a square pyramid, with the four Pd atoms forming the
base bound to C-C bridge sites was found to be the ground
state.?®

Calculations including SOC converged for the GS geom-
etry to the noncollinear magnetic structure shown in Fig. 11,
with us=1.01upg and u = 0.65ug. This configuration is
energetically degenerate with a structure in which the direc-
tions of local spin and orbital moments have been reversed.
The two configurations may be considered as right- and left-
handed versions of spiral structures turning around the point
where the cluster is attached to the substrate.

For the flat Pts cluster, we had identified a number of fer-
romagnetic high- and low-moment and also antiferromagnetic
states, with energy differences comparable or even smaller
than the magnetic anisotropy energies for a given magnetic
state. For the supported Pts cluster, we have also found a low-
moment isomer with w; = 1.17ug and a similar spirallike
noncollinear structure which is only 23 meV higher in energy
than the GS.

For the less stable configuration of a bent planar Pts clus-
ter adsorbed parallel to the support, the stable magnetic con-
figuration is very similar to that of the flat gas-phase cluster.
The local spin and orbital moments are aligned with the mir-
ror plane of the geometric structure, a modest noncollinearity
reflects the bent geometry. Again the total energy is invariant

J. Chem. Phys. 134, 154705 (2011)

S h{féfi"

AE =0.00 meV
(b) (d)

FIG. 12. Side (a) and (c) and top view (b) and (d) of the magnetic structure
of a flat Pts-cluster parallel to the graphene sheet [cf. panels (e) and (f) in
Fig. 10].

against a reversal of the direction of the local moments (see
Fig. 12). Total spin and orbital moments are us = 1.7 and
uL = 1.2ug, almost unchanged with respect to the gas-phase.
SOC reduces the energy difference relative to the geometric
and magnetic ground state to 407 meV.

For both configurations of a flat Pts cluster supported
on graphene calculations including SOC always converged to
the same magnetic state, independent of the initial magnetic
structure.

For the distorted trigonal bipyramid plus adatom, two sta-
tionary magnetic configurations, one with the total moment
roughly perpendicular (this is the GS) and the second with

AE = 0.00 meV
(b) (d)

AE =9.99 meV

FIG. 13. Side (a) and (c) and top view (b) and (d) of the magnetic structure
of a Pts-cluster on graphene forming a distorted trigonal bipyramid.

Downloaded 15 Sep 2011 to 128.130.131.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



154705-11 Pt clusters supported on graphene

the magnetization more or less parallel to the graphene layer
could be determined, see Fig. 13. In this case, SOC increases
the energy difference relative to the geometric and magnetic
GS to 345 meV. For perpendicular magnetization, the total
moment is uy = 1.57 ug (us = 1.03 g, u. = 0.5 up), the
local magnetic moments are canted relative to the surface nor-
mal such as to be almost parallel to the edges. Inversion of the
direction of magnetization by 180° leaves the magnetic mo-
ments and the total energy unchanged. The initialization of
the calculation with the magnetic moments oriented parallel
to the C-layer leads to a transition to a low-moment state with
g = 1.04 ug, which is 10 meV above the GS.

A gas-phase Pts cluster with the structure of a trigonal
bipyramid has an easy magnetization direction parallel to the
central basal plane. As the distorted cluster is attached to the
graphene layer via one of the triangular faces, this GS corre-
sponds to out of plane magnetization. For the gas-phase clus-
ter, the MAE is 4.3 meV/atom, with modest spin and orbital
anisotropies of opposite sign. The larger MAE of the sup-
ported cluster is a consequence of the high-moment — low-
moment transition coupled to the rotation of the magnetiza-
tion direction.

IV. DISCUSSION

We have performed first-principles investigations of the
geometric and magnetic structures of small Pt clusters sup-
ported on graphene, including spin-orbit coupling. The cal-
culations have been started with the two-dimensional equilib-
rium configurations of the gas-phase clusters deposited on the
graphene layer such that without constraining the Pt—Pt bonds
too much the atoms are located at favorable adsorption sites.
In addition linear and three-dimensional clusters have been
examined. The structures of the cluster-support complex have
been optimized by static relaxation. The main results can be
summarized as follows (see also Table I11): (i) For an isolated
Pt atom, we calculate an adsorption energy of about 1.5 eV

TABLE IIl. Comparison of gas-phase and supported Pt, clusters: Struc-
ture, binding energy Econ (in eV/atom), spin and orbital moments, us and
L (in wg), and magnetic anisotropy energy MAE (in meV/atom). Results
for the gas-phase clusters are taken from Ref. 12.

Cluster Structure Econ ns L MAE
Pty

gas-phase dumbbell 1.905 1.8 2.7 375
supported upright dumbbell 2.383 0.9 1.2 10.0
Pt3

gas-phase triangle 2.482 15 1.0 5.1
supported upright triangle 2.948 0.7 0.4 1.7
Pty

gas-phase rhombus 2.725% 2.6° 1.42 8.2%
supported bent rhombus 3.034 13 0.6 0.7
Pts

gas-phase  planar 2.985 1.7 1.3 1.20
supported planar, upright 3.143 1.0 0.7 —

2The GS is antiferromagnetic, moments and MAE are reported for the excited ferro-
magnetic state.

PThe MAE is calculated relative to the antiferromagnetic configuration with the lowest
energy.

J. Chem. Phys. 134, 154705 (2011)

on C-C bridge sites and a low activation energy for diffu-
sion along the network of C—C bonds. Due to the relatively
strong bonding the Pt atom is nonmagnetic. (ii) In Pt, clus-
ters with two and more atoms, the structure of the gas-phase
cluster is preserved, although distorted. The Pt—Pt bonding is
much stronger than the bonding to graphene. The adsorption
energy per atom increases with the size, favoring the growth
of clusters. (iii) A Pt-dimer favors an upright configuration.
In their optimized structures triangular Pts, bent rhomboidal
Pt4, and flat Pts clusters form only two Pt—C bounds to C
atoms of the support. As a consequence the interaction of the
cluster with the support decreases with cluster size. Pt atoms
on graphene form strongly bound, but rather mobile clusters.
(iv) Linear chains of Pt atoms on graphene are much less
stable than the two-dimensional structures. (v) The adsorp-
tion of the cluster induces a relatively strong buckling of the
graphene layer, with an amplitude increasing from 0.23 A for
the upright dimer to 0.83 A for a Pts cluster. (vi) In their equi-
librium geometrical configurations, the clusters are weakly
magnetic, local moments are quenched on the Pt atoms bind-
ing to the support. (vii) Spin-orbit coupling enhances the total
magnetic moment, but both spin and orbital moments, as well
as the magnetic anisotropy energies are much lower than for
the gas phase clusters. (viii) No significant magnetic moments
are induced on the C atoms.

For the upright Pt, dumbbell, the easy magnetic axis is
aligned with the dimer axis. Rotation of the magnetization
parallel to the graphene support is associated with a high-
moment — low-moment transition at high, respectively a
magnetic — nonmagnetic transition at low coverage, in close
analogy to a gas-phase dimer and to a freestanding infinite
monowire. For a triangular Pt; cluster on graphene, the mag-
netic configuration corresponding to the gas-phase cluster (in
the plane of the triangle and perpendicular to graphene) rep-
resents no stationary solution. The easy axis is parallel to the
graphene layer, but oblique to the Pt-triangle and parallel to
C-C bonds. Rotation of the magnetization direction parallel to
the support costs an MAE of 1.7 meV/atom, about one third of
the MAE of the free cluster. A Pt, rhombus is bent about the
short diagonal upon adsorption, the easy axis is perpendicular
to the support, with a low MAE of 0.7 meV/atom for in-plane
magnetization. For both Pt3 and Pt4, we calculate small, but
negative anisotropies of both spin and orbital moments (i.e.,
the moments are larger for hard-axis magnetization). The pla-
nar structure of the Pts cluster is preserved upon adsorp-
tion, but bent. For the stable configuration, with the Pt-cluster
perpendicular to the graphene, we find a noncollinear mag-
netic GS, for the less stable flat-lying configuration, we find a
collinear GS very similar to that of the gas-phase cluster. The
noncollinear magnetic structures are a consequence of the in-
homogeneous magnetization of the clusters.

Our results for Pt,, clusters on graphene are in interesting
contrast to those for Pd, clusters reported by Cabria et al.?®
Free Pd, cluster are known to have a much lower binding
energy than the corresponding Ni or Pt clusters because the
formation of Pd—Pd bonds requires an opening of the closed
d'® shell of the Pd atom. Our present results demonstrate
that not only the binding within the clusters is stronger for
Pt, these clusters also bind more strongly to the graphene

Downloaded 15 Sep 2011 to 128.130.131.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



154705-12  P. Btonski and J. Hafner

layer: for Pt, the interaction energy of the cluster with the
support decreases from —0.47 eV/Pt-atom for the trimer to
—0.16 eV/Pt-atom, while for Pd,, it varies only between —0.19
and -0.12 eV/Pd-atom.

V. CONCLUSIONS

The structural and magnetic properties of small Pt clus-
ters supported on graphene have been investigated using first-
principles DFT methods as an example of strongly anisotropic
magnetic nanostructures on a weakly interacting substrate.
The calculations confirm that the binding within the clusters
is much stronger than the binding to the substrate. As a con-
sequence the structure of the gas-phase cluster is preserved
also if they are deposited on graphene. In the stable configu-
rations, the clusters bind to the support only via one or two Pt
atoms whose magnetic moments are strongly quenched. Con-
sequently, the magnetic structure of the supported clusters is
rather inhomogeneous and even strongly noncollinear in tri-
angular Pt; and flat Pts clusters. Local spin and orbital mo-
ments and magnetic anisotropy energies are strongly reduced
compared to the free clusters.
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The structural, energetic, and magnetic properties of Pt atoms and dimers adsorbed on a Ni-supported
graphene layer have been investigated using density-functional calculations, including the influence
of dispersion forces and of spin-orbit coupling. Dispersion forces are found to be essential to stabilize
a chemisorbed graphene layer on the Ni(111) surface. The presence of the Ni-substrate leads not
only to a stronger interaction of Pt atoms and dimers with graphene but also to a locally increased
binding between graphene and the substrate and a complex reconstruction of the adlayer. The stronger
binding of the dimer also stabilizes a flat adsorption geometry in contrast to the upright geometry on
a free-standing graphene layer. These effects are further enhanced by dispersion corrections. Isolated
Pt adatoms and flat dimers are found to be non-magnetic, while an upright Pt dimer has strongly
anisotropic spin and orbital moments. For the clean C/Ni(111) system, we calculate an in-plane
magnetic anisotropy, which is also conserved in the presence of isolated Pt adatoms. Surprisingly,
upright Pt-dimers induce a re-orientation of the easy magnetic axis to a direction perpendicular to the
surface, in analogy to Pt on a free-standing graphene layer and to the axial anisotropy of a gas-phase

Pt, dimer. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3684891]

I. INTRODUCTION

The fabrication of free-standing layers of graphene! in
2004 has spurred an intense interest in the outstanding struc-
tural and electronic properties of this material and its poten-
tial applications in spintronics and optoelectronics. Graphene
is a two-dimensional zero-gap semiconductor, with a linear
dispersion relation of the electronic eigenstates around the
Fermi level. Hence, electrons with energies close to Er can
be considered as two-dimensional Dirac fermions, with the
velocity of light replaced by the Fermi velocity v of the elec-
trons. For this reason, graphene is of great interest for fun-
damental studies in quantum electrodynamics. The potential
applications of graphene have also revived the interest
in metal-graphene interactions. Graphene layers bound to
transition-metal surfaces with a small lattice mismatch have
been studied already earlier (see, e.g., Ref. 2), but very re-
cent studies have shed new light especially on the magnetic
properties of the carbon atoms in transition-metal supported
graphene layers.3= In recent experimental studies® of the in-
teraction of transition-metal and noble-metal atoms with a
suspended graphene layer it was concluded that transition-
metal atoms interact only weakly with graphene, they do not
form continuous films but clusters or nanocrystals. This con-
clusion is supported by our recent theoretical studies of the
formation of Pt clusters on free graphene layers’ where we
found that the clusters bind to the graphene layer only via
one or two Pt atoms. The magnetic moments on these atoms

BElectronic mail: juergen.hafner@univie.ac.at.
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are strongly quenched, leading to a rather inhomogeneous
magnetic structure of the graphene-supported clusters.

The formation of transition-metal clusters on graphene
supported on non-magnetic metallic substrates such as Ir(111)
(Ref. 8) or Ru(0001) (Ref. 9) has been studied experimen-
tally and theoretically.!® The lattice mismatch between the
substrate and the graphene overlayer leads to the formation
of a Moiré pattern in a corrugated graphene layer influencing
the growth and morphology of clusters deposited on this sub-
strate. From the theoretical side, recent studies! have shown
that a correct description of the dispersion forces between the
graphene layer and the metallic surface is required for a quan-
titatively correct description of the structural corrugation in
the Moiré pattern.

This raises the question whether density-functional the-
ory (DFT) is the proper tool for describing graphene layers on
metallic substrates. Vanin et al.,*?> Hamada and Otani,*® and
Stawinska et al.}* have presented systematic investigations of
graphene layers on various close-packed transition-metal sur-
faces, based on the local-density approximation (LDA), the
generalized gradient approximation (GGA, using the revPBE
(Ref. 15) exchange-correlation functional), with and without
including semi-empirical dispersion corrections as proposed
by Grimme,'81" or using the nonlocal “van der Waals func-
tional” (vdW-DFT) proposed by Lundqvist et al.'*? to ac-
count for dispersion forces. For the noble metals, for Pt and Al
weak binding between graphene and the substrate is predicted
by both LDA and vdW-DFT, whereas GGA predicts no bind-
ing at all. For Ni and Co substrates LDA predicts a too strong
binding of the adlayer, with the theoretical metal-graphene
distances slightly lower than estimated from experiment,??2!

© 2012 American Institute of Physics
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while GGA finds no binding at all. According to Hamada and
Otani'® the results achieved with a nonlocal vdW-DFT corre-
lation functional depend on the choice of a particular variant
of the nonlocal vdW-correlation'®-2° and, most importantly, of
the exchange functional to be combined with the nonlocal cor-
relation functional. If the PBE exchange functional, modified
such as to mimic the Hartree-Fock energy®? is used, a large
distance of ~3.7 A between the graphene layer and the metal
surface was calculated for all substrates. If an exchange func-
tional proposed by Cooper,?® modified such as to yield im-
proved agreement with high-level quantum-chemical calcula-
tions is used, significantly shorter graphene-metal distances
are found, in good agreement with experiment for Ni (Refs. 2
and 21) and Pt.>* Very recently Olsen et al.?® and Mittendorfer
et al.?® used the random phase approximation (RPA), com-
bined with the adiabatic connection and fluctuation dissipa-
tion theorem (ACFDT) as proposed by Harl and Kresse,?” to
investigate the adhesion of a graphene layer on metallic sub-
strates. Lebégue et al.?® had shown that this approach yields
very accurate results for the interlayer distance and the co-
hesive energy of graphite. Both studies®> % demonstrated that
for strong-binding substrates such as Ni or Co, the binding en-
ergy of a graphene layer has two energetically almost degen-
erate minima, one at larger distances of ~3.5 A representing a
physisorbed adlayer and one at smaller distances around 2.2 A
representing the chemisorbed state. GGA calculations pre-
dict a local energy minimum at the chemisorbed state but no
physisorption, the vdW-functional (in the version originally
proposed*® %) predicts physisorption but no chemisorption.?®
A chemisorbed minimum is found with the modified vdwW
functionals developed recently by Klimes et al.,® but the rel-
ative depths of the physisorbed and chemisorbed minima are
found to be extremely sensitive to a judicious combination of
the local and nonlocal contributions to the functional .26

Given the uncertainty of the proper choice of a vdW-
functional and the computational complexity of the RPA-
ACFDT approach (which both can currently be applied only
to a fixed geometry), the simpler dispersion corrections of-
fered by the semi-empirical force fields of Grimme!®1" re-
main of interest. It has been demonstrated that the Grimme ap-
proach leads to quantitatively accurate results for graphite,
in good agreement with the RPA. The method has also been
demonstrated to work for graphene/Au(111).1

For graphene/Ni(111) different structures have been pro-
posed. From experiment Gamo et al.? found that the most
stable structure is top-fcc [i.e., half of the carbon atoms are
located on-top of Ni atoms and half in the face-centered
cubic (fcc) hollows of the (111) surface], whereas Rosei
et al.® and Klink et al.*? suggested that the stable structure
is hexagonal close-packed (hcp)-fec, i.e., the carbon atoms
occupy both types of three-fold hollows on the surface of
the substrate. Very recently Zhao et al.*® reported from com-
bined high-resolution x-ray photoelectron spectroscopy and
ab initio DFT calculations the co-existence of two struc-
tures for graphene/Ni(111), top-fcc and bridge-top. The DFT
calculations include semi-empirical dispersion corrections®*
and find both structures to be energetically degenerate within
about 0.3 kJ/mole and C-Ni distances of about 2.2 A, in
good agreement with experiment. The two competing struc-

J. Chem. Phys. 136, 074701 (2012)

tures have been identified by their different core-level shifts,
for both configurations the DFT-calculated level shifts are
in good agreement with experiment. Different structures had
also been considered by Fuentes-Cabrera et al.*® in calcula-
tions using both the LDA and the GGA. The GGA calcu-
lations predict that, irrespective of the structure, a graphene
layer on Ni(111) does not bind to the substrate. Only for a
hcp/fcc structure a weakly physisorbed layer at a distance of
3.6 A from the Ni layer was found to be marginally stable. In
LDA, the top/fcc and top/bridge structures were found to be
energetically almost degenerate, with Ni-graphene distances
of about 2.01 A and 1.95 A, respectively. This is another il-
lustration of the well-known fact that the overbinding char-
acteristic for the LDA predicts a binding interaction also in
cases where it is promoted only by dispersion forces. For this
reason, in several theoretical studies®®3” the LDA has been
preferred over the GGA. It must be emphasized, however,
that physically, the binding caused by a too strong exchange
contribution to the exchange-correlation functional is very
different from the dynamical correlation effects promoting
van der Waals interactions.

