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Uvod

Jednim z cild materidlového vyzkumu je popséani fazovych transformaci a porozumeéni dy-
namice téchto procest. Témito fazovymi transformacemi mohou byt napiiklad skupenska
zména, zména vnitiniho usporadani spojend se zménou struktury nebo také chemické re-
akce. Detailni pochopeni kinetiky a dynamiky naptiklad chemickych reakci v pevné fazi
mize vést napiiklad k vyuZiti t€chto reakci pri syntéze nejriznéjsich funkénich materiald.
Na druhou stranu nékteré procesy v pevnych ldtkdch mohou zhorSovat vlastnosti danych
materidli a diky porozuméni mechanizmim a pii¢inam té€chto transformaci mizeme za-
chovat vhodné vlastnosti takovych materialti.

Abychom byli schopni detailné popsat a vysvétlit pribéh a pticiny téchto procesu, je
nutné pozorovat déje aZ na atomdrni drovni. Navic toto pozorovini musi byt dostatecné
rychlé ve srovndni s dobou transformace. Rada experimentalnich technik sice umoZiiuje
pozorovani fazovych procesi, ale zpravidla sleduji pouze makroskopické vlastnosti (mag-
netizaéni méreni, diferencidlni skenovaci kalorimetrie a dalsi). Na druhou stranu “mikro-
skopické” techniky (rentgenova difrakce [1], Mossbauerova spektroskopie [2], transmisni
elektronovd mikroskopie nebo mionova spinovd rezonance [3]) jsou schopny poskytnout
informace o atomarnim usporadani, nicméné jsou Casto pfili§ pomalé a poskytuji informace
jen o staciondrnich stavech zkoumané latky. Diivodem je zpravidla nizkd intenzita zdroje
zateni, které je pouzito ke zkoumani latky.

S pouZitim synchrotronu jako zdroje zafeni je moZné provadét nékterd méteni v krat-
$im casovém intervalu. Jednou z takovych metod, kterd navic soucasné poskytuje informace
o usporddédni na atomdrni Urovni, je jaderny dopfedny rozptyl [4]. Tato price je v€novana
pravé vyuziti jaderného dopfedného rozptylu (NFS - nuclear forward scattering) ke stu-
diu fazovych transformaci. V rdmci této prace jsou popsany tzv. in-sifu experimenty, tedy
méfeni provadéna béhem sledovaného déje.

Experimenty jaderného dopiedného rozptylu poskytuji informace ve formé ¢asového
interferogramu vzorkem rozptyleného zafeni. Informace o lokdlnim elektronovém nebo ato-
marnim usporadani je nutné ziskat dodateCnym vyhodnocenim. To vS$ak neni Gplné jednodu-
ché a je komplikovano fadou faktort, které jsou v této praci diskutovany. V ramci jednoho
in-situ méfeni je zpravidla naCteno vice nez sto téchto zdznami. Proto pro vyhodnocen{
Casovych interferogrami bylo nutno vyvinout specidlni software, ktery zjednodusuje a ze-
fektiviiuje praci s takto velkym mnoZstvim dat.

Prvni oblasti, ve které bylo vyuZito jaderného dopfedného rozptylu za timto Gcelem,
je krystalizace amorfnich kovovych slitin. Jednd se o materidly, které vykazuji unikatni
magnetické vlastnosti, a jsou proto vyuzZivany jako magnetické stinéni nebo také v jadrech
transformatord. Aplikace in-situ experimentti jaderného dopfedného rozptylu umoznila de-



tailni sledovani kinetiky krystalizace v riznych teplotich a poskytla cenné informace o vlivu
magnetického pole na krystaliza¢ni proces.

Dalsi aplikaci NFS in-situ experimentd, kterd je v této praci popsdna, je studium ter-
malni dekompozice ferati. Jednd se o slouCeniny, ve kterych je Zelezo pifitomné ve vyso-
kovalen¢nim stavu, napfiklad Fe(V) nebo Fe(VI). Tyto materidly maji velky potencidl pro
vyuziti v fad€ aplikaci jako je Cisténi vod nebo konstrukce vysokokapacitnich a ekologicky
nezavadnych baterii. Diky NFS experimentiim byla pozorovana zavislost dekompozi¢niho
procesu na teploté a formovani meziproduktt.

Pozndmka: V celé préci je pouzivand jako desetinnd znacka tecka.



Kapitola 1

Jaderny rezonancni rozptyl

Elektromagnetické zafeni pfi dopadu na latku interaguje s elektrony a jadry [5, 6]. Jestlize
m4d zafeni vhodnou energii, miZe dojit k excitaci jadra ze zakladniho do nékterého exci-
tovaného stavu za soucasné absorpce fotonu. Nésledné dochdzi k opétovné relaxaci jadra
do zdkladniho stavu a vyzéfeni prebytecné energie ve formé y-fotonu. Jevu, kdy je elek-
tromagnetické zétfeni rozptylovadno jadry schopnymi toto zafeni absorbovat, fikdme jaderny
rezonan¢ni rozptyl [4,7, 8].

Pri popisu této interakce sledujeme, zda a jakym zptisobem doSlo ke zméné v systému
jader a také zda doslo ke zméné stavu jadra obklopujici mfizky. Nasledné pak miZeme
rozptylovy proces charakterizovat jako koherentni nebo nekoherentni a také jako elasticky
nebo neelasticky [9, 10]. Z experimentdlniho hlediska maji nejvétsi vyznam neelasticky
rozptyl, ktery zahrnuje i koherentni i nekoherentni proces [7, 9], a koherentni elasticky roz-
ptyl [11-14].

Neelasticky rozptyl (NIS, nuclear inelastic scattering) je dileZitou experimentalni me-
todou umoznujici studovat hustotu stavti fonont [12, 15]. Tato technika hraje diileZitou roli
napfiklad ve zkoumani vlastnosti zemského plaste [16]. NIS sice poskytuje cenné informace
1 o amorfnich kovovych slitindch studovanych v této praci [17, 18], nicméné tuto techniku
doposud nelze vyuZit pro méfeni in-situ, nebot’ doba méfeni jednoho fononového spektra
je zpravidla nékolik hodin. Druhy piipad, tedy koherenti elasticky rozptyl, je moZné vyuZit
ke studiu hyperjemnych interakci a fazového sloZeni materialu [19] a miZe byt vyuZit i pro
in-situ méteni.

1.1 Maéssbaueruv jev

U koherentniho elastického rozptylu na systému jader nedochdzi ke zméné jaderného sys-
tému. Tedy jadra se vraci do pivodniho stavu, ve kterém se nachédzela pted rozptylem. Sys-
tém jader pfed rozptylem a po rozptylu miizeme popsat stejnou vinovou funkei a nemizeme
tedy urcit, které jadro se interakce ztcastnilo [11]. Rozptylené zéreni je pak koherentni se
zafenim dopadajicim. Pfi uvaZzovaném procesu nedochdzi ani ke zméné krystalové miizky,
presnéji feCeno nedochdzi ke zméné vibracniho stavu krystalové mfize, tedy absorpci nebo
emisi fononu [12,20,21].

Jev, kdy je jaddrem vyzaren nebo pohlcen foton, aniz by doslo ke zpétnému razu, tedy
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zméné vibraniho stavu miizky, byl poprvé popsdn a vysvétlen R. L. Mdssbauerem, po
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kterém nese nazev Mossbauerv jev [22]. Jednd se o bezodrazovou absorpci nebo emisi
fotonu jadrem. V tomto piipadé zménu hybnosti pii absorpci nebo emisi fotonu nese krystal
jako celek a nedochdzi ke zméné energie zafeni vlivem Dopplerova jevu. Z toho je také
ziejmé, Ze ke koherentnimu rozptylu dochazi pouze v pevnych latkach. V plynech nebo
kapalindch vZdy dojde ke zpétnému rdzu a tady proces neni elasticky.