For ultrathin films of graphite sandwiched between fer-
romagnetic Ni(111) and Co(0001) leads, Karpan et al.¥” have
suggested almost perfect spin filtering properties. There is al-
most no lattice-mismatch between graphene and these two
close-packed metal surfaces, but the strong hybridization be-
tween the C-z and metal-d states at the interface modifies the
electronic structure of the graphene layer. The recent experi-
mental work of Dedkov and Fonin® based on x-ray adsorption
spectroscopy and x-ray magnetic circular dichroism (XMCD)
has demonstrated that a small magnetic moment is induced
in the graphene layer, leading to an exchange splitting of the
eigenstates at the Dirac point by about 0.3 eV and affecting
the spin-filtering properties.

The present work is focused on the investigation of Pt
atoms and dimers deposited on graphene support on a Ni(111)
substrate. Our interest is motivated by several interesting ob-
servations: (i) Small Pt clusters in the gas phase carry a mag-
netic moment. (ii) Strong relativistic effects lead to the forma-
tion of a large orbital moment and a large magnetic anisotropy
energy (MAE). (iii) Spin-orbit coupling (SOC) influences not
only the magnetic but also the structural properties of the
clusters.®® (iv) Pt clusters bind only weakly to a graphene
layer via one or two Pt atoms and preserve a large, only
slightly reduced orbital moment and MAE.” (v) Nanostruc-
tured systems combining a ferromagnetic 3d-metal with a
5d-metal contributing a strong spin-orbit coupling are a pos-
sible way to achieve a high magnetic anisotropy energy. In
the present work, our interest is concentrated on the inter-
action of the magnetic adatoms with the ferromagnetic sub-
strate through the graphene layer. Our calculations are based
on density-functional theory, including spin-orbit coupling ef-
fects and semi-empirical corrections for dispersion forces.

II. COMPUTATIONAL DETAILS

The electronic structure calculations and structural opti-
mizations reported here are based on DFT as implemented
in the Vienna ab initio simulation package vasp.3%40 vasp
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performs an iterative solution of the Kohn-Sham equations
within a plane-wave basis and using periodic boundary con-
ditions. The basis set contained plane waves with a maximum
kinetic energy of 500 eV. For electronic exchange and corre-
lation effects the semilocal Perdew-Wang functional®! in the
GGA and the spin-interpolation proposed by Vosko et al.*?
were used. The electron-ion interactions were treated in the
projector-augmented-wave (PAW) formalism.*%43 The PAW
approach produces the exact all-electron potentials and charge
densities and hence avoids the need to use elaborate nonlin-
ear core corrections, which is particularly important for mag-
netic elements. The PAW potentials have been derived from
fully relativistic calculations of the atomic or ionic reference
calculations.

A. Dispersion corrections

DFT calculations do not account for van der Waals (dis-
persion) forces. Dispersion corrections have been computed
using the semi-empirical force-field proposed by Grimme
et al.’617 In this method, the total energy of the system is
defined as a sum of the self-consistent Kohn Sham energy
(Exs-orr) and a semi-empirical dispersion correction (Eqisp),

Eprryp = Exs-oFt + Edisp- 1)

The van der Waals energy is described by long-range
dipole-dipole interactions,

Nat-1 Na

cy
Egp=355)_ Y. R%f(Rij), (@)
i=1 j=i+1 i

where Ny denotes the total number of atoms, R;j the distance
between atoms i and j, and C¢’ is a parameter determining
the strength of the pairwise interactions. The C¢' parameters

for a pair of atoms are defined as ,/ C;C{ and the C, parame-
ters have been optimized to describe the bonding properties of
element i in a large set of molecular systems. A cutoff func-
tion f(R;) is used, on one hand to prevent too strong interac-
tions between neighboring atoms and on the other hand to re-
strict computational requirements for long-range interactions
in solids. The scaling factor s accounts for the differences
between different GGA functionals. Here, we have used the
parameters tabulated by Grimme et al.*® for the PBE func-
tional. The recent work of Grimme et al.}” has demonstrated
that the simple pair-potential approach yields van der Waals
energies in good agreement with more sophisticated methods
based on nonlocal exchange-correlation functionals. The pair-
potential approach also permits a straightforward calculation
of the dispersion forces in structural optimizations. Very re-
cently, Grimme’s DFT-+d approach has been implemented in
VAsP code by Bugko et al.® and applied to calculate the struc-
tures and binding energies of a large number of solids where
dispersion forces play an important role.

B. Spin-orbit coupling

For each system considered here, two sets of calcula-
tions were performed, one on a scalar-relativistic level, and
the second-one including SOC. Spin-orbit coupling has been
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implemented in VASP by Kresse and Lebacg,** following the
approach of Kleinman*® and MacDonald et al.* The relativis-
tic Hamiltonian containing all relativistic corrections up to
order «? (Where o is the fine-structure constant) is recast in
the form of 2 x 2 matrices in spin-space by re-expressing the
eigenstates of the total angular momentum in terms of a tensor
product of regular angular momentum eigenstates |I, m) and
the eigenstates of the z-component of the Pauli spin matrices.
The relativistic effective potential consists of a term diago-
nal in spin-space which contains the mass-velocity and Dar-
win corrections. The nondiagonal contributions in spin-space
arise from the spin-orbit coupling but also from the exchange-
correlation potential when the system under consideration dis-
plays a noncollinear magnetization density. Calculations in-
cluding spin-orbit coupling have therefore to be performed
in the noncollinear mode implemented in VAsSP by Hobbs
et al.*” and Marsman and Hafner.*® Magnetic anisotropy en-
ergies have been calculated as total energy differences from
calculations with different orientations of the magnetic mo-
ments. For a more detailed description of the SOC implemen-
tation in VASP we also refer the readers to our recent paper.”

C. Structural model

The graphene/Ni(111) complex was represented by a pe-
riodically repeated unit cell containing the graphene layer
supported on a slab with four Ni layers, containing 48
C-atoms in the graphene layer and 24 Ni atoms per layer of
the substrate. Repeated slabs are separated by 20 A of vac-
uum, such that the interaction between the repeated images
is negligible. The Brillouin zone was sampled using 6 x 6
x 1 I"-centered k-point mesh and using a Gaussian smearing
of 0.02 eV. Electronic densities of states were calculated using
the tetrahedron method.

Pt atoms and dimers, with an initial geometry deter-
mined for free clusters in earlier calculations® were placed
on top of the graphene layer. At one adatom or dimer per sur-
face cell, the coverage is about 2 (4)% for isolated adatoms
(dimers), corresponding to the higher coverage case studied
in our recent work on Pt of free-standing graphene. The ad-
sorbate/graphene/substrate complex was relaxed, keeping the
two lowest Ni layers in their bulk-like positions until the
forces on all atoms were less than 25 meV/A. Simultaneously,
the electronic and magnetic degrees of freedom were relaxed
until the change in total energy between successive iteration
steps was smaller than 10~7 eV.

Ill. RESULTS AND DISCUSSION
A. Graphene supported on Ni(111)

The C-atoms in the graphene layer have been positioned
on top of the atoms and into the fcc hollows of the Ni(111)
face. According to both experiment>33 and recent ab initio
calculations,?® 3350 this top/fcc configuration is a stable con-
figuration of a graphene sheet supported on Ni(111). The
possibly competing bridge/top configuration has not been
considered here. The lattice constant of this lattice-matched
graphene layer is 2.49 A, which is 1/+/2 of the fcc-Ni lat-
tice constant of 3.52 A (theoretical value in agreement with
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experiment). The hexagonal lattice constant of a free-standing
graphene layer is 2.44 A (C-C distance 1.41 A),” leading to a
mismatch of only 2 pct.

The binding energy between the graphene layer and the
Ni substrate was calculated according to

EB — Egraphene—Ni(lll) _ ENi(lll) _ Egraph

Where E9rPRNI(L11) ' ENI(1Y) “ang E9(Ph- stand for the total en-
ergy of the graphene/Ni(111) system, the slab representing the
clean Ni(111) surface, and the free-standing graphene sheet,
respectively.

In accordance with the previous DFT studies (see, e.g.,
Refs. 12, 25, 26, and 35,) the GGA calculations predict no
binding of the graphene sheet to the Ni substrate, but only
a plateau or very shallow local minimum at positive (en-
dothermic) binding energy at a graphene-Ni distance of 2.3 A,
which is accidentally only slightly larger than the experimen-
tal value of 2.1 A2 The interatomic distances between the
successive layers in the graphene-covered Ni-slab are 2.035,
2.038,and 2.035 A, almost identical to the interlayer distances
close to the clean, relaxed Ni(111) surface (2.034, 2.036, and
2.034 A).

Although the free-standing ideal graphene sheet is non-
magnetic, the binding to the Ni(111) surface induces a weak
magnetic polarization of the C-atoms. The C-atoms located on
top of Ni atoms carry a magnetic moment of —0.014 pg/atom,
whereas atoms in a fcc-hollow have a moment of
+0.017 ug/atom, where — (+4) stands for antiparallel (par-
allel) orientation of the magnetic moment with respect to
the magnetic moments in the Ni-slab. A weak induced
magnetism of carbon atoms in the graphene/Ni(111) sys-
tem has also been observed experimentally.®> However,
the orientation of individual magnetic moments at differ-
ent atomic sites cannot be determined from the experi-
mental XMCD data. Sawada et al.>* derived from their
DFT calculations magnetic moments on carbon atoms of
+0.021 and —0.027 pg/atom. The Ni atoms carry mag-
netic spin moments of 0.54, 0.62, and 0.65 ug/atom in the
1st, 2nd, and successive layers, respectively. Compared to
a bare Ni(111) surface only the magnetic moment in the
1st layer is quenched due to the presence of C adlayer
(0.65 up/atom at the clean surface).

1. Dispersion corrections

To correct the inaccurate GGA-binding energy we have
repeated the calculation employing the DFT+d method
of Grimme.l® Within this method Eg is corrected to
—109 meV/C-atom (negative value means that the graphene is
bound to the Ni substrate), but both the graphene-Ni distance
and the magnetic moments remain practically unchanged.
Both binding energy and distance are in very good agreement
with the chemisorbed state identified in the RPA-ACFDT
calculations of Olsen et al.®® and Mittendorfer et al.?® [Eg
= —78(—67) meV/C-atom, C layer 2.3(2.17) A above the
substrate, results in parentheses are from Mittendorfer et al.].
The vdW correction tends, however, to shorten the Ni-
interatomic distances, which within this approximation are
2.020, 2.018, and 2.020 A, therefor the Ni-slab-geometry was
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taken from the standard GGA calculations and kept frozen
whenever we used the vdW correction.

2. Spin-orbit coupling

Spin-orbit coupling leaves the spin moments in adlayer
and substrate unchanged, independent of the orientation of the
magnetization. The graphene/Ni(111) system exhibits rather
small in-plane MAE of 0.145 meV/atom. The orbital mo-
ments of the Ni atoms are 0.065, 0.054, 0.056, and 0.075 ug
in the first and subsequent layers for in-plane magnetization,
and 0.045, 0.053, 0.053, and 0.046 g for perpendicular mag-
netization. Spin and orbital moments are strictly parallel. The
slightly larger orbital moments for easy-axis orientation cor-
respond to the classical picture of magnetic anisotropy.

3. Electronic structure

The electronic structure of the graphene layer is strongly
modified by the interaction with the Ni substrate. Figures 1(a)
and 1(b) show the electronic density of states (DOS) of
a free-standing graphene layer and a layer supported on
Ni(111), with a Ni—C distance as optimized including disper-
sion forces. While for the free-standing layer the DOS close
to the Fermi level shows the form characteristic for the linear
dispersion relations, it is strongly modified by the interaction
with the magnetic substrate and the spin-polarization induced
in the graphene. The hybridization with the 3d-states of Ni
leads to the formation of two peaks in the C-p DOS coinci-
dent with the peaks in the substrate DOS. Due to the exchange
splitting, the C-p spin-up DOS shows a local minimum, the
spin-down DOS a local maximum at the Fermi level. The
exchange-splitting of about 0.5 eV is in good agreement with
the experimental estimate.’ The hybridization of the 7 and
7* bands of graphene with the substrate states is very essen-
tial for the stabilization of a chemisorbed state with a short
C-Ni interlayer distances. Mittendorfer et al.?® have pointed
out that at the larger distance of the physisorbed state, the hy-
bridization has disappeared almost completely.

B. Pt adatom on graphene/Ni(111)
1. Geometric properties

A single Pt atom has been placed into an on top (ot),
bridge (br) or six-fold hollow (6 h) position of the graphene
layer (see Fig. 2). The adsorption energy of a Pt atom or
cluster is calculated as the difference in the total energies
according to

1 ) )
Pt, hene—N hene—N Pt,
Eu = ;(E /graphene—Ni __ [oraphene—Ni _ p ),

where EP stands for the total energy of an isolated Pt cluster
(or atom for n=1).

As for a Pt adatom on a free-standing graphene sheet, the
br-position is found to be energetically most favorable, fol-
lowed by the ot and 6 h sites. The binding of the Pt adatoms
to the substrate is much stronger than in the absence of the
support. The adsorption energies E,q are —3.010(—1.603),
—2.288(—1.357), and —1.601(—0.792) eV/Pt-atom for br, ot,

Downloaded 16 Apr 2012 to 128.130.131.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



074701-5 Pt on supported graphene monolayers

@

J. Chem. Phys. 136, 074701 (2012)

-5

DOS (states / eV*layer)
I
|

- graphene
- graphene
-Pt
-Pt
-Pt
- Ni,

Energy (eV)

FIG. 1. Partial electronic densities of states for (a) a free-standing graphene layer, (b) a graphene layer supported on a Ni(111) substrate, (c) a graphene layer
with a single Pt adatom in a bridge position, and (d) the graphene/Ni(111) complex with an isolated Pt adatom.

and 6 h, respectively. Values in parentheses refer to Pt on
a free graphene layer, see also Table |. The height of the
adatom above the graphene (measured relative to the aver-
age z-coordinate of the C atoms) is smallest for the 6 h site,
slightly larger for the br and largest for the ot position. The
presence of adatoms causes a strong, rather complex recon-
struction of both the graphene sheet and the Ni layers. Due to
the strong binding of the adsorbate, the bonds between the C
atoms around the Pt adatom are less saturated and this leads

FIG. 2. Top view of the graphene/Ni(111) system (dark-gold/dark-grey cir-
cles) in a top-fcc configuration showing the Pt-adatoms (small light-grey cir-
cles) adsorption sites: bridge (br), on top a C-atom (ot), and six-fold-hollow
(6 h).

to a stronger binding between graphene and the Ni substrate
such that the Pt atom is located in the center of a deep, rather
broad depression of the adlayer (see Fig. 3). The C atoms con-
necting directly to the Pt atoms, however, move slightly out-
wards (such as the C atoms of a free-standing graphene layer).
A Pt atom in a br position is located 1.96 A above the atoms
forming the C-C bridge, but 2.25 A above the average height
of the C atoms. For a Pt adatom in a br site the corrugation am-
plitude is 0.783 A in the C-layer, and 0.268, 0.174, 0.134 A
in the 1st, 2nd, and 3rd Ni layers. Following the trend in the
adsorption energies, the corrugation of the graphene layer de-
creases from 0.783 A to 0.429 A and 0.126 A for br-, ot-, and
6 h-positions. The Ni atoms directly below the Pt atom move
outward, the buckling amplitude of the first Ni layer decreases
in the same sequence: 0.268, 0.090, and 0.034 A, for br-,ot-,
and 6 h-sites. Interestingly, the mean distances between Ni
layers is hardly changed, at most by about 0.005 A.