Na pozorovani tohoto jevu je zaloZzena Mossbauerova spektroskopie [19, 21, 23]. Tato
technika je provozovana v mnoha geometrickych uspotddanich, transmisnim [21], emisnim
[24-35], v usporddani Casové rozliSené Mossbauerovy spektroskopie [36—43], Mossbaue-
rova spektroskopie konverznich rentgend a elektrond [44,45] nebo také polarizované Moss-
bauerovy spektroskopie [46—49].

Jako zdroj zafeni pro Mossbauerovu spektroskopii je zpravidla vyuZivédn radioaktivni
z4fi¢ s vhodnymi energetickymi prechody [50]. Asi nejcastéji je Mossbaerova spektrosko-
pie aplikovéna ke studiu Zeleza, kdy je jako zéfi¢ pouZit izotop °’Co [51]. Tyto zifice jsou
komercné dostupné [52]. Zafeni z téchto zdroji je nekoherentni a nepolarizované, zafi uni-
formé do vSech smérd a typicka aktivita té€chto zdroja je 1-2 GBq. Jiz kratce po popsani
Madssbauerova jevu bylo navrZeno k excitaci jadernych prechodl vyuZit synchrotronové za-
feni [10,53,54]. V roce 1985 byly publikovany prvni tispésné experimenty Mossbauerovy
spektroskopie se synchrotronovym zéafenim [55].

Vyuziti synchrotronového zéieni pro studium interakce jadra se svym okolim ma oproti
konvenénim (radioaktivnim) zdrojim nékolik specifik, kterd budou diskutovdna pozdéji.

1.2 Synchrotronové zareni

Jako zdroj synchrotronového zafeni slouzi synchrotrony [56-58], pfipadné lasery na vol-
nych elektronech [59], tedy urychlovade Castic, které jsou konstruovény tak, aby nabité
Castice (nejCastéji elektrony) pfi prichodu specidlnimi zafizenimi, wigglery a undulétory,
emitovaly fotony. Zafeni ze synchrotronu je nutné pfed pouZitim pro experimenty jader-
ného dopredného rozptylu monochromatizovat na energie fddové desitek keV s energetic-
kym rozliSenim (Sifkou pdsma) 1-10 meV. Takto upravené zdfeni je koherentni [60]. V do-
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predném sméru je jeho koherence n€kolik desitek metrd, v pricném sméru pak je kohe-
rence podstatné niZ$i a pohybuje se nékde kolem 1-100 um [61, 62]. Zareni je navic li-
nedrné polarizované [63], coZ umoZiluje méfit sti€eni roviny polarizace, takzvany jaderny
dichroizmus [64]. Vyhodou synchrotronového zareni je predevsim jeho obrovska intenzita,
ktera o nékolik fadu prevySuje konvencni zdroje, a praveé diky ni je mozné provadét in-situ
experimenty [60]. Synchrotronové zafeni ma Casto pulzni charakter, cehoZ se s vyhodou
vyuZzivd v experimentech jaderného rezonancniho rozptylu k separaci dopadajicich a roz-
ptylenych fotonl [4]. Monochromatizaci synchrotronového zéafeni je mozné ziskat fotony
o energii vhodné k excitaci jader, pro kterd neexistuje vhodny radioaktivni izotop jako zdroj
zateni [65].

1.3 Interakce jader s okolim

U atomovych jader mliizeme urcit celou fadu fyzikdlnich vlastnosti, napfiklad hmotnost,
pocet protond, pocet neutrond, elektricky ndboj, paritu a dal$i. Z pohledu jaderného rezo-
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VSechny tfi tyto vlastnosti jsou disledkem aktudlniho vnitfniho usporadani nukleond v ja-
dfe. Proto jsou tyto vlastnosti vZdy charakteristické pro dany stav. Jidra v zdkladnim stavu
maji zpravidla jiny spin, magneticky moment i kvadrupélové St€peni nez jadra v excito-
vaném stavu [50, 66]. Napiiklad jadro Zeleza 'Fe ma v zdkladnim stavu spin 1/2 a v ex-
citovaném 3/2. Parametry nékterych jader vhodnych pro NFS experimenty jsou uvedeny
v Tabulce 1.1.

Jadra mohou prostfednictvim néboje, magnetického a kvadrup6lového momentu inter-
agovat s magnetickym a elektrickym polem, které miZe byt externi, nebo mizZe mit svij
pivod ve vnitinim rozloZeni atomu v latce. Interakce jadra s vlastnim elektronovym oba-
lem nebo elektrony, jejichZ vlnovd funkce m4d nenulovy prekryv s vinovou funkci jadra,
oznacujeme jako hyperjemnou interakci [66].

Interakce magnetického pole s jadrem Stépi jaderné hladiny, na obr. 1.1 je uveden piipad
tohoto §tépeni pro zdkladni a excitovany stav jadra 3’ Fe. Interakce jadra s elektrickym polem
meéni energeticky rozdil mezi zdkladnim a excitovanym stavem a $§tépi jaderné hladiny, jak
je ukdzano na obr. 1.2 pro piipad 'Fe.

Pomoci experimentti Mossbauerovy spektroskopie a jaderného rezonancniho rozptylu
muiZeme méfit toto energetické Stépeni a jejich prostfednictvim pak ziskdvame informace
o lokdlnim usporddéani latky v okoli daného jadra, magnetickém usporddani a valencnim
stavu atomu.

B=0 B#0
dE
E.
dE A
A aE A
14.4 keV
E, \
£ 'y y ¥

Obrazek 1.1: Stépeni energetickych hladin zakladniho a excitovaného stavu jadra >’ Fe v magnetickém poli.

Zakladni a excitovany stav jadra spolu interaguji prostfednictvim absorbovaného nebo
emitovaného fotonu, a proto tyto stavy nejsou samostatné a musime je chdpat jako ce-
lek. Spin takové soustavy stanovime pomoci pravidel pro skladdni momentu hybnosti [67].
Pravdépodobnosti pfechodu mezi jednotlivymi jadernymi hladinami jsou ddny Clebscho-
vymi—Gordanovymi koeficienty [68—72].
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Znujici experimen

>

Tabulka 1.1: 1zotopy umo

topové smesi, Ig-spin

i v pfirozené izo

zékladniho stavu, .-spin exitovaného stavu, tl,-magneticky moment zdkladniho stavu, ,-magneticky moment
excitovaného stavu, Qg-kvadrup6lovy moment zdkladniho stavu, Q.-kvadrup6lovy moment excitovaného stavu,

o-konverzni faktor.Prevzato z [10].

jaderného prechodu, 7p-doba Zivota, I'g-vlastni Sitka Cary, a-zastoupen
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Obrazek 1.2: Stépeni energetickych hladin zakladniho a excitovaného stavu jadra > Fe v elektrickém poli.

1.4 Jaderny dopredny rozptyl

Impulz synchrotronového zareni s vhodnou sitkou pasma dopadd na vzorek a rozptylené
zafeni je detekovdno pomoci vhodného detektoru. Nékteré fotony dopadajiciho pulzu jsou
pfi prichodu latkou rezonancné absorbovany jadry, nasledné jsou s urlitym zpozdénim,
které je dané dobou Zivota excitovaného stavu, opét vyzareny. Fotony, které neinteragovaly
s latkou viibec nebo byly rozptyleny elektrony, jsou zpozdény jen velice mdlo (na drovni
jednotek piko sekund az jednotek nanosekund) nebo viibec a tvofi takzvany prompt pik, viz
obr. 1.3.