TABLE 1. The adsorption energy, Eaq and the height zp.c of a Pt adatom
above the average graphene sheet, the average distance between graphene
and the first Ni layer, zc-ni, the Pt—C bond length, dptc, and the buckling of
the C layer, bc, and Ni-first layer, by, calculated for the Pt adatom adsorbed
in different high-symmetry sites. For the most stable br site the values in
parentheses give the results including the dispersion corrections (DFT+d).
The adsorption energy is given in eV/Pt atom, all distances in A.

Adsorption  Method Ead Zt.6 Z6Ni  dptc bc bni
br DFT -3.010 2251 2346 2055 0.78 0.27
DFT+d —(3.272) (2.28) (2.20) (2.10) (0.43) (0.13)
ot DFT -2.288 2332 2320 2002 043 0.09
6h DFT -1.601 2108 2312 2506 0.13 0.03
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FIG. 3. (a) Graphical representation of the Pt/graphene/Ni(111) system, with the adsorbed Pt adatom in the bridge position. Part (b) shows in detail the
reconstruction of the graphene layer. The distances marked in (a) are the average height of the Pt atom above the graphene layer and the average graphene-Ni
interlayer distance. Part (b) reports the buckling amplitudes of the graphene and the first Ni layer, the graphene-Ni distance at the boundary of the computational
cell, the height of Pt over the C-C bridge, and the height of the C—C bridge above the lowest atoms in the graphene layer. All geometrical parameters are given
in A, they refer to DFT calculations without dispersion corrections, cf. Table | and text.

2. Dispersion corrections

If dispersion corrections are taken into account (but keep-
ing the geometry of the Ni substrate frozen as determined in
the GGA calculations), the binding energy of a Pt adatom in
a br position increases to —3.272 eV/Pt atom. The height of
the Pt atom above the graphene layer is 2.28 A, compared to
2.25 A without dispersion corrections, while the graphene-Ni
distance is reduced from 2.35 A to 2.20 A. The most impor-
tant structural effect of the vdW forces is the reduction of the
corrugation amplitude to 0.43 A. If the two top layers of the
Ni-substrate are also allowed to relax under the influence of
the dispersion forces, the Pt—C and C-Ni distances remain un-
changed, but the interlayer distances are reduced to 2.01 and
2.00 A. The corrugation amplitude of the first Ni layer de-
creases to 0.13 A.

3. Magnetic properties

Pt adatoms on graphene/Ni carry small magnetic mo-
ments, —0.02, —0.05, and —0.19 ug/Pt atom for br-, ot-, and
6 h-positions. This is in contrast to Pt atoms on free-standing
graphene which are non-magnetic. At a frozen bulk-like ge-
ometry, the magnetic moments found for the bare graphene/Ni
system are almost unaffected by the presence of adsorbate. In
the top layer of the substrate the magnetic moments vary be-
tween 0.50 and 0.56 ug (0.54 ug in the absence of the Pt
adatom). Only on the Ni atom almost directly below the Pt
atom the magnetic moment is enhanced to 0.63 ug —this en-
hancement is remarkable because adatom and substrate are
separated by the graphene layer. The induced magnetic mo-
ments on the C atoms are —0.01 and +0.02 g, only on the
two C atoms binding directly to Pt the magnetic moment is
reduced almost to zero.

At the relaxed geometry the magnetic moments on the
Ni atoms below the depression in the graphene layer are fur-
ther reduced up to 0.43 ug, except for the atoms closest to
the Pt atom which has a bulk-like moment of 0.65 ug. The
distribution of the magnetic moments in the first Ni layer is
displayed in Fig. 4. The magnetic moments in the second Ni

layer vary between 0.60 and 0.66 g, they are converged to
the bulk value of 0.65 ug from the third layer onward.

4. Electronic structure

The strongly increased adsorption energy, the structural
deformation of the graphene/Ni substrate and the weak in-
duced magnetism show that there are strong interactions be-
tween the Pt adatom and the graphene, and between graphene
and the Ni support. In the electronic DOS (see Fig. 1(c)) this
is reflected by a broadening of the 5d-states of the Pt atom.
In the DOS of the graphene layer the structure induced by the
interaction with the Ni substrate is slightly smeared out as a
consequence of the buckling of the adlayer, but the exchange-
splitting remains unchanged.

5. Magnetic anisotropy

Calculations including spin-orbit coupling predict a
small anisotropy of the spin moment of the Pt atom with
—0.022 pg for in-plane and —0.018 ug for perpendicular

FIG. 4. Magnetic moments (in wg) in the top layer of a graphene-covered
Ni(111) surface carrying a Pt adatom shown by the red ball. C atoms in the
graphene layer are located at the vertices of the honeycomb network.
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FIG. 5. Flat (a) and upright (b) configurations of a Pt, dimer supported on graphene/Ni(111). Geometrical parameters are from DFT calculations without

dispersion corrections.

magnetization, while the spin moments on the Ni atoms re-
main unchanged relative to the scalar relativistic calculations.
The orbital moment of the Pt atom is +0.021ug for perpen-
dicular and +0.008ug for in-plane magnetizations. The an-
tiparallel orientation of spin and orbital moments lead to a
very small total moment on the adatom. On the Ni atoms in
the first layer the orbital moments vary between 0.036 and
0.057 ug for perpendicular and between 0.035 and 0.075
up for in-plane magnetization. The influence of the adatom
on the orbital moments decreases in the deeper layers. The
easy magnetization direction is in-plane, the MAE of 0.089
meV/atom is lower than without the Pt adatom.

C. Ptdimers on graphene/Ni(111)

In addition to the adsorption energy of the dimer it is also
interesting to examine the strength of the binding between the
Pt atoms which can be characterized by the cohesive energy
of the supported dimer given by

Econ = %(Eptz/gfaph/Ni _ EOPNI _ 9 Pty

where EPt stands for the total energy of an isolated Pt atom.
For a Pt dimer in the gas phase, scalar-relativistic calcu-
lations predict a bond length of 2.35 A and a spin moment
of 2 ug. Spin-orbit coupling favors the formation of a high-
moment state with a total moment of 4.5 ug oriented along
the dimer axis and a MAE of 23.1 meV/Pt atom.*® On a free-
standing graphene layer, a Pt dimer is adsorbed in an upright

position with a bond length of 2.38 A and a distance of 2.11 to
2.26 A of the lower Pt atom from the buckled graphene layer,
depending on coverage, and a spin moment of 1.5 ug. SOC
favors an increased total magnetic moment of 2 ug at low and
3 up at higher coverage, correlated to different MAE’s of 5.3
and 11.6 meV/Pt atom, respectively.”

1. Geometric and energetic properties

The present calculation for Pt on graphene/Ni(111) cor-
responds to the higher coverage of about 4% studied for
Pt/graphene, both upright and flat configurations have been
considered, see Fig. 5. All energetic and geometric param-
eters are summarized in Table Il. In contrast to the dimer
on a free-standing graphene layer the stable configuration
is a flat-lying dimer with both Pt atoms located slightly off
an ot position above a C atom and En = —2.896 eV/Pt
atom and E,q = —0.999 eV/Pt atom. The corresponding val-
ues for an upright dimer with the lower Pt atom in a br po-
sition are —2.733 eV and —0.836 eV/Pt atom, respectively.
The adsorption energy per Pt atom is increased with respect
to free-standing graphene by —0.71 eV for the flat and by
—0.35 eV for the upright dimer, such that the presence of the
substrate stabilizes the flat geometry. The adsorption energy
per Pt atom, however, is lower than for the isolated adatom.
This means that while on a free-standing graphene layer the
formation of dimers and larger clusters was energetically
favored (and facilitated by a high mobility of the Pt atoms),®

TABLE II. The adsorption energy E,q and the Pt—Pt binding energy Econ, and the Pt—Pt bond length dpi_p; of a Pty
dimer on graphene/Ni(111) for flat and upright geometries. zpt. is height of the (lower) Pt adatom above the average of
the graphene sheet, zg.n; the average distance between the graphene and the top Ni layers, dpt—c the distance between
the (lower) Pt and the nearest C atom. bc and by, are the buckling amplitudes of the graphene and the first Ni layers.
Results of calculations without (DFT) and including dispersion corrections (DFT+d) are reported. Energies are given in

eV/Pt atom, distances in A.

Geometry Method Ead Econ dptpt ZtG ZGNi dpt.c be (A) bni (A)

Flat DFT -0.999 -2.896 2.54 2.37 2.32 2.06 0.47 0.17
DFT+d -1.747 -3.562 2.56 2.37 2.19 2.03 0.52 0.17

Upright DFT -0.836 -2.733 2.40 2.28 2.30 1.99 0.37 0.15
DFT+d -1.405 -3.310 2.39 2.28 2.18 1.97 0.44 0.15
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on graphene/Ni(111) isolated adatoms are lower in energy.
The formation of dimers is also further hindered by a large
diffusion barrier given by the difference in the adsorption en-
ergies on br and ot sites (see Table I).

The Pt—Pt distance in a flat-lying dimer is 2.54 A—this is
larger than the dimer length on a free-standing graphene layer
of 2.46 A and also slightly larger than the lattice constant of
the lattice-matched graphene layer. In both cases the Pt-Pt
bond stretches between two ot positions across a hexagon.
The adsorbed dimer induces a corrugation of the graphene
layer with an amplitude of 0.47 A. Again the C atoms sur-
rounding the Pt dimer move closer to the Ni substrate, but the
C atoms binding directly to the Pt atoms are located slightly
above their neighbors, such that the height of the Pt atoms
is 2.37 A above the average height of the C atoms but only
2.06 A above the nearest C atoms (see Fig. 5(a)).

The Pt—Pt distance in an upright dimer is 2.395 A, in-
creased by 0.015 A compared to the dimer on the free
graphene layer. The lower Pt atom is located 2.28 A above the
average height of the buckled C layer but only 1.99 A above
the atoms forming the C-C bridge (see Fig. 5(b)). The buck-
ling amplitude of the C layer is 0.369 A, that of the first two Ni
layers is 0.147 A and 0.034 A, respectively. Compared to Pt
dimers on a free-standing graphene layer with the same cov-
erage both Pt-Pt bond length and distance from the graphene
layer are slightly increased, but the most important differ-
ence is the much larger buckling amplitude of the supported
graphene layer, reflecting the substrate-induced stronger ad-
sorption of the dimer.

2. Magnetic properties

The flat Pt, dimer is almost non-magnetic, only the Pt
atom located almost directly above a Ni atom of the substrate
has a small moment of 0.02 ug. C atoms directly below the
Pt atoms are non-magnetic, the alternating magnetic moments
on the other atoms in the graphene layer remain unchanged.
The distribution of the magnetic moments in the top layer of
the substrate is shown in Fig. 6, local moments vary between
0.49 and 0.63 ug.

The upright Pt dimer is magnetic with a total spin mo-
ment of 1 ug (the local moments are 0.70 ug on the upper
and 0.3 up on the lower Pt atom). The weak induced mag-
netism in the graphene layer is hardly affected. The magnetic
moments in the top Ni layer vary between 0.52 and 0.57 ug,
only on the Ni atom below Pt the moment is increased to
0.67 ug. Moments in the 2nd Ni layer range between 0.62
and 0.63 ug, they are converged to the bulk value of 0.65 ug
from the third layer onward.

3. Dispersion corrections

Dispersion corrections have a strong influence on the en-
ergetics of an adsorbed Pt dimer. For the flat-lying dimer
E,q increases from —2.869 to —3.562 eV/Pt atom, E¢qn from
—0.999 to —1.747 eV/Pt atom. Whereas without dispersion
corrections the formation of a dimer from two co-adsorbed Pt
atoms is an endothermic process, it is now energetically fa-

J. Chem. Phys. 136, 074701 (2012)

0,59 /
QGO / .}}60 }

FIG. 6. Distribution of the magnetic moments in the top Ni layer below a
flat-lying Pt, dimer supported on graphene/Ni(111). C atoms in the graphene
layer are located at the vertices of the honeycomb network.
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vored by 0.290 eV/atom. The distance of the dimer from the
graphene layer is unchanged, but the Pt—Pt distance increases
to 2.56 A. The buckling amplitude of the graphene layer in-
creases to 0.52 A. For the upright dimer Ec, increases from
—2.733t0 —3.310 eV/Pt atom, E,q from —0.836 to —1.405 A,
i.e., the preference for a flat dimer becomes even more pro-
nounced. The distance of the lower Pt atom from the graphene
is unchanged, the dimer length is slightly reduced to 2.386 A.
The buckling amplitude of the graphene layer is 0.44 A. The
energies and distances calculated using the DFT+d approach
are summarized in Table I1. Changes in the magnetic moments
as a consequence of the altered geometry are very modest.

4. Influence of spin-orbit coupling—magnetic
anisotropy

For a flat-lying dimer SOC does not induce the formation
of a magnetic moment, the Pt dimer remains non-magnetic.
The magnetism of an upright dimer, however, is strongly af-
fected. For magnetization perpendicular to the substrate (i.e.,
parallel to the dimer axis), the Pt dimer has a spin moment
of 0.92 ug and an orbital moment of 1.17 ug. The orbital
moment on the C atoms is zero, in the first Ni layer the or-
bital moments vary between 0.043 and 0.047 ug, only the
Ni atom directly below the Pt dimer has a larger orbital mo-
ment of 0.056 wg. In the first Ni layer the spin moments vary
between 0.51 and 0.57 ug (only the Ni atom directly below
the Pt dimer has a larger spin moment of 0.66 wg). Hence,
they are hardly influenced by the presence of the adsorbate.
In the second Ni layer the spin moment varies between 0.61
and 0.63 wp. For magnetization parallel to the substrate (and
perpendicular to the dimer axis), the Pt dimer has lower spin
and orbital moments of 0.49 ug and 0.36 g, respectively.
Again the spin moment is much larger on the upper Pt atom
(0.33 wg) and the orbital moment is located almost entirely
in this site. The spin moments in the Ni substrate are hardly
changed, but in-plane magnetization permits the formation
of larger orbital moments in the Ni substrate. We calculate
0.071 g on the atom directly below the Pt dimer and orbital
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TABLE IlI. Spin and orbital moments wus and pi, spin and orbital
anisotropies Aus and Ax, and magnetic anisotropy energy MAE for a Pty
dimer in the gas phase, on a graphene layer, and on a graphene/Ni(111) sup-
port. All magnetic moments are given in ug, the MAE in meV/dimer.

Magnetization

direction? s L Aus AuL  MAE
Pty Axial 188 274 0
(Ref. 49) Perpendicular  1.34 0.80 -0.54 -1.94 46.2
Pty/graphene Axial 130 170 0
(Ref. 7) Perpendicular  0.60 053 -0.70 -1.17 232
Pty/graphene/Ni Axial 092 117

Perpendicular  0.49 0.36 -0.43 -0.81 496

2Relative to the dimer axis.

moments between 0.050 and 0.063 g on the other Ni atoms
in the first layer. The easy magnetization direction is perpen-
dicular (corresponding to the larger spin and orbital moments
on the Pt dimer), with an MAE of 0.34 meV/atom.

The result of a perpendicular anisotropy of the
Pt,/C/Ni(111) system, in contrast to the in-plane anisotropy
of the graphene-covered Ni(111) surface, but in agreement
with the perpendicular anisotropy of an upright Pt dimer on
a free-standing graphene layer” and the axial anisotropy of a
gas-phase Pt dimer®® is remarkable. To compare the MAE’s
it is important to remember that in our previous studies the
MAE was given in units of meV/Pt atom, whereas the MAE
calculated in the present work is calculated per atom, includ-
ing all Pt, C, and Ni atoms. For the entire computational cell
with 96 Ni, 48 C, and 2 Pt atoms the MAE is 49.6 meV, to be
compared with an MAE of 23.2 meV for the Pt dimer on a free
graphene layer and of 46.2 meV for the gas-phase dimer. The
magnetic moments, spin and orbital anisotropies, and MAE’s
of a Pt dimer in the gas phase, on a free-standing graphene
layer, and on a graphene/Ni support are collected in Table I11.

The role of the support is to decrease spin and orbital
moments with increasing strength of the interaction, but both
remain strongly anisotropic. For a dimer in the gas phase and
on graphene, the reduced MAE reflects the decrease in the
orbital anisotropy. For Pty/graphene/Ni, however, the orbital
anisotropy is further decreased, but the MAE is as large as
for the isolated dimer. This means that due to the presence of
the Pt dimer the contribution of the Ni support to the MAE
has changed sign. This is in line with our analysis of the
orbital moments of the substrate atoms which are larger for
in-plane than for perpendicular magnetization for the clean
graphene/Ni(111) system, whereas the orbital anisotropy is
reversed in the presence of an upright Pt, dimer.

IV. DISCUSSION AND CONCLUSIONS

Detailed investigations of the energetic, structural, and
magnetic properties of Pt atoms and dimers deposited on a
graphene layer supported on a Ni(111) substrate have been
presented. The influence of dispersion forces and of spin-
orbit coupling has been investigated. In accordance with ear-
lier work we find that dispersion forces are necessary to
bind the graphene sheet to the Ni substrate. The magnetism
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of Ni induces weak magnetic moments of opposite sign on
the C placed above the substrate atoms and the fcc hollows
of the Ni(111) surface. The graphene—Ni distance and bind-
ing energy predicted by the simple DFT+d approach for the
chemisorbed layer are in good agreement with high-level
RPA-ACFDT calculations®2% and with experiment. Calcu-
lations including SOC predict weak orbital moments on the
substrate atoms and an in-plane MAE of 0.145 meV/atom.

The stable adsorption site of an isolated Pt atom is in a
bridge-position between two C atoms of the graphene layer.
While the adsorption site is the same as on a free-standing
graphene sheet, the adsorption energy is almost twice as large,
the Pt atom also induces a strong, rather complex corruga-
tion of the graphene layer and of the top Ni layers. Disper-
sion corrections increase the adsorption energy by about 9 pct
and lead to a slight increase of the Pt—graphene distance by
0.03 A. The buckling of the graphene layer induced by the
adatom is stronger and qualitatively different from that found
for free-standing graphene. While the C atoms of the free
layer binding to Pt move outward, the adatom is located in
a deep and broad depression of the supported layer. Its origin
is the polarization of the graphene layer by the adatom which
leads also to a locally stronger interaction between graphene
and the Ni support. For the C atoms directly coordinated to
Pt, however, the stronger Pt-C interaction dominates such that
the atoms forming the C—C bridge are located above the sur-
rounding part of the graphene layer.

An isolated Pt adatom is almost non-magnetic and the
small magnetic moments on the C atoms remain almost un-
changed. However, the Pt atom induces a slight increase of
the magnetic moment of the Ni atom directly below. The
weak in-plane magnetic anisotropy is further reduced by the
adatom.

A Pt, dimer is adsorbed on graphene/Ni in a flat configu-
ration with the Pt atoms close to on-top positions on both sides
of a sixfold hollow, an upright dimer located in a C-C bridge
is by 0.16 eV/Pt atom higher in energy. This is in marked con-
trast to a Pt dimer on free-standing graphene where an up-
right geometry is energetically favored by 0.193 eV/Pt atom.
The change in the geometry is caused by the strong interac-
tion of the second Pt atom with the support. In both cases
the graphene layer is strongly corrugated, with a geometri-
cal pattern similar to that discussed for the adatom. Disper-
sion corrections increase the structural energy difference in
favor of the flat dimer to 0.34 eV/Pt atom, they also stabilize
the dimer relative to two isolated adatoms. The flat dimer is
non-magnetic, the upright dimer carries a magnetic moment
of 1 ug. For the flat dimer a non-magnetic state has also been
found on free-standing graphene, for the upright dimer the
spin moment is reduced compared to a value of 1.5 g in the
absence of a substrate.

Relativistic calculations have been performed only for
the magnetic upright dimer. While for Pt, on free-standing
graphene we had found at the coverage considered in the
present work an enhanced total magnetic moment of ~3 g
for the easy magnetization direction parallel to the dimer axis,
on the supported graphene layer we find only a total mag-
netic moment of ~2.1 ug. In both cases the orbital moment is
larger than the spin moment, both spin and orbital moments
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are strongly anisotropic. The presence of Pt dimers on the
C/Ni(111) surface leads to a re-orientation of the easy mag-
netization direction from in-plane to perpendicular, as for a
dimer on a free-standing graphene layer.

The conclusions to be drawn from our results concern
both the computational methodology and the physical proper-
ties of transition-metal atoms and clusters on metal-supported
graphene layers. The first point to note is the reduced mobility
of Pt adatoms—the diffusion barrier increases from 0.18 eV
to 0.72 eV due to the presence of the Ni support. The sub-
strate also affects the relative stability of isolated adatoms
and dimers. On a free-standing graphene layer the forma-
tion of dimers and larger clusters is energetically favored. On
graphene/Ni dimer formation is an endothermic process in
the absence of dispersion forces but exothermic if dispersion
forces are taken into account. The magnetic properties of the
system are of central interest and we note that (i) a graphene-
covered Ni(111) surface has a weak in-plane MAE of
0.145 meV/atom. (ii) The presence of Pt adatoms leads to a lo-
cally increased interaction between graphene and the support
and a complex reconstruction of the adlayer. The easy mag-
netization direction remains in-plane and the MAE is further
reduced. (iii) Even without dispersion corrections, a flat Pt;
dimer is energetically more favorable on graphene/Ni(111)
than an upright geometry—in contrast to the situation for un-
supported graphene. (iv) A flat dimer is non-magnetic and
for the upright dimer the strongly anisotropic spin and or-
bital magnetic moments are reduced by the presence of the
substrate. (v) For the upright dimer we find an easy mag-
netization direction perpendicular to the substrate, as on the
free-standing graphene layer and corresponding to the axial
anisotropy of the gas-phase dimer. This means that the mag-
netic anisotropy of the dimer is strong enough to induce a
re-orientation of the easy magnetic axis relative to the clean
C/Ni(111) system.

Dispersion corrections of the DFT results necessary to
stabilize the adhesion of a graphene layer on a Ni(111)
substrate. It is important to note that the simple semi-
empirical DFT+d approach predicts an adsorption energy
and graphene-Ni distance in good agreement with the more
elaborate and computationally much more demanding RPA-
ACFDT method. This permits to extend the investigations to
the much larger models required for the Pt,/graphene/Ni sys-
tem. Dispersion corrections lead to a modest increase of the
adsorption energy of a Pt atom on the supported graphene
layer and to a more pronounced enhancement of the adsorp-
tion energy of a dimer whose formation is energetically fa-
vored only by the dispersion forces. The preference for a flat
dimer geometry is also further increased by dispersion correc-
tions. The influence on the geometric properties is, however,
very small.

The important result of this study is to demonstrate strong
indirect interactions between metallic adatoms and a metal-
lic, ferromagnetic substrate mediated by the graphene layer.
These effects induce a strong reconstruction of the graphene
layer and favor geometries permitting a stronger coupling be-
tween adatoms and graphene, they also reverse the relative
stability of isolated adatoms and dimers. For loosely bound
configurations of the dimer the stronger SOC of the heavy

J. Chem. Phys. 136, 074701 (2012)

adsorbates dominate the magnetic anisotropy. Similar effects
could also lead to a strong MAE of nanostructures on sup-
ported graphene layers which are large enough to stabilize a
three-dimensional structure.
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Density-functional theory including spin-orbit coupling and corrections for dispersion forces has
been used to investigate the structural and magnetic properties of Pt3 and Pt, clusters deposited on
a graphene layer supported on a Ni(111) substrate. It is shown that the strong interaction of the Pt
atoms with the Ni-supported graphene stabilizes a flat triangular and a slightly bent rhombic struc-
ture of the clusters. Pt atoms are located nearly on top of the C atoms of the graphene layer, slightly
shifted towards the bridge positions because the Pt—Pt distances are larger than the C-C distances of
the graphene sheet lattice-matched to the Ni support. The strong interaction with the substrate leads
to a substantial reduction of both the spin and orbital moments of the Pt atoms, not only compared to
the clusters in the gas-phase, but also compared to those adsorbed on a freestanding graphene layer.
The trends in the magnetic moments and in the magnetic anisotropy of the cluster/substrate com-
plex have been analyzed and it is demonstrated that the anisotropy is dominated by the Ni support.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4737885]

|. INTRODUCTION

In a recently published series of papers we have used
density-functional theory (DFT) to explore the structural and
magnetic properties of small Pt, clusters in the gas phase®
and supported on a freestanding graphene layer.? We have
been able to show that free Pt clusters carry a magnetic mo-
ment and that strong relativistic effects lead to the formation
of a large orbital moment and a large magnetic anisotropy
energy (MAE). The spin-orbit coupling influences not only
the magnetic, but also the structural properties of the clus-
ters, leading to a preference for planar structures for clusters
consisting of up to five Pt atoms, in contrast to scalar rel-
ativistic calculations predicting three-dimensional structures
for trimers and tetramers.! Pt clusters bind only weakly to a
freestanding graphene layer via one or two Pt atoms and pre-
serve large spin and orbital moments and a substantial MAE.?
In contrast isolated Pt atoms and Pt, dimers deposited on
a graphene layer supported on a Ni(111) substrate are pre-
dicted to be non-magnetic. Although graphene binds to the
Ni surface only very weakly by dispersion forces (included
in our DFT approach by semi-empirical corrections), an ad-
sorbed Pt atom or dimer binds much more strongly to the sup-
port and induces also a locally enhanced interaction between
graphene and Ni leading to a substantial buckling of the ad-
layer. The dimer on the graphene/Ni support is adsorbed in a
flat configuration instead of an upright one on the freestanding
graphene layer. While the isolated adatom and the flat dimer
are non-magnetic, an upright dimer was found to be strongly
magnetic.3
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In the present work, we extend these investigations to Pt
trimers and tetramers adsorbed on a graphene/Ni(111) sup-
port, motivated by the aim to find out whether for slightly
larger clusters the large magnetic moments calculated for
clusters in the gas phase or adsorbed on freestanding graphene
layer persist or whether the influence of the Ni substrate is
strong enough to completely quench the magnetic moment as
for the adatom and the dimer. Our investigations are based on
spin-polarized density functional theory including spin-orbit
coupling (SOC) and semi-empirical dispersion corrections.*>
The fully relativistic approach permits to calculate the or-
bital moments and the MAE, the dispersion corrections pro-
vide an accurate description of the interaction between the
graphene layer and the Ni substrate. The origin of the mag-
netic anisotropy and the contributions from the Pt clusters,
the graphene layer and from the Ni substrate are analyzed in
detail.

II. COMPUTATIONAL DETAILS

The electronic structure calculations and structural opti-
mizations reported here are based on DFT as implemented
in the Vienna ab initio simulation package VASP.®7 VASP
is based on the projector augmented wave method”' for
describing the electron ion interactions. The basis set con-
tained plane waves with a maximum kinetic energy of 500 eV.
For electronic exchange and correlation effects the semi-local
Perdew-Wang functional® in the generalized-gradient approx-
imation (GGA) and the spin-interpolation proposed by Vosko
et al.® were used. DFT calculations do not account for van der
Waals (dispersion) forces. Dispersion corrections have been
computed using the semi-empirical force-field proposed by

© 2012 American Institute of Physics
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Grimme et al.*® Grimme’s DFT+d approach has been im-
plemented in VASP code by Butko et al.!* and applied to
calculate the structures and binding energies of a large num-
ber of solids where dispersion forces play an important role.
For graphene layers supported on metallic substrates this ap-
proach has been shown® to be in good agreement with cal-
culations using the computationally much more demanding
random-phase approximation.'?

Spin-orbit coupling has been implemented in VASP by
Kresse and Lebacg,*® following the approach of Kleinman'*
and MacDonald et al.*® Calculations including spin-orbit cou-
pling have been performed in the non-collinear mode im-
plemented in VASP by Hobbs et al.’® MAE’s have been
calculated as (i) total energy differences from self-consistent
calculations for different orientations of the magnetic mo-
ments and (ii) using the magnetic force theorem.!”:18 The
force theorem allows to calculate the MAE from the differ-
ences in the sum of the band energies from non-self-consistent
calculations at a frozen potential and charge density.

The force theorem permits the elucidation of the elec-
tronic origin of the MAE via the decomposition of the MAE
into contributions from the adsorbed cluster, the graphene
layer and from the Ni substrate. Within this formalism, the
MAE may be written as

2 Erp
MAE=)" > /E k (E — Ep)Ant, (E)dE, 1)

i my=—2

where the sum is over all atoms in the supercell and over all
angular momentum quantum numbers my, Eg is the energy at
the bottom of the valence band, and where

Anl, (E) = n}, (E;soft) — n}, (E;hard) )

m;

is the difference in the partial local density of states for
electrons with quantum number m at the site i for soft-
and hard-axis magnetization. The orbital anisotropy A,
= pft — " may be calculated in terms of the difference
in the occupation of states with m = +2, +1, i.e., according
to

Er
Apr=2up)_ Y /E [An!, (E) — Anl, (E)]|dE.

i m=12

®)
Note that a large contribution to the MAE requires a large
value of Anﬁm(E), integrated over the valence band, irrespec-
tive of the value of m. A significant orbital anisotropy arises
only if Ani,”(E) is different for states with m = 41 and/or
m = +2. One must also remember that the expression given
for the orbital anisotropy is exact, whereas the force theorem
leads only an approximate value for the MAE.

The results achieved with the force theorem are neces-
sarily less accurate than those derived from total-energy dif-
ferences. The determination of the partial contributions to the
MAE from integrals over the difference in partial densities
of state (DOS) involves a further approximation, because the
plane wave components of the eigenfunctions have to be pro-
jected onto spherical waves within atomic spheres. A detailed
comparative study of the impact of these approximations on
calculations of the MAE has recently been published for Fe
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and Co adatoms on a Pt(111) surface.'®2° For all further com-
putational details we refer to our previous work.®

A. Structural model

The graphene/Ni(111) complex was represented by a pe-
riodically repeated unit cell containing the graphene layer
supported on a slab with four Ni layers, containing 48 C-
atoms in the graphene layer and 24 Ni atoms per layer of the
substrate. Repeated slabs are separated by 20 A of vacuum, so
that the interaction between the repeated images is negligible.
The Brillouin zone was sampled using 6 x 6 x 1 I'-centered
k-point mesh and using a Gaussian smearing of 0.02 eV. Elec-
tronic DOS were calculated using the tetrahedron method.

Pt trimers adopt a triangular structure in the gas phase
and adsorbed on a free graphene layer. We have examined
two possible configurations: one with the Pts triangle parallel
to the graphene sheet and a second one where the triangle is
perpendicular to the surface and binds to graphene only via
one of its edges (as on the free graphene layer).

For free Pty clusters scalar relativistic calculations pre-
dict that the equilibrium structure is a tetrahedron, with a flat
rhombus being only slightly higher in energy.! If SOC is in-
cluded, the planar structure is preferred. Upon adsorption on
graphene the initially planar structure is distorted by a con-
traction along the long diagonal of the rhombus so that the
two Pt atoms at its ends move to positions on top of C atoms,
while the two atoms occupying the short diagonal move to a
larger distance from the graphene layer.? The resulting struc-
ture is a bent rhombus, intermediate between the planar and
tetrahedral structures®, both have been used as starting config-
urations in the present work. The adsorbate/graphene complex
was relaxed (keeping the Ni substrate frozen as obtained from
the standard GGA calculations) until the forces on all atoms
were less than 25 meV/A. Simultaneously, the electronic and
magnetic degrees of freedom were relaxed until the change
in total energy between successive iteration steps was smaller
than 10~7 eV.

Il. RESULTS AND DISCUSSION
A. Pt trimers

The relaxed structures of triangular Pts clusters with the
Pt-plane parallel (a) or perpendicular (b) to the graphene layer
are shown in Figure 1, the information on the adsorption en-
ergies and the relevant geometric parameters are compiled
in Table I. A flat structure that allows a binding of all three
Pt atoms with the graphene layer is lower in energy by
46 meV/Pt-atom than a perpendicular configuration where the
cluster binds to the substrate only via one of its edges, as on
a freestanding graphene layer. Of the two energies listed in
Table I, E;g measures the adsorption energy of the cluster rel-
ative to the clean graphene/Ni(111) surface and the gas-phase
Pt3 cluster, whereas E_, measures the energy relative to the
clean substrate and three isolated Pt atoms and hence accounts
for the strength of the binding between the Pt atoms in the
supported cluster. With Eyy = —1.222 eV/Pt-atom the bind-
ing of the cluster to the substrate is significantly weaker than
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FIG. 1. Geometric structure of Ptz clusters. Distances are given in A. Num-
bers on atoms give the values of the local spin moments as calculated in the
scalar relativistic approach.

for the dimer (Eq = —1.747 eV/Pt-atom), but because E_,
increases by 0.045 eV/Pt-atom relative to the dimer and by
0.29 eV/Pt-atom relative to the monomer the formation of a
trimer is energetically favored.