Béhem experimentl pak fotony detekujeme pouze v Case mezi jednotlivymi pulzy a ne
béhem trvani pulzd nebo kratce po nich. Proto jsme schopni zaznamenat pouze rozptylené
govaly se studovanou latkou, a tedy nesou informaci o §tépeni jadernych hladin. Diky tomu
méfime s vétSim pomérem signdlu a Sumu neZ v konvenéni Mdossbaueroveé spektroskopii.
Zavislost poctu rozptylenych fotonl na Case zpozdéni ¢ za excitacnim pulzem je zpravidla
oznacovdna jako spektrum jaderného doptedného rozptylu (oznaceni spektrum neni zcela
presné, skutecné se jedna o interferogram). Na obr. 1.4 je znazornén piiklad NFS spektra
hematitu v linedrni a logaritmické Skale..

Usporadani experimentu jaderného dopfedného rozptylu je znazornéno na obr. 1.5. Pa-
prsek synchrotronového zéfeni prochdzi monochrométorem a dopadd na vzorek Rozptylené
zateni je nasledné detekovano lavinovou fotodiodou.

Teoreticky popis jaderného koherentniho rozptylu byl vypracovan v Sedesatych letech
pisu interakce gamma zdfeni je zpravidla pouZit semikvantovy pfistup [79-81], kdy zdreni
je popisovano klasicky a jaderny systém kvantové mechanicky [82, 83]. Pfi odvozovani se
vychdzi z Maxwelovych rovnic [84], kde 1ze na zdklad€ kvantové mechaniky a pravdépo-
dobnosti prechodii mezi jadernymi hladinami urcit index lomu, ktery reprezentuje jaderny
systém.
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\ prompt pﬂ(
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Obrazek 1.3: Prompt pik, nerezonanéné rozptylené zéteni a elasticky rozptylené zafent.
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Obrazek 1.4: Piiklad spektra NFS vykazujici magnetické $tépeni v linedrn{ (a) a logaritmické (b) skdle.

Dopadajici zafeni popisujeme rovinnou vlnou Aj,(x,7), kde x je poloha v prostoru a ¢
je Cas zpozdéni za excitaénim pulzem. Rozptylenou vinu A (x,) pak ziskdme pomoci roz-
ptylové matice S [85] vztahem

Agc(x,1) = S Ajp (x,1). (1.1)

Rozptylovou matici miizeme podle dynamické teorie difrakce [86] vyjadfit pomoci kom-
plexniho indexu lomu n vztahem

S =e", (1.2)
kde z je tloust’ka vzorku. Proslé (transmitované) zareni Ay, je souctem dopadajici a rozpty-

lené viny [85], tedy
A (x,1) = Ain (x,1) + Age (x,1). (1.3)

11
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monochromace

APD
I »h
vzorek

paprsek

Obrazek 1.5: Schéma experimentélniho uspotfddani pro méfeni jaderného dopredného rozptylu. APD je lavi-
nova fotodioda (angl. avalanche photodiode), ktera je v experimentech jaderného rezonancniho rozptylu zpra-
vidla vyuZivdna jako detektor zafeni. Zafeni ze synchrotronu je pfed dopadem na vzorek monochromatizovéno.

Transmitované (prosld) vlna v sobé obsahuje koherentni soucet dopadlé a rozptylené
vlny. Jedna se tedy o zafent, které je detekovano v piipadé€ experimenti transmisni Mossbaue-
rovy spektroskopie. V pfipadé jaderného dopfedného rozptylu je detekovdna pouze rozpty-
lend vina Ag(x,¢) a to diky pulznimu charakteru synchrotronového zéfen.