The threefold symmetry of the cluster is broken by a min-
imal difference of 0.02 A in the Pt-Pt distances. The Pt atoms
are located almost on top of the C atoms, slightly shifted to-
wards the C—C bridge positions to admit for Pt—Pt distances of
2.639 A (increased by 0.139 A relative to the gas-phase clus-
ter) which are larger than the C—C distances of 2.49 A in the
graphene layer lattice-matched to the Ni(111) support. The
strong binding of the Pts cluster to the substrate induces sub-
stantial distortions of the graphene layer. The Pts triangle sits
in the center of an extended depression of the graphene layer,
the buckling amplitude of graphene is 0.40 A. The C-atoms
binding directly to the Pt atoms, however, are displaced out-
ward relative to their neighbors but remain at a lower height
than those at a large distance from the cluster.

In an upright triangle the Pt atoms forming the lower edge
are again located close to on-top positions, slightly shifted to-
wards the bridge (PtPt distances of 2.646 A, substantially in-
creased compared to 2.54 A in the upright cluster on graphene
only). The Pt—C distances of the binding Pt-atoms are almost
the same as for the flat triangle and only slightly increased
by 0.024 A compared to a flat dimer. The deformation of the
graphene layer and of the Ni support is similar to that induced
by a flat Pt-trimer, but with larger buckling amplitudes.

J. Chem. Phys. 137, 044710 (2012)
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FIG. 2. Magnetic structure of Ptz clusters. Red (dark) arrows show spin mag-
netic moment and blue (light) arrows show the orbital magnetic moment; the
numbers give the absolute values of the local spin (upper number) and orbital
(lower number) magnetic moments s and 4, in pg.

The spin-moments calculated in a scalar-relativistic ap-
proach reflect the broken symmetry of the Pts triangles (see
Figure 1). The spin-moments are only slightly changed if
SOC is included, the magnetic structures for easy and hard
magnetization directions are shown for both configurations
in Figure 2. For the flat Pt trimer the easy magnetization di-
rection is in-plane, the hard magnetic axis is perpendicular
to the substrate. The spin and orbital moments per cluster
are us = 0.556 ug and u = 0.177 ug for the easy and us
=0.568 up and p = 0.214 ug for the hard magnetization di-
rection, leading to negative spin and orbital anisotropies of
Apus = —0.012 ug and Ap = —0.037 ug. The spin mo-
ments in the top Ni layer vary for magnetization along the
easy axis between 0.44 and 0.57 ug, i.e., they are reduced
compared to their bulk value of 0.66 wg. The local distribu-
tion of the moments is similar to that reported for Pt adatoms
and dimers on graphene/Ni(111), i.e., the lowest and largest
values of the spin moment are found on the sites directly be-
low the adsorbed Pt (see Figures 5 and 6 in Ref. 3). At a larger
distance from the adsorbed cluster they converge to an inter-
mediate value of 0.53 wg. The variation of the spin moments
is already much smaller in the second Ni layer (between 0.60

TABLE I. The adsorption energy Eaq and the Pt-Pt binding energy Econ, and the Pt—Pt bond length dpi_pt of a
Ptz trimer on graphene/Ni(111) for flat and upright geometries. zptg is the height of the (lower) Pt adatom above
the average of the graphene-sheet, zg_i is the average distance between the graphene and the top Ni layers, dpt_c
is the distance between the (lower) Pt and the nearest C atom. bc is the buckling amplitude of the graphene.

Energies are given in eV/Pt-atom, distances in A.

Geometry Method Ead Econ dptpt PG ZG-Ni dpc be

Flat DFT+d —-1.222 —3.607 2 x 2.639, 2.35 2.18 2.08 0.40
2.637

Upright DFT+d —-1.176 —3.561 2.646, 2.524, 2.36 2.18 2.08 0.55

2.495 2.10
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and 0.62 wg) the moments are converged to the bulk value
from the third layer onwards. The orbital moments of the Ni
atoms vary between 0.030 and 0.062 g in the first, between
0.043 and 0.045 up in the second, and 0.049 and 0.056 ug
in the third layer. The anisotropy of the Ni spin moments is
very weak, the orbital moments are slightly reduced for per-
pendicular magnetization, varying only between 0.034 and
0.045 ug in the first layer. The average orbital anisotropy is
Ap = 0.010 ug per Ni-atom. The MAE is 13.2 meV/cell or
0.089 meV/atom in the cluster/support complex (3 Pt, 48 C,
and 96 Ni atoms). The contributions from cluster, graphene,
and Ni support and the trends in the MAE with cluster size
will be discussed below.

For the upright triangle the relativistic calculations ini-
tialized with the vector magnetic moment parallel to both the
triangle and the graphene layer and parallel to the triangle,
but perpendicular to the substrate converge to non-collinear
stationary states are shown in Figures 2(c) and 2(d). In this
case, we have calculated larger and positive spin and or-
bital anisotropies of Aus = 0.046 ug and Ap = 0.058 ug.
The reduction of the spin moments in the first Ni layer is
smaller than below the flat Pt3 cluster, varying between 0.47
and 0.65 ug, and converge more quickly towards the bulk
value. Orbital moments of the Ni atoms are only marginally
influenced by the configuration of the adsorbed Pt-cluster.
The MAE between these two states is 11.6 meV/cell or
0.078 meV/atom.

For a Pt3 cluster supported on a freestanding graphene
layer a flat configuration is unstable, it relaxes to an upright
triangle bound via one of its edges. The stationary magnetic
configurations are also at least weakly non-collinear. In the
magnetic ground state the magnetization direction is parallel
to the graphene layer, but oblique to the triangle and parallel
to the C—C bonds of the substrate [see Figure 6(a) of Ref. 2].
The total spin and orbital moments of 0.70 g and 0.50 ug are
larger by about 0.1 up than in the presence of the Ni-support.

B. Pt tetramers

For a Pty cluster the equilibrium configuration is an al-
most flat rhombus [see Figure 3(a)] with all four Pt atoms in or
close to positions on top of C atoms in the graphene layer (the
Pt atoms along the long diagonal are slightly shifted towards
bridge positions). This configuration is only 9 meV/Pt-atom
lower in energy than a trigonal Pt, pyramid with the Pt atoms
forming the base located close to C atoms, slightly displaced
towards the neighboring bridge positions [see Figure 3(b)].

J. Chem. Phys. 137, 044710 (2012)
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FIG. 3. Geometric structure of Pt4 clusters. Cf. Fig. 1.

The adsorption energy per atom is slightly reduced compared
to the smaller clusters, but the binding energy per Pt atom is
larger so the Pty cluster is stable against decomposition into
smaller Pt ensembles (see Table I1).

The Pt4 rhombus is composed of two equilateral triangles
with Pt—Pt distances of 2.630 A, it is slightly bent because
the two atoms occupying the short diagonal lie about 0.04 A
higher than those at the long diagonal which are shifted at bit
more from on-top towards bridge positions. The structure of
the three-dimensional Pt, cluster is a flattened trigonal pyra-
mid with an edge length in the basis of 2.76 A, longer than the
edges connecting the top atom with the basis with 2.60 A. The
three Pt atoms forming the basis are 2.072 A above their bind-
ing C-atoms. The threefold symmetry of the pyramid might
be broken, but the differences in the Pt—Pt distances are at the
margin of the computational accuracy and there are no differ-
ences in the heights of the Pt atoms above the substrate and in
the spin moments.

In both configurations the Pt, cluster is located in the cen-
ter of a sink in the graphene layer, as for the smaller clus-
ters. This depression originates from the fact that due to the
relatively strong binding between the adsorbed Pt and the C
atoms, the graphene layer is locally electronically not satu-
rated. Hence the binding between graphene and the Ni sub-
strate in this region is promoted not only by dispersion forces
as in the absence of adatoms, but also acquires a weak co-
valent component. The buckling amplitude of the graphene
layer of about 0.4 A is the same for both configurations and

TABLE Il. The adsorption energy Eaq and the Pt-Pt binding energy Econ, and the Pt—Pt bond length dpt_pt of
a Pty tetramer on graphene/Ni(111) for flat and upright geometries. zpt.g is the height of the (lower) Pt adatom
above the average of the graphene-sheet, zs.y; is the average distance between the graphene and the top Ni layers,
dpi_c the distance between the (lower) Pt and the nearest C atom. bc is the buckling amplitude of the graphene.
Energies are given in eV/Pt-atom, distances in A.

Geometry Method Eag Econ dptpt PG ZG-Ni dprc be

Flat rhombus DFT+d -1.128 —3.806 5x2.63 2.37 2.16 2x2.07, 0.42

2x212
3x2.76 2.39 217 3x2.07, 0.42
3x2.60 2.10

pyramid DFT+d —1.119 —-3.797
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comparable to that induced by the smaller clusters. Further
geometrical details are given in Table 1.

The spin moments on the Pt atoms from scalar relativis-
tic calculations are 2 x 0.10 and 2 x 0.12 g for the rhombus
and 3 x 0.14 and 0.10 ug for the pyramid. If SOC is taken
into account, the spin moments in the flat cluster with in-plane
magnetization (this is also the easy axis) are only slightly re-
duced to 2 x 0.090 and 2 x 0.081 g, the orbital moments are
2 % 0.039 and 2 x 0.023 up [see also Figure 4(a)]. The hard
magnetic axis is out-of-plane. All local spin moments are re-
duced, but the orbital moments are reduced only on the sites
along the long diagonal, but enhanced on the other two sites
[see Figures 4(a) and 4(b)]. For the total cluster moments this
leads to a substantial spin anisotropy of Aus= 0.136 g and
a very low orbital anisotropy of Ap = 0.022 ug. The influ-
ence of the adsorbed cluster on the magnetic moments in the
Ni layer is very similar to that reported for the smaller clus-
ters, again we find an average modest orbital anisotropy of
0.01 ug on the Ni atoms. The MAE of the cluster/substrate
complex is 15.5 meV/cell or 0.091 meV/atom.

For the three-dimensional Pt, cluster the magnetic struc-
ture becomes strongly anisotropic if SOC is included. For the
in-plane easy magnetization direction the threefold symmetry
is broken, the spin moments on the three Pt atoms in the basal
triangle are 2 x 0.123 and 0.114 g, whereas the Pt-atom on
the top of the cluster becomes almost non-magnetic with us
= —0.009 pg. With 2 x 0.046, 0.044, and 0.002 wg the dis-
tribution of the local orbital moments is very similar [see
Figures 4(c) and 4(d)]. The hard magnetic axis is again out-
of-plane, but the magnetic structure is slightly non-collinear,
with the moments on the atoms in the basal plane slightly in-
clined towards the center of the pyramid. Both spin and orbital
moments are smaller, leading to spin and orbital anisotropies
of Aus = 0.050 ug and Ap = 0.011 ug which are much
lower than for the flat cluster. This is also reflected in a lower
MAE of 8.2 meV/cell or 0.057 meV/atom.
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FIG. 4. Magnetic structure of Pt4 clusters. Cf. Fig. 2
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C. Trends in magnetic moments and anisotropy

It is interesting to confront the results for the magnetic
properties of small Pt, clusters in the gas phase with those
modified by the interaction with a support. The electronic
configuration of a Pt atom is 5d°6s', which should yield spin
and orbital moments of 1 ug each. DFT vyields spin and or-
bital moments of 1.03 and 1.09 ug, respectively. For a Pt
adatom on a freestanding graphene sheet, the magnetism is
completely quenched while an adatom on a Ni-supported
graphene layer has very small spin and orbital moments which
are slightly larger for out-of plane (hard axis) magnetization
(see Table I11). For a gas phase dimer an easy magnetic direc-
tion has been found along the dimer axis, with spin and orbital
moments which are much larger than for magnetization along
the hard (perpendicular) direction. The stable configuration
of a dimer on graphene is upright, perpendicular to the sup-
port and this is also the easy axis of magnetization—in agree-
ment with the axial anisotropy of the free dimer. Spin and
orbital moments are reduced and strongly anisotropic. If the
graphene layer is supported on a Ni substrate, a flat Pt, dimer
is lower in energy, and it is non-magnetic because magnetism
is quenched by the much stronger binding to the substrate in-
duced by the Ni support. An upright configuration exists as
an excited state, the easy magnetic axis is again perpendicular
to the substrate and parallel to the dimer axis, spin and orbital
moments are further reduced compared to the same configu-
ration on the free graphene layer (see Table IlI).

A Pt trimer in the gas-phase adopts a triangular config-
uration and has an in-plane easy axis. Spin and orbital mo-
ments are reduced compared to the dimer. The hard mag-
netic axis is perpendicular to the triangle, both spin and or-
bital moments are strongly anisotropic. On a free graphene
sheet, the Pts triangle is bound to the substrate only via one
of its edges, resulting in an inhomogeneous distribution of the
magnetic moments. Both spin and orbital components of the
cluster moment are reduced by about 50% compared to the
free cluster. The first excited magnetic state that determines
the MAE is non-collinear with even slightly enhanced spin
and orbital moments (details are given in Table I11). On Ni-
supported graphene a flat triangle is lower in energy, the easy
magnetic axis is in plane, the hard one out of plane. The spin
moment is reduced by the presence of the Ni support by about
20%, while the orbital moment is reduced by more than 50%.
The spin moment is almost isotropic, the orbital moment is
even slightly enhanced for magnetization along the hard di-
rection.

The equilibrium structure of a Pt, tetramer is a flat rhom-
bus, the magnetic ground state is antiferromagnetic.! As no
antiferromagnetic configuration could be found for the sup-
ported tetramer, it is more meaningful to choose the lowest
ferromagnetic state as a reference. The lowest energy ferro-
magnetic state of Pty is found at an energy of 2.89 meV/Pt-
atom above the ground state, this energy difference is lower
than the MAE of the antiferromagnetic state of 4.35 meV/Pt-
atom. It has a spin moment of 2.62 ug and an orbital moment
of 1.42 ug. The easy magnetic axis is in plane, the hard axis
perpendicular with a MAE of 8.72 meV/Pt-atom. The spin
moment of the cluster has a modest negative anisotropy, in
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TABLE I11. Spin and orbital moments us and i, and spin and orbital anisotropies Aus and Apy, of Pty
clusters, n = 1-4, in the gas phase (after Ref. 1), on a graphene layer (after Ref. 2), and on a graphene/Ni(111)

support. All magnetic moments are given in ug.

System/structure Magnetization direction us L Aps AL
Pt atom 1.03 1.09
Pty/graphene Non-magnetic
Pt1/graphene/Ni In plane? —0.018 0.008

Out of plane —0.022 0.021
Pt, dimer Axial® 1.88 2.74

Perpendicular 1.34 0.80 0.54 1.94
Pta/graphene Out of plane? 1.30 1.70
Upright In plane 0.60 0.53 0.70 1.17
Pta/graphene/Ni Non-magnetic
Flat
Pta/graphene/Ni Out of plane? 0.92 117
Upright® In plane 0.49 0.36 0.43 0.81
Pt3 trimer In planed 1.50 1.00
Triangle Out of plane 0.73 0.19 0.77 0.81
Pta/graphene In planed 0.70 0.44
Upright triangle Non-collinear 0.73 0.53 -0.03 -0.09
Pts/graphene/Ni In plane? 0.56 0.18
Flat triangle Out of plane 0.57 0.21 —0.01 —0.04
Pty tetramer In plane® 2.62 1.42
Rhombus (FM) Perpendicular 2.72 0.96 —0.10 0.46
Pts/graphene In plane? 1.35 0.66
Bent rhombus Perpendicular 1.28 0.58 0.07 0.08
Pts/graphene/Ni In plane? 0.34 0.12
Bent rhombus Perpendicular 0.21 0.10 0.13 0.12

4Relative to graphene layer.
PRelative to the dimer axis.
CExcited configuration.
dRelative to Pty triangle.
®Relative to Pty rhombus.

contrast to the much larger positive orbital anisotropy.* Upon
adsorption on graphene, the Pty rhombus is bent about the
short diagonal, the easy magnetic axis is in plane. Both spin
and orbital moments are reduced by about 50% upon adsorp-
tion, both show a modest positive anisotropy (see Table III).
On a graphene layer supported on Ni, the geometry remains
similar, but the bending of the rhombus is strongly reduced.
For in-plane magnetization spin and orbital moments are re-
duced to less than 25% of the values on a free graphene layer.
For the hard magnetization direction both components are fur-
ther reduced.