Vypocet indexu lomu 7 je predstaven v mnoha publikacich [8, 13, 14, 86, 87]. Pro popis
polarizacni zavislosti [46,78] je vyhodné vyuZit formalismu Stokesovych matic [10, 88, 89]
a pak pro prvky matice komplexniho indexu lomu Ny, dostdvame [83]

Nuvf— Z Z Y] [Yyg - €u] Furwm, (1.4)
M=—1M=

kde Y jsou vektorové sférické harmonické funkce, které zavisi na vinovém vektoru zareni
k a u, v jsou indexy maticovych elementil ve zvolené €, y polarizaCni bazi. Funkce Fjy
z4avisld na energii obsahuje informaci o hyperjemném $tépeni a zavisi na hyperjemném mag-
netickém poli, gradientu elektrického pole a jejich smérech. I'y je vlastni Sitka absorpce a
je svdzana s dobou Zivota excitovaného stavu vztahem

To=h/t. (1.5)

Stépenti jadernych hladin v disledku hyperjemné interakce a externiho pole je mnohem
mensi nez §itka pdsma excitacniho pulzu, proto jsou jednim pulzem excitovdny vSechny
jaderné prechody soucasné. V rozptyleném zareni jsou obsaZeny fotony emitované pfi pre-
chodech mezi riiznymi stavy, a tedy o riznych energiich (frekvencich). Pro >’Fe je ob-
vykly rozsah energii okolo 500 neV. Jak jiZ bylo uvedeno, rozptylené zatfeni je koherentni
[11,14,61,62,90], tudiz tyto fotony interferuji a v ¢ase se sklddaji do vysledného interfe-
rogramu, ktery nese informaci o energiich jednotlivych pfechodi. Takto interferujici zareni
je detekovano detektorem s velkym casovym rozlisenim [82,91] a diky interferenci se v ¢a-
sovém spektru tvoﬁ V)’/razné minima a maxima kvantové zéznéje (viz obr. 1. 4) [14 92]

vvvvv

spektrum hematitu, tedy materidlu VykaZUJICﬂIO magnetické Stépeni Jadernych hladln.
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KAPITOLA 1. JADERNY REZONANCNI ROZPTYL

Zaten{ je rozptylovano do vSech smért a podle Braggova zikona [93] v urCitych smeé-
rech dochézi ke konstruktivni interferenci [1]. Tento proces je oznacovan jako jaderny Brag-
govsky rozptyl [55,94-97]. Rezonanéné rozptylené zafeni pak nese informaci i o uspofé-
dani na dlouhou vzdélenost (Braggovské thly) i o usporadani na kratkou vzdalenost (kvan-
tové z4znéje). Ve specidlnim piipadé, kdy jedna Braggovskd reflexe je realizovdna rozpty-
lem atomu pouze jedné podmiizky, pak v Braggovsky rozptyleném zafeni mame informace
pouze o hyperjemnych polich ve vybrané krystalografické pozici.

Jednim z duleZitych aspektt jaderného dopiedného rozptylu je efekt zrychleni (angl.
speed up effect) [7, 36,38, 87]. Jedna se o zrychlovani rozpadu excitovaného stavu v di-
sledku mnohonasobného rozptylu. Tedy procesu, kdy jiz jednou rozptylené zareni déle in-
teraguje s latkou. Tento jev je nutné zahrnout do vypoctu jaderného dopfedného rozptylu.
Mnohondsobny rozptyl zptisobuje zménu charakteru spekter. V energetické doméné se ob-
jevuje pokles intenzity v misté rezonance. Se vzrustajici tloust'kou vzorku se tento pokles
zvétSuje a pro tlusty vzorek dochdzi k tomu, Ze se plivodné jedna Cara jevi jako dublet,
viz. obr. 1.6. Tento tvar je v energetické oblasti oznacovan jako "Double hump profile".
V Casové doméné se tento efekt projevi jako dynamické zaznéje [92]. Ty se skladaji s kvan-
tovymi zazné&ji do hybridnich zazné&ja a jejich pfitomnost komplikuje ndslednou analyzu
dat.

Amplituda (a.u.) Amplituda (a.u.)

8-6-4-202 461820 200 400 600 800
Energie (mm/s) t (ns)

Obrazek 1.6: Spektra NFS tenkého (a) a (b) a tlustého (c) a (d) vzorku v energetické a asové doméné.