The MAE of Pt, clusters in the gas phase, supported
on graphene and on graphene/Ni(111) are compiled in
Table 1V. For the clusters on the graphene/Ni support we
have used both self-consistent total energy differences (TE)
and the magnetic force theorem (FT) to determine the MAE
and in addition we have estimated the contributions A E(i),
i = Pt, C, Ni from the Pt, cluster, the graphene layer and
of the Ni support to the MAE from an integration over
the projected partial DOS according to Egs. (1) and (2).
Note that since the partial DOS are based on a projection
of plane wave onto spherical waves inside atom-centered

TABLE V. Magnetic anisotropy energy MAE for Pt,, clusters in the gas-phase, adsorbed on a graphene sheet, and on a graphene layer deposited on a Ni(111)
substrate, calculated as a total-energy difference (TE) or using the force theorem (FT) (in meV/cell). For clusters in the gas phase and adsorbed on a free
graphene layer the MAE is measured relative to the ground state, for clusters supported on graphene/Ni(111) the MAE is always measured relative to in-plane
magnetization. The contributions A E(i) of the Pt cluster, the graphene layer and of the Ni substrate to the MAE are calculated using the projected partial DOS

[Eqg. (4)] and given in meV/atom.

Gas-phase Ptn/graphene Ptn/graphene/Ni(111)
Pty MAE(TE) MAE(TE) MAE(TE) MAE(FT) AE(Pt) AE(gra) AE(Ni)
Pty 13.9
Pt; 129 9.8 —0.235 0.026 0.394
Pty (upright dimer) 46.2 231 —49.6 —18.4 —0.215 0.027 —0.568
Pts (triangle) 15.2 5.2 13.2 17.4 0.323 —0.019 0.548
Pt4 (rhombus) 8.7 2.6 15.8 239 0.152 —0.019 0.932
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FIG. 5. Differences Ani(E) in the projected electronic densities of states of Ptn/graphene/Ni(111) clusters for soft- and hard-axis magnetization [as defined
in Eq. (2)] for Pt (black dashed lines), C (blue dotted lines), and Ni (red dotted-dashed lines) atoms. The full lines show the integrated contributions to the
decomposed MAE from the Pt cluster, the graphene layer, and the Ni substrate, calculated according to Eq. (1) and using the same color code. (a) Isolated

Pt-adatom, (b) upright Pt, dimer, (c) flat Pts trimer, and (d) flat Pt4 tetramer.

spheres,

MAE*(FT) = NptAE(Pt) + NcAE(gra) + Ny AE(Ni)
(4)
(where the Npt, Nc, and Ny; are the number of atoms in the
Pt-cluster, the graphene layer and in the Ni surface) can dif-
fer from MAE(FT) derived from the force theorem and the
total DOS and that MAE(FT) might be less accurate than
MAE(TE).

For the gas-phase clusters we note a strong decrease of
the MAE from the dimer to the tetramer, parallel to a decrease
in the orbital anisotropy.* Binding of the cluster to a graphene
layer reduces the MAE by a factor of two for the dimer and by
a factor of about three for the trimer and tetramer. However,
one has to note that the binding of the cluster to the support
via two Pt atoms only changes both the geometric and the
magnetic structure.

The MAE of the clusters supported on the graphene/
Ni(111) complex requires a more detailed analysis, because
of the magnetism of both the adsorbed Pt cluster and the
Ni support. A graphene-covered Ni(111) surface has a MAE
of 13.8 meV/cell or 0.580 meV/surface-atom. An isolated
Pt adatom is non-magnetic in the scalar-relativistic mode,
but if SOC is included, the coupling to the magnetic sub-
strate induces weak and slightly anisotropic spin and or-
bital moments leading to a slightly reduced MAE(TE) of
12.9 meV/cell. A calculation using the force theorem yields
a value of MAE(FT) = 9.8 meV/cell, which illustrates
the limitations of this approach. From the projected DOS
we calculate contributions to the MAE of —0.235 meV/Pt-
atom, 0.026 meV/C-atom, and 0.394 meV/Ni-surface-atom,
together MAE*(FT) = 10.46 meV/cell. The very small
contributions of the graphene layer to the MAE originate

from very small induced magnetic moments on the C atoms,
as discussed in more detail in Ref. 2. The Anim(E) and the
integrated contributions to the partial MAE’s are shown in
Figure 5. They show that the leading contributions to the
MAE come from states close to the Fermi energy, changes
in the electronic DOS at larger binding energies caused by
the re-orientation of the magnetization direction cancel upon
integration.

For the metastable upright Pt dimer on graphene/
Ni we have calculated a large perpendicular MAE(TE)
= -49.6 meV/cell of a magnitude comparable to that of a
gas-phase dimer and larger than that of a dimer on a free-
standing graphene layer. In this case the force theorem yields
only a qualitative agreement for the MAE, probably because
the re-distribution of the electronic charge upon re-orientation
of the magnetization is too large, see Table V. Nevertheless,
the decomposition of the MAE is instructive: the MAE per
Pt atom is about the same as for the isolated adatom and is
dramatically reduced compared to a dimer in the gas phase
or on graphene only, but the contribution from the Ni sub-
strate changes sign such that the large negative MAE is caused
mainly by the Ni substrate. Figure 5(b) shows that the differ-
ences in the projected Ni-DOS as a function of the magne-
tization direction are rather pronounced even at higher bind-
ing energies. The analysis of the partial DOS of the flat dimer
shows that the stronger interaction between dimer and support
is reflected by a broadening of both the Pt and Ni states.

For a Pt3 trimer in the gas phase and absorbed in a flat
configuration on graphene/Ni the easy magnetic axis is in-
plane, the MAE’s are of comparable magnitude. However,
the decomposition of the MAE vyields contributions of 0.323
meV, —0.019 meV, and 0.548 meV per Pt, C, and Ni surface
atom, adding to a value of 13.209 meV/cell which is in good
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agreement with the MAE from total-energy differences. The
presence of the Pt trimer hardly affects the MAE determined
by the Ni substrate. The MAE for the cluster on the free
graphene layer is not directly comparable because it refers to
entirely different magnetic structures. It is evident, however,
that the presence of the magnetic support reduces the MAE
per Pt-atom very strongly, from about 1.7 meV to 0.32 meV
per Pt-atom.

For the tetramer, it is easier to compare the MAE’s be-
cause its geometric structure is always a rhombus: flat for the
gas-phase cluster, bent about the short diagonal for the clus-
ters adsorbed on graphene or graphene/Ni. The decomposi-
tion of the MAE yields contributions per Pt-atom of 2.18 meV,
0.65 meV, and 0.15 meV for the free cluster and those sup-
ported on graphene and graphene/Ni, decreasing roughly par-
allel to the total magnetic moment of the cluster (u; = 4.04,
2.01, 0.46 ug, respectively). The dominant contribution to the
total MAE comes from the Ni substrate.

IV. CONCLUSIONS AND OUTLOOK

We have extended our investigations of Pt clusters on a
graphene/Ni(111) support to trimers and tetramers. In both
cases the clusters adopt a flat or nearly flat geometry, with
the Pt atoms in positions slightly shifted from on-top of the
C atoms towards bridge positions because of the mismatch
between the Pt—Pt distances and the C-C distances lattice-
matched to the Ni support. The flat geometry is stabilized by a
much stronger binding of the Pt clusters to graphene/Ni(111)
than to a freestanding graphene layer where the clusters are
bound to the layer only via a Pt—Pt edge. For the Pt4 clus-
ter, however, the flat, slightly bent rhombus is only 9 meV/Pt-
atom lower in energy than a trigonal pyramid. Due to the in-
teraction with the adsorbate the C atoms in the graphene layer
are locally electronically not saturated and this leads also to
an enhanced interaction with the Ni support and a local defor-
mation of the graphene sheet.

While for isolated adatoms and dimers the interaction
with the support led to a complete quenching of the mag-
netism of the adsorbate, Pt trimers and tetramers are found
to be magnetic, albeit with spin and orbital moments which
are strongly reduced compared to the free clusters and also
relative to those adsorbed on a freestanding graphene sheet.
The reduction of the magnetic moments leads also to a very
strongly reduced magnetic anisotropy of the Pt clusters. The
analysis of the MAE shows that the magnetic anisotropy of
the Ptp/graphene/Ni(111) complex is dominated by the Ni
support. Although the SOC is much stronger and the orbital
moment is still larger for Pt than for Ni, the contribution to
the MAE per Pt atom is lower than that per Ni atom at the
interface with graphene. Only for the metastable upright Pt,
dimer the spin and orbital moments on the Pt atoms are large
enough to reverse the sign of the magnetic anisotropy of the
graphene-covered Ni-substrate.

We expect that for larger Pt-clusters the strong interaction
between the adatoms will stabilize three-dimensional cluster
structures. However, in the case of the Pt, pyramid with a non-
magnetic atom at the apex suggests that this will not lead to
a stabilization of magnetism of the clusters. To create mag-
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netic clusters of heavy elements with a strong SOC which can
be expected to show a large magnetic anisotropy doping with
strongly magnetic atoms could be an issue. At this point it is
useful to recall earlier studies of the adsorption of adatoms
and dimers on graphene.?:?? Chan et al. have reported that
while the adsorption of Fe adatoms is much stronger in a six-
fold hollow, Pd adatoms are preferentially located in a bridge
site (with an on-top site having an only slightly higher en-
ergy, in agreement with our studies).?! Recently Johll et al.?
studied the adsorption adatoms and dimers of Fe, Co, and Ni
on graphene. Adatoms bind weakly in hollows, their spin mo-
ment is reduced by about 2 g compared to the free atom, Ni
adatoms are non-magnetic. Homonuclear dimers bind weakly
in an upright position in the center of a hollow, with only very
modest changes in the magnetic moment and bond length rel-
ative to the free dimers. The same conclusion holds also for
heteroatomic dimers where the configuration with the atoms
with more d electrons attached to graphene is found to be
more stable. For heteroatomic dimers of a 3d atom with Pt
the picture is more complex: for a Fe-Pt dimer upright con-
figurations with the lower Pt atom bound in a top or bridge
site and a magnetic moment of about 4 1 is most stable. Co-
Pt and Ni-Pt dimers prefer to bind through the 3d atom to
a hollow site, with magnetic moments of about 3 g and 2
g, respectively. This means that relative to the free 3d atom,
the magnetic moment of the dimer is in each case enhanced
by about 1 ug. The influence of SOC has not been investi-
gated as yet, but mixed clusters combining one element with
a large spin moments and one with a strong SOC seem to
provide a way to create nanostructured clusters with a large
magnetic anisotropy energy. We will follow this path in future
research.
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Abstract

The structural and magnetic properties of mixed PtCo, PtFe, and IrCo dimers in the gas phase
and supported on a free-standing graphene layer have been calculated using density-functional
theory, both in the scalar-relativistic limit and self-consistently including spin—orbit coupling. The
influence of the strong magnetic moments of the 3d atoms on the spin and orbital moments of the
5d atoms, and the influence of the strong spin—orbit coupling contributed by the 5d atom on the
orbital moments of the 3d atoms have been studied in detail. The magnetic anisotropy energy is
found to depend very sensitively on the nature of the eigenstates in the vicinity of the Fermi level,
as determined by band filling, exchange splitting and spin—orbit coupling. The large magnetic
anisotropy energy of free PtCo and IrCo dimers relative to the easy direction parallel to the dimer
axis is coupled to a strong anisotropy of the orbital magnetic moments of the Co atom for both
dimers, and also on the Ir atom in IrCo. In contrast the PtFe dimer shows a weak perpendicular
anisotropy and only small spin and orbital anisotropies of opposite sign on the two atoms. For
dimers supported on graphene, the strong binding within the dimer and the stronger interaction
of the 3d atom with the substrate stabilizes an upright geometry. Spin and orbital moments on the
3d atom are strongly quenched, but due to the weaker binding within the dimer the properties of
the 5d atom are more free-atom-like with increased spin and orbital moments. The changes in the
magnetic moment are reflected in the structure of the electronic eigenstates near the Fermi level,
for all three dimers the easy magnetic direction is now parallel to the dimer axis and perpendicular
to the graphene layer. The already very large magnetic anisotropy energy (MAE) of IrCo is further
enhanced by the interaction with the support, the MAE of PtFe changes sign, and that of the PtCo
dimer is reduced. These changes are discussed in relation to the relativistic electronic structure of
free and supported dimers and it is demonstrated that the existence of a partially occupied quasi-
degenerate state at the Fermi level favors the formation of a large magnetic anisotropy.

Keywords: clusters, magnetic moments, magnetic anisotropy, spin—orbit coupling
Online supplementary data available from stacks.iop.org/cm/26/146002/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction has stimulated intense research efforts in the field of mag-

netic nanostructures. The quantity of central interest is the
The search for materials to allow an increased density of magnetic anisotropy energy (MAE), which determines the
information per square inch in magnetic storage media stability of the induced direction of magnetization against
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thermally induced excitations. A high MAE requires large
spin and orbital magnetic moments per atom and a strong
spin—orbit coupling (SOC). 3d transition metal atoms carry
large magnetic moments, but SOC is weak. SOC is stron-
gest among the heavy 5d elements which are non-magnetic
in the bulk. However, these elements may become magnetic
in nanostructures like small clusters. Therefore, bimetallic
nanostructures consisting of ferromagnetic 3d- and heavy
S5d-elements could eventually provide a feasible route
towards materials with tailored magnetic properties.

Enhanced orbital moments and magnetic anisotropy
energies have been reported in experimental and theoretical
studies of Fe(Co)—Pt multilayers and nanoparticles [1-8]. The
investigations have concentrated on nanoparticles with diam-
eters of a few nm and consisting of several hundreds of atoms.
It is generally agreed that the magnetic properties depend on
a competition between structure, chemical ordering, mor-
phology, twinning and segregation. Theoretical studies have
emphasized the importance of the hybridization between the
3d and 5d orbitals and of ligand effects for the formation of
large orbital moments and a high MAE [9-11]. Chepulskii
and Butler [7] have calculated the MAE for FePt nanoslabs
and nanocrystals with a chemical ordering corresponding to
L1y-type alloys. For clusters with 20 or more atoms an MAE
comparable to that of bulk L1y FePt alloys (~1.3-1.4meV/
atom [12], extrapolated to 7 = 0 K as described in [13]) or
even smaller was reported. For octahedral Fes;Pt; and tetra-
hedral Fe,Pt, clusters very large MAE's of about 10meV/atom
have been found. However, these results refer to idealized cluster
geometries and fixed bulk-like interatomic distances. The effect
of the interaction between 3d and 5d atoms on the magnetic
properties has also been investigated by Sahoo ef al [14] using
the example of Pt—capped Fe clusters. It was shown that the
capping by Pt leads to an enhancement of the orbital magnetic
moment and a reduction of the spin moment of the cluster. The
MAE was calculated only for a Fe3Pt4 cluster and found to be
enhanced by a factor of ten to 7meV/cluster compared to the
value in the absence of the capping atoms. It was also empha-
sized that the breaking of the icosahedral symmetry due to the
presence of the capping atoms is instrumental in promoting an
enhanced MAE.

Very recently calculations by Xiao et al [15] have sug-
gested that in free bimetallic dimers containing 3d Co and 5d
Ir atoms the MAE can be as large as 0.15 eV/dimer. Moreover,
the adsorption of the dimer in an upright position in the center
of a hexagonal carbon-based substrate, e.g. on a benzene mol-
ecule or a graphene monolayer, with the Co atom binding to
the support and the Ir atom pointing away from the carbon
ring, results in a theoretical MAE of about 0.2 eV/dimer, even
exceeding the value calculated for the gas phase dimer.

In our recently published articles [16—-19] we have theo-
retically studied the magneto-structural properties of small
Pt clusters in the gas phase [16], supported on a free-standing
graphene sheet [17] and on a graphene layer deposited on a
Ni(111) substrate [18, 19]. For free Pt, clusters SOC stabi-
lizes large orbital moments (which may be of the same order
of magnitude as the spin moments) and a large MAE of sev-
eral meV/atom, comparable to the energy difference between

different magnetic isomers. For the smallest clusters up to the
pentamer SOC also stabilizes planar structures over three-
dimensional geometries [16].

The weak binding of the clusters to a free-standing gra-
phene layer via only one or two Pt atoms preserves the equi-
librium structure of the gas phase clusters, but their magnetic
structure is much more inhomogeneous than in the gas phase,
with a non-collinear orientation of the magnetic moments and
a reduced anisotropy energy [17]. The magnetic moments on
the Pt atoms binding to the support are strongly quenched,
leading to a reduction in the cluster moments to about half their
size in the gas phase and an MAE reduced to roughly one third.

An even more complex picture emerges for clusters depos-
ited on a graphene-covered Ni substrate [18, 19]. The adsorbed
cluster induces a locally enhanced interaction between the
graphene layer and the Ni substrate, leading also to a stronger
binding between the cluster and graphene. This results in a
strong buckling of the graphene layer and of the top layers
of the substrate, a stabilization of flat, two-dimensional struc-
tures of the clusters and substantial further quenching of their
spin and orbital moments. Isolated Pt atoms and Pt, dimers
on graphene/Ni(1 1 1) are nonmagnetic, supported trimers and
tetramers are still weakly magnetic but the magnetic anisot-
ropy of the cluster/support complex is dominated by that of
the graphene-covered Ni(1 1 1) surface [19].

In the present work we have investigated the magnetic prop-
erties of heteronuclear Pt—Co, Pt—Fe and Ir-Co dimers (included
to permit a comparison with the work of Xiao et al [15] and
a systematic analysis of trends), both in the gas phase and
adsorbed on a graphene monolayer. Recently Johll et al [20, 21]
have reported density-functional calculations of atoms and small
clusters of the magnetic 3d metals Fe, Co and Ni on graphene.
It was shown that the binding to the substrate is relatively weak,
such that relatively large magnetic moments are preserved.
The moments on the atoms binding to the graphene layer are
reduced, but large moments comparable to those in the gas phase
are found on the atoms on top of an upright dimer. Thus, the
total moment of the supported dimer is even larger than that cal-
culated for the free dimer. However, the calculations were per-
formed only in a scalar-relativistic mode so that orbital moments
and magnetic anisotropy were not calculated. Nonetheless, the
result that large spin moments exist in graphene-supported 3d
clusters is encouraging. Here we have investigated the possibil-
ity that the combination of a large spin moment contributed by
the 3d atoms with a large orbital moment and strong SOC of the
5d atom leads to an enhanced magnetic anisotropy of free and
graphene-supported mixed Pt—Fe and Pt—Co dimers.

2. Computational method

2.1 Density-functional theory verses quantum-chemical
methods

The properties of the smallest transition-metal clusters
can be calculated either using high-level quantum-chem-
ical methods or using density-functional theory (DFT). For
quantum-chemical methods a high-level description of elec-
tronic correlation is required, and their advantage is that
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the multiplet character of ground and excited states can be
resolved. Within DFT the variables determining the effective
potential (charge and spin densities) are calculated as aver-
ages over occupied orbitals. The lack of orbital dependence of
the potential prevents a determination of the multiplet struc-
ture, but the big advantage is the much lower computational
workload, which alone permits an application to clusters sup-
ported on extended substrates. Even for the problematic case
of the Fe, dimer the results for integral properties (magnetic
moment, bond length, etc) achieved using both techniques are
comparable. Calculations performed using various variants of
multi-reference configuration-interaction (MR-CI) methods
[22-27] found spin multiplicity 7 or 9 for the ground state
(GS). Coupled-cluster [CCSD(T)] calculations [28] reported
the nonet state to be lower in energy. The discrepancies have
been discussed in detail by Angeli and Cimiraglia [27] who
argued that the difficulty in uniquely determining the GS is
related to a discontinuity in the total energy of the septet state
as a function of bond length and could be resolved only by
using a much larger active space, which is not possible at the
moment. Quantum Monte Carlo calculations by Casula et al
[29] also reported both spin states to be very close in energy
and presented arguments in favor of a septet GS. Density-
functional calculations predict a GS with spin multiplicity 7 if
a semilocal exchange-correlation functional is used, and spin
multiplicity 9 if a hybrid—functional mixing DFT and Hartree-
Fock exchange is used [24, 31, 32]. DFT calculations com-
bined with a Hubbard U correction [28] found the nonet state
to be energetically favored. DFT calculations including an
orbital polarization correction [30] predict a septet state. The
bond length calculated using the MR-CI variants is 2.19 A for
the nonet state, 2.06 A for the septet state, 1.98-2.03 A using
DFT with semilocal functionals, 1.96 A if orbital polarization
is included and 2.14 A with hybrid-DFT, to be compared with
an experimental bond length [33] of 2.02+0.02 A.

For the calculation of the orbital moments and of the MAE
an accurate treatment of relativistic effects, including SOC, is
required. For Pt first-order CI calculations using relativistic
core potentials and a partial inclusion of SOC have been per-
formed by Balasubramanian [34]. Lee et al [35] have presented
first-order CI calculations including SOC in two-component
relativistic spinor calculations and corrections for dynami-
cal correlations using restricted coupled-cluster methods, and
Varga et al [36] have performed four-component relativistic
density-functional calculations with a generalized-gradient
approximation (GGA) functional to be compared with the pre-
sent work. All calculations agree on a triplet GS, with bond
lengths of 2.32, 2.38 and 2.39 A found in the three quantum-
chemical calculations and 2.38 A in the present DFT work,
in reasonable agreement with the experimental value [37]
of 2.33 A. Again we find good agreement between quantum
chemistry and DFT, as well as between the two- and four-
component relativistic calculations and the implementation of
SOC described below.

The foregoing brief comparison shows that for diffi-
cult cases such as Fe, the relative merits of different vari-
ants of quantum-chemical and DFT calculations is still open
to debate. The combination of higher level treatments of

electronic correlation with relativistic calculations accounting
for SOC appears to be difficult and feasible (if at all) only
for fixed geometries. Approximate treatments of correlation
such as DFT+U depend on semi-empirical values of U whose
transferability between different systems is questionable.
Given the need to perform an accurate structural optimization
of the dimer/substrate complex and our wish to analyze trends
in different combinations of 3d and 5d atoms, we decided to
use DFT with a semilocal GGA functional. However, one
must be aware that DFT probably delivers only a lower limit
of the MAE.

2.2 Details of density-functional calculations

Our investigations are based on spin-polarized DFT as imple-
mented in the Vienna Ab-initio Simulation Package VASP [38,
39]. The electron—ion interactions were described using the
projector-augmented wave (PAW) method [39, 40]. The basis
set contained plane waves with a maximum kinetic energy of
500eV. For electronic exchange and correlation effects we
chose the functional of Perdew, Burke, and Ernzerhof (PBE)
[41] in the GGA and the spin-interpolation proposed by Vosko
et al [42].

SOC has been implemented in VASP by Kresse and Lebacq
[43] following the approach of Kleinman and Bylander [44]
and MacDonald et al [45]. Calculations including SOC have
been performed in the non-collinear mode as implemented in
VASP by Hobbs et al [46].

The calculations have been started in a scalar-relativistic
mode, performing a full structural optimization of the free
cluster or cluster/substrate complex using a quasi-Newton
method until the forces on all atoms were less than 25 meV/A.
Simultaneously, the electronic and magnetic degrees of free-
dom were relaxed until the change in total energy between
successive iteration steps was smaller than 10~7eV. In the
second step a self-consistent relativistic calculation including
SOC was started from the relaxed configuration of the scalar-
relativistic mode, allowing again for the simultaneous opti-
mization of all geometric, electronic and magnetic degrees of
freedom. Magnetic anisotropy energies have been calculated
as total energy differences from self-consistent calculations
for different orientations of the magnetic moments. Spin and
orbital magnetic moments of the clusters have been calculated
as the difference in the number of electrons in occupied major-
ity- and minority-spin states. Local spin and orbital moments
were calculated by projecting the plane-wave components of
the eigenstates onto spherical waves in atom-centered atomic
spheres.

The atomization energy of a free AB dimer
(A =PtIr, B = Co, Fe) is calculated as the total energy of the
isolated atoms minus the energy of the dimer,

Ey = E(A) + E(B) — E(AB). )

The adsorption energy (equal to the negative atomization
energy) for an AB dimer on graphene is calculated as the total
energy of the dimer—graphene complex, E(A)graph, minus the
energy of the clean graphene layer, E (graph), and the total GS
energy of the dimer in the gas phase,
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Eint = E(AB)graph — E(graph) — E(AB). @3

The energy defined by equation (2) measures the interaction
energy of dimers with the graphene sheet. Ej, consists of a neg-
ative contribution from the energy gained by forming dimer—
substrate bonds, and positive contributions from the elastic
distortions of both dimer and graphene and (for different mag-
netic isomers) from the magnetic energy difference. The atomi-
zation energy of atoms from the adsorbed dimer is measured by
the energy of the graphene layer and the energy of the free A
and B atoms, minus the total energy of the adsorption complex,

Eat—ad = E(graph) + E(A) + E(B) - E(AB)graph . (3)

The Brillouin zone was sampled using 6 x6x 1 I'-centered
k-point mesh and a Gaussian smearing of 0.02eV. Electronic
densities of states (DOS) were calculated using the tetrahe-
dron method. Local and partial DOS have been calculated by
projecting the plane-wave components onto spherical waves
inside atomic spheres. For all further computational details
we refer the readers to our previous publications [16, 18, 31].

2.3 Structural model

The graphene layer was represented by a periodically repeated
unit cell containing 48 C-atoms and 20 A of vacuum, so that
the interaction between the repeated images is negligible. Gas
phase clusters have been placed into the center of a large peri-
odically repeated cubic box with edges of 15 A, which ensures
that the separation between the periodically repeated images
of the cluster is large enough to suppress any interactions.

The relaxed C—C distance in a clean graphene layer is
1.414 A, in very good agreement with the experimental value.
For the adsorbate—graphene complex the lattice constants of the
computational supercell have been fixed at their equilibrium
values for clean graphene, but the coordinates of all C and metal
atoms have been relaxed without any symmetry constraint.

The calculations have been performed for PtFe, PtCo and
IrCo dimers. For reference, results for the magnetic anisot-
ropy of free homoatomic dimers are available from our earlier
work [31], results for Pt, dimers on graphene have already
been published [17], for Irp/graphene they are presented for
completeness below. For dimers adsorbed on a graphene layer
we have examined four possible starting configurations: an
upright dimer in the center of an hexagonal ring with either
the 3d or the 5d atom binding to the support, and a dimer
placed parallel to the substrate with the atoms either in bridge
(br) positions between or on top (ot) of C atoms.

3. Magnetic anisotropy of homoatomic dimers

3.1 Fe, and Co, dimers

Clusters formed by the ferromagnetic metals Fe, Co and Ni
have been studied repeatedly using the density functional
method (for a compilation of the literature see, e.g., the
papers of Johll er al [20, 21]). The scalar-relativistic calcu-
lations agree on the large spin moments of the dimers (6up

for Fe,, 4ug for Coy). Relativistic calculations for dimers of
all elements of the Fe-, Co-, and Ni-groups have been pub-
lished in our earlier work [31]. For Fe, the spin moment is
slightly reduced to mg = 5.84 up, combined with a modest
orbital moment of m; = 0.32 up. The easy axis is parallel to
the Fe-Fe bond, a small MAE of 0.3meV is correlated with
a modest orbital anisotropy of Am; = 0.16ug. For Co, the
spin moment is also slightly reduced to mg = 3.90 ug, a larger
orbital moment of m; = 0.78 up in the axial ground state is
correlated to a larger MAE of 7.1meV and a larger orbital
anisotropy of Amy = 0.46 ug. The spin moment is isotropic for
both dimers.

Scalar-relativistic calculations for graphene-supported Fe,
and Co, dimers have been reported by Johll ez al [20, 21] and
Yagi et al [51], and for Fe, dimers by Longo et al [49] and by
Srivastava et al [50]. For the Fe dimers where a comparison
is possible, the results are widely divergent. For the Fe, dimer
Johll et al and Srivastava et al predict an upright geometry
centered at a sixfold hole at a height of 1.86 A with a bind-
ing energy of Ej, ~0.7eV/dimer, a Fe-Fe distance of 2.08 and
2.07A and moments 3.48 (2.76) ug for the upper (lower) Fe
atom and a total moment of 6.16 5. Longo et al found a flat-
lying dimer with both Fe atoms located close to a hollow and
moments of 3.44 ug. These results merely emphasize how dif-
ficult it is to find the correct equilibrium geometry of adsorbed
clusters. For Co, Johll ez al [20] reported a stable upright con-
figuration centered in a sixfold hole at a height of 1.72 A with
a binding energy of Ej, = 0.92eV/dimer. The spin moments
are 2.43(1.66) ugp at the upper (lower) atom. Similar results for
both dimers have been reported by Yagi et al [51].

3.2 Pty and Iro dimers

Results for the gas phase dimers have been published in our
earlier work [31]. For Ir, scalar-relativistic calculations pre-
dict a quintet state. If SOC is included, the spin moment of
mg = 3.88up remains almost unchanged and in addition a large
orbital moment of m; = 1.96u5 is calculated. The easy magnetic
direction parallel to the dimer axis is stabilized by a large MAE
of 70meV/dimer, and is correlated to large anisotropies of both
spin and orbital moments (Amg = 0.46 ug, Amy = 1.02ug). For
Pt, the scalar-relativistic GS is a triplet; if SOC is included the
moments are mg = 1.88 up, my = 2.74. The large axial MAE of
46 meV/dimer is correlated to even larger anisotropies of both
spin and orbital moments, Amg = 0.54 ug, Amy; = 1.94 ug.
Results for graphene-supported Pt clusters have been pre-
sented in [17]. At a coverage of one dimer per 48 C atoms
(the same as used here) the Pt; dimer is weakly bound
(Eine = —0.96eV/dimer) in an upright configuration in a C-C
bridge site at a height of 2.26A. The moments on the Pt
atom binding to the substrate are quite strongly quenched,
mg = 0.83(0.47) ug, my = 1.13(0.57)ug on the upper(lower)
atom for the easy magnetization direction along the dimer
axis and perpendicular to the substrate. The hard direction
perpendicular to the Pt—Pt and C—C bonds and parallel to the
graphene layer is disfavored by a reduced MAE of 12meV/
dimer and correlated to local spin and orbital anisotropies
of Amg = 0.33(0.37)ug and Am; = 0.41(0.76)ug on the two
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atoms. For hard-axis orientation the orbital moment is even
antiparallel to the local spin moment. The properties of the
supported Pt dimer are coverage-dependent—at a reduced
coverage of one dimer per 96 C atoms, the binding to the
substrate is stronger by about 15% (as measured by the bind-
ing energy) and a reduced distance from the substrate of
2.11A is correlated to a total moment reduced from about
2up to ~1.5up. For the hard direction parallel to graphene,
the magnetism of the dimer is even completely quenched.

In contrast to Pt, the magnetism of the Ir, dimer is found to
be extremely sensitive to the interaction with a support. Xiao
et al [15] have reported that a Ir, dimer bound in an upright
configuration to the center of a benzene ring is nonmagnetic.
Our scalar-relativistic calculations confirm that the stable
adsorption configuration of the dimer on graphene is in the
center of a sixfold hollow, perpendicular to the graphene layer.
In accordance with the results for the benzene-supported
dimer, the adsorption complex was found to be nonmagnetic.
The spin moment on the Ir atom bound to graphene is zero,
while for the upper Ir atom a very small moment of about
0.1up has been calculated. The weak moments on the dimer
are compensated by very small negative induced moments
on the surrounding C atoms, such that the total moment of
the dimer/substrate complex is zero. As the scalar-relativis-
tic calculations show that the magnetism of the Ir, dimer is
destroyed by the interaction with an inert substrate, no calcu-
lations including SOC have been performed.

3.3 Trends in the MAE of free dimers

Strandberg et al [47] have argued that the origin of a large
MAE in small clusters is closely related to the nature of
the eigenstates in the immediate vicinity of the Fermi level
(assuming that up to double-counting corrections, the total
energy is given by the sum of the one-electron energies and
that the variation of the eigenvalues dominates the MAE). For
a dimer oriented along the z axis the bonding and antibond-
ing g and &y states formed by d,; and dy; and d,y and d>_ 2
orbitals are twofold degenerate in the scalar-relativistic limit
and for magnetization perpendicular to the dimer axis if SOC
is taken into account, but SOC lifts the degeneracy for axial
magnetization. If the degenerate state is only singly occupied,
the level-splitting can lead to a large orbital anisotropy and a
large MAE. This argument has been used to study the system-
atic trends in the MAE of dimers of the late transition metals
[31]. For dimers of the Co-group the minority (spin-down)
OF state is occupied only by one electron. For this state, spin
and orbital quantum numbers are s, = —1/2 and m; = 2. For
the state with spin and orbital contributions of —1/2 and 2,
the orbital magnetization opposes the spin moment and this
level will be shifted down, whereas the state with spin and
orbital contributions of —1/2 and -2 will be shifted up. To
first order in the SOC the shift of the eigenvalues is given by
+mEy (where &4 is the strength of SOC for the d-electrons),
and the shifts in the sub-levels will compensate each other,
except if the highest eigenstate is only singly occupied. This is
the case for Coy, Rh; and Ir; and indeed large MAEs of 7, 47
and 70 meV/dimer, increasing with the strength of SOC have

been calculated. For the elements of the Ni-group the degener-
ate eigenstates are always occupied by two electrons. A large
MAE of 46 meV/dimer is found only for Pt, where the SOC-
induced splitting is larger than the separation of the occupied
6F and empty z} minority states—only the lower components
of both are occupied if SOC is included. For the Fe-group ele-
ments only the very small MAE of the Fe, is of interest here.
It has been demonstrated that although the 5* state is only
singly occupied, the MAE is very low. SOC induces not only
a modest level splitting, but also a small up-shift of the center
of gravity of these states, leading only to a very small MAE.
For all further details we refer to our prior work [31]. Below
we will use a similar analysis to explain the MAE of free and
graphene-supported heteroatomic dimers.