V experimentech jaderného dopfedného rozptylu je detekovana amplituda rozptyleného
zafeni v zavislosti na zpozdéni za excitatnim impulzem synchrotronového zareni. Proto
je nutné pro detekci pouZit detektor, ktery umoZziiuje pfesné urceni doby pftiletu fotonu do
detektoru. PoZadovana presnost uréeni musi byt lepsi nez 0.5 ns. NejCastéji jsou pouZivany
lavinové fotodiody [82,91].

Detektory nejsou schopné zaznamenat fazi rozptylenych fotont, ale pouze jejich am-
plitudu. SkuteCnost, Ze pti méfeni je detekovana pouze amplituda a je ztracena informace
o fazi, do jisté miry komplikuje ziskan{ informace o energiich jednotlivych prechodti [98—
101]. Jedna se o situaci obdobnou fazovému problému v experimentech rentgenové difrakce,

13
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kde chybéjici informace o fazi difraktovanych paprskl znemoziuje pfimé prevedeni vy-
sledk méfeni z reciprokého do pfimého prostoru [102, 103].

Vétsina fotond neinteraguje s jadry a prochdzi pres vzorek bud’ nerozptylena, nebo je
rozptylena elektrony. Toto zarfeni je zformovano ve velmi kratkém, ale velice intenzivnim
pulzu, "prompt piku", jehoZ trvani je maximalné nékolik nanosekund. Takto intenzivni pa-
prsek by zpisobil zniceni citlivého APD detektoru, proto je nutné pro ochranu pouZit locko-
vaci systém, ktery ochrani detektor po dobu dopadu prompt piku (obr. 1.3).

Z. experimentti NFS nejCastéji ziskdvame tfi tzv. hyperjemné parametry, hyperjemné
magnetické pole, které ndm poskytuje informaci o magnetickém uspofddédni ve studova-
ném vzorku, kvadrupolové Stépeni (pfipadné gradient elektrického pole) reflektujici symet-
rii rozloZeni ndboje kolem jddra a izomerni posuv, ktery je siln€ zavisly na valen¢nim stavu
atomu.

V nésledujicich kapitolach budou podrobné popsany nejdilezitéjsi aspekty realizace
a vyhodnoceni in-situ experimentl jaderného dopiedného rozptylu. A déle pak jeji aplikace
na dva rozdilné typy procest, na vyzkum krystalizace amorfnich Zelezoobsahujicich slitin
a na reakce v pevné fazi, konkrétné na dekompozicni proces slou€enin s vysokovalen¢nim
Zelezem.
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Kapitola 2

In-situ experimenty

Jaderny dopfedny rozptyl doposud nebyl pro studium kinetiky fazovych pfemén pouZivan.
Jednim z divodu je zfejmé experimentdlni naro¢nost a také komplikované vyhodnoceni
takovych experimenta.

Doposud bylo touto technikou sledovano pouze nekolik procesd, krystalizace amorfnich
slitin na bézi Zeleza [104—-106], dekompozice sloucenin s vysokovalenénim Zelezem [107]
a reakce Zeleza v pevné fazi. V této kapitole budou podrobné popsiny experimentdln{
aspekty téchto experimentt.

Pii planovani in-situ experimenti je nutné uvazovat charakteristicky ¢as méfenf a podle
toho rozhodnout, zda je moZné studovany proces pozorovat urcitou technikou in-situ, tedy
piimo béhem procesu. Pro to je rozhodujici ¢as potfebny pro jedno méfeni. Ten musi byt
mnohem krat§i neZ doba trvani pozorovaného jevu (fazové transformace). Cas nutny pro
nacteni jednoho Casového spektra je dan mnoha faktory. Témi jsou pocet fotonil v jednom
excitatnim pulzu, frekvence opakovani téchto pulzi tloust'’ka studovaného vzorku, mira
obohaceni mossbauerovskym izotopem, Lamb-Mdossbauertiv faktor a tcinnost detektoru.
Tyto faktory urcuji pocet fotonl ve spektru