4. Heteroatomic dimers in the gas phase and
supported on graphene

The central objective of our work is to study the cooperative
effect of the high magnetic moments contributed by the Fe or
Co atoms and the strong SOC due to Pt or Ir on the magnetic
properties, in particular the MAE of mixed dimers in the gas
phase and supported on a free-standing graphene layer. The
results are presented in the following sections.

4.1 Ir-Co dimers

Our results for mixed IrCo dimers are compiled in table 1,
where the results of Xiao et al [15] are also listed, calculated
using the relativistic full-potential local-orbital (FPLO) code
of Koepernik and Eschrig [48]. The calculations use the same
GGA functional and the same k-point grid for Brillouin-zone
interactions as in the present work, but use a fully relativistic
Hamiltonian, a local orbital instead of a plane-wave basis, and
a smaller 4 x4 supercell for representing the graphene layer.
A possible distortion of the graphene layer induced by the
adsorbed dimer has been neglected.

In the scalar-relativistic mode both calculations predict
for the free dimer a quintet state (spin moment 4 ug), with a
slightly shorter bond length from our plane-wave calculations.
Binding with the dimer is strong, with a binding energy of
Ey, = -3.87eV/dimer. If SOC is taken into account, the spin
moment is slightly reduced, but this is overcompensated by
a large orbital contribution enhancing the total moment to
nearly 6 ug. Both calculations predict very similar local spin
and orbital moments on the Co atom, whereas Xiao et al find
moments enhanced by 0.21 up (orbital moment) and 0.29 up
on the Ir atom. Both calculations also agree on an easy mag-
netic axis parallel to the dimer bond, a weak anisotropy of the
spins (with a negative spin anisotropy on the Co atom) and
large orbital anisotropies of Au; ~0.6up on both atoms. Given
the similarities in the anisotropies of the magnetic moments,
it is a bit surprising that the largest difference is found for
the MAE where the value of 142meV/dimer reported by
Xiao etal is about twice as large as our result of 69 meV/dimer.
Such a large difference was also found for homoatomic 3d and
4d dimers where Fritsch er al [30] consistently reported larger
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Table 1. Bond length d, vertical distance z from the support (both
inA), adsorption energy Ej, and atomization energy E, (in eV/di-
mer), total, spin and orbital magnetic moments m;, mg and my, spin
and orbital anisotropies Amg and Amy, (all in ug), easy magnetic axis
(relative to the dimer axis), MAE (in meV/dimer) for IrCo dimers in
the gas phase and supported on a free-standing graphene layer. Lo-
cal magnetic moments are given in parentheses. The results of Xiao
et al [15] are given for comparison in square brackets.

Geometry  IrCo IrCo/graphene upright

d 2.08 [2.13] 2.15[2.18]

z — 2.22[2.25]

Ey 3.87 5.10

Ein — —-1.23[-0.63]

my 5.45(2.60/2.85) 5.33(3.50/1.83)
[6.04(3.10/2.94)]  [5.83(4.00/1.83)]

mg 3.56(1.55/2.01) 3.60(1.90/1.70)
[3.89(1.84/2.05)]  [3.91(2.17/1.74)]

Amg 0.10(0.11/-0.01) ~ 0.21(0.18/0.03)

[0.13(0.04/-0.09)]
my, 1.89(1.05/0.84)
[2.15(1.26/0.89)]

[0.05(0.13/-0.08)]
1.73(1.60/0.13)]
[1.92(1.83/0.09)]

Amy, 1.20(0.59/0.61) 1.07(1.13/-0.06]
[1.35(0.60/0.75)]  [1.01(1.20/-0.19)]

Easy axis Parallel Parallel

MAE 69 [142] 93 [198]

values calculated using the FPLO code than either Blonski
and Hafner [31] or Strandberg ef al [47].

On a free-standing graphene layer a IrCo dimer adsorbs in
an upright configuration through the Co atom in the center of a
sixfold hole. An upright configuration with the Ir atom point-
ing downwards or any flat geometry with the dimer parallel to
graphene is energetically disfavored by at least several tenths
of an eV/dimer. Our plane-wave calculations predict a some-
what stronger adsorption, with a more pronounced elongation
of the dimer bond length. Both calculations agree on a modest
reduction of the total magnetic moment by about 0.2 ug, which
is compensated by very small moments induced on the near-
est C atoms such that the total moment of the dimer/substrate
complex remains unchanged. Important changes, however, are
found in the local magnetic moments. The magnetism of the
Co atom binding to graphene is strongly quenched, the local
spin moment is reduced by about 0.3 up, and the local orbital
moment vanishes nearly completely. In contrast, on the Ir atom
the looser binding within the dimer leads to more free-atom-
like properties. The spin moment is enhanced by about 0.3 ug,
the orbital moment by about 0.55up. The easy direction of
magnetization is again along the dimer axis and perpendicular
to the substrate. The anisotropy of the spin moments remains
very weak, and the still very strong orbital anisotropy is now
entirely concentrated on the Ir atom. Together with the much
stronger SOC on Ir than on Co, this leads to a further enhance-
ment of the MAE to 93 meV/dimer—but the value reported by
Xiao et al is again higher by a factor of two.

4.2 Pt-Co dimers

For a free PtCo dimer scalar-relativistic calculations predict a
spin magnetic moment of 3 ug and a bond length of 2.19 A, at
a binding energy of —1.82eV/atom, in agreement with Johll
et al [20]. An increase of the Pt—Co distance by only 0.01 A

has been predicted if SOC is included. The magnetic GS of
a PtCo dimer is a high-moment state with a total magnetic
moment of my; = dug(ms = 2.85ug, my = 1.15up) oriented
along the dimer axis (see table 2 for details). For perpen-
dicular magnetization, the total magnetic moment decreases
to about 3up(mg = 2.56ug, my = 0.50ug). Compared to the
IrCo dimer the spin anisotropy is increased, while the orbital
anisotropy is reduced by nearly a factor of two. The important
point, however, is that the largest contribution to Am; comes
from the Co atom, while for IrCo the orbital anisotropy was
evenly distributed over both atomic species. This is the main
reason for the much lower MAE of 18.8 meV/dimer.

For PtCo on graphene the energetically most stable configu-
ration (Ej; = —1.16eV/dimer) is upright, with Co in the center
of a carbon ring (Co-down) with a distance of 2.23 A from the
nearest C atom, and the Pt—Co bond length is reduced by only
0.01A, all in good agreement with [20]. The adsorbed dimer
also induces a weak buckling of the graphene layer, with an
amplitude of 0.08 A. The scalar-relativistic spin moment of
3up found for the entire adsorbate—substrate complex is the
same as for the gas phase dimer. Compared to the free dumb-
bell, the magnetic moment on Pt is increased from 0.70up to
0.99 ug while that on the Co atom is decreased from 2.30ug
to 1.88 ug. Quite generally the moment on the atom in contact
with the substrate is reduced, whereas that on the upper atom
is closer to the value for the free atom. The magnetic dimer
also induces small magnetic moments on the neighboring C
atoms of the order of a few 0.01up, completing the quantized
total magnetic moment. In the second upright adsorption
geometry considered here (Pt—-down), the adsorption energy
is only Ej, = —0.41eV/dimer, and the weaker binding is also
reflected in a bond length increased to 2.23 A. The total spin
moment is again 3 up, with the local moment on the Pt atom
binding to the graphene reduced to 0.46up and an increased
local moment of 2.31up on the upper Co atom. For two paral-
lel-to-graphene geometries (initially with the atoms in br—br
and ot—ot positions) binding to the substrate is even weaker
(Eint ~—0.35eV).

Relativistic calculations for the Co-down dimer predict an
easy magnetization direction perpendicular to the substrate,
parallel to the dimer axis as for the gas phase cluster. Due to
the interaction with the substrate, spin and orbital moments are
strongly reduced on the Co atom and enhanced on the Pt atom,
see table 2. Due to the strong SOC of the Pt atom the total mag-
netic moment of 4.4 ug is larger than without SOC. Together
the rotation of the magnetization from easy to hard direction
leads to a transition from a high-moment state (m}‘“° = 4.4y, )
to a lower moment magnetic isomer (m}'c°=3.4u,). The
MAE of 11.7meV/dimer is reduced by 32% compared to the
free dimer. This is in contrast to the IrCo dimer where the
interaction with the support enhances the MAE. Evidently the
difference cannot be explained by the relative changes in the
magnetic moments and their anisotropies alone.

For completeness we have also calculated the MAE for
an upright Pt—down dimer. In this case the easy axis is in-
plane, perpendicular to the dimer and parallel to the gra-
phene layer, and magnetization perpendicular to graphene
is disfavored by an MAE of 9.1meV/dimer. Compared to the
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Table 2. Bond-length d, vertical distance z from the support (both
inA), adsorption energy Ej, and atomization energy Ey (in eV/
dimer), total, spin and orbital magnetic moments m;, mg and m;,
spin and orbital anisotropies Amg and Am,, (all in up), easy magnetic
axis (relative to the dimer axis), MAE (in meV/dimer) for a PtCo
dimer in the gas phase and supported on a free-standing graphene
layer. Local magnetic moments are given in parentheses.

Geometry PtCo PtCo/graphene upright
d 2.20 2.19

z — 1.67

Ein — -1.16

Ey 3.64 4.80

my 4.00(1.29/2.71) 4.36(2.60/1.76)
ms 2.85(0.70/2.15) 2.87(1.29/1.58)
Amg 0.29(0.10/0.19) 0.14(0.29/-0.15)
my, 1.15(0.59/0.56) 1.49(1.31/0.18)
Amy, 0.65(0.18/0.47) 0.87(0.78/0.09)
Easy axis Parallel Parallel

MAE 18.8 11.7

free dimer on the Pt atom in contact with graphene, both
spin and orbital moments are reduced by about a factor of
two; on the upper Co atom the spin moment is increased, but
the orbital moment is reduced. The anisotropy of the local
spin moments is weak, the larger orbital anisotropies have
opposite sign. Graphical representations with details of the
geometric parameters and the local moments of all configu-
rations of free and supported Pt—Co clusters can be found in
the online supplementary information®.

4.3 Pt-Fe dimers

According to scalar-relativistic calculations, the bond length
of a free PtFe dimer is 2.17 A with a spin moment of 4 ug
and an atomization energy of 3.92 eV/dimer. SOC does not
change the bond length, but slightly reduces the spin moment
and induces a modest orbital moment which is slightly larger
on the Pt atom. In the magnetic GS perpendicular to the
dimer axis the total magnetic moment is 4.2up (ms = 3.79ug,
my = 0.41ug, see table 3 for further details). A rotation of
the magnetization by 90° parallel to the dimer axis induces
a reduction of the orbital moment to 0.31up and an increase
of the spin moment to 3.88 ug, and costs a modest MAE of
3.2meV/dimer. For a magnetization parallel to the dimer axis
we also found an excited magnetic state with a total moment of
5.3up (mg = 4.17ug, my = 1.13 ug) at an energy of 92.4meV/
dimer above the GS.

For a PtFe dimer adsorbed on a graphene sheet the most
stable adsorption configuration is an upright (slightly canted)
Fe-down dimer with the Fe atom halfway between the br and
6h position. The Pt—Fe bond length of 2.17 A is the same as for
the gas phase dimer, the adsorption energy of —0.84 eV/dimer
is smaller than for the PtCo dimer. The adsorption of the
dimer causes a weak buckling of the graphene layer with an
amplitude of 0.12 A. The spin moment of the cluster/graphene

3See online supplementary material (stacks.iop.org/cm/26/146002/mmedia)
for graphical representations of all configurations of free and supported
PtCo and Ptfe dimer, including details of the geometrical parameters and
local moments.

complex is 4up as for the free cluster, but the local magnetic
moment on the Pt atom is increased, and that on the Fe atom
decreased. Adsorption with the Fe atom in the center of a hex-
agon and the Pt atom exactly above is only weakly exother-
mic (Ey, = —0.10eV/cluster), in this configuration the dimer
is nonmagnetic. A similar result has been reported by Johll et
al [20], albeit with zero adsorption energy. For another upright
configuration with the Pt atom located in 6h-position and the
Fe atom 2.19 A above, the adsorption energy is only —0.28 eV/
cluster. The two initially parallel-to-graphene geometries
were found to be unstable; upon relaxation they converged to
the GS-structure. We have also tested the adsorption of the Pt—
down dimer in a bridge position between two C atoms. This
configuration has been reported in [20] to be the GS-geometry
with an adsorption energy of Ej, = —0.42eV/dimer and a spin
moment of about 4ug. We have found that in this configura-
tion the dimer is non-magnetic and does not bind to graphene.
It should also be noted that the adsorption energy calculated
in [20] is much lower than that found here for the Fe-down GS
dimer (-0.42 versus —0.84¢eV).

Relativistic calculations have been performed for the
upright Fe-down and Pt-down geometries. For the stable
Fe-down dimer the easy magnetic axis is aligned along the
dumbbell axis, in contrast to the free dimer where we had
found a perpendicular easy axis. Due to the interaction with
graphene, the spin and orbital moments on the Fe atom are
reduced while those on the Pt atom are increased (see table 3).
Together this leads to an enhanced total moment which is
larger than for the free PtFe dimer. The anisotropies of the
local spin moments change sign on both atoms; the orbital
anisotropy on the Pt atom is positive, that on the Fe atom neg-
ative. The MAE is equal to 13.4 meV/dimer, and it is larger by
almost a factor of four than that of the dimer in the gas phase.

For an upright Pt—down dimer the easy axis is again in-plane,
perpendicular to the dimer axis. The MAE for the hard magnet-
ization direction perpendicular to graphene is 5.3 meV/dimer.
Local spin and orbital moments on the Fe atom are almost
the same as in the free cluster, the local moments on the Pt
atom are reduced to about two thirds of their value in the free
cluster. Only the orbital moment on the Pt atom displays a
significant anisotropy. Details of the geometric parameters of
the Pt—Fe clusters are again compiled in graphical form in the
supplementary information (stacks.iop.org/cm/26/146002/
mmedia).

5. Electronic origin of the magnetic anisotropy in
free and supported dimers

For the energetically most favorable configurations the MAE
of homo- and heteroatomic dimers, defined as the difference
between the total energies calculated for easy and hard axis
orientations of the magnetization are summarized in table 4. For
the free Ir, dimer the substitution of Ir by Co leaves the large
MAE unchanged, while for both PtCo and PtFe the MAE is
strongly reduced relative to the free Pt, dimer; in PtFe (which
is isoelectronic to IrCo) the MAE relative to a magnetization
parallel to the dimer axis even changes sign. The influence
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Table 3. Bond length d, vertical distance z from the support (both
inA), adsorption energy Ej, and atomization energy E, (in eV/di-
mer), total, spin and orbital magnetic moments m;, mg and my, spin
and orbital anisotropies Amg and Amy (all in ug), easy magnetic axis
(relative to the dimer axis), MAE (in meV/dimer) for a PtFe dimer
in the gas phase and supported on a free-standing graphene layer.
Local magnetic moments are given in parentheses.

Geometry PtFe PtFe/graphene upright
d 2.17 2.17

b4 — 2.21

Ein — —0.84

Ey 3.92 4.76

my 4.20(0.83/3.37) 4.72(1.53/3.19)
mg 3.79(0.59/3.20) 4.02(0.96/3.06)
Amg —0.09(-0.03/-0.06) 0.18(0.09/0.09)
my, 0.41(0.24/0.17) 0.70(0.57/0.13)
Amy, 0.10(0.08/0.02) 0.23(0.28/-0.05)
Easy axis Perpendicular Parallel

MAE 32 13.4

of even a rather inert support such as graphene on the MAE
is also very different. While for Pt, and PtCo the interaction
with the support reduces the MAE by about a factor of two,
it is increased and changes sign for PtFe. The magnetism of
an Ir, dimer is extremely sensitive to the interaction with the
support—on graphene as well as on benzene [15] the homoa-
tomic dimer is nonmagnetic while the already large MAE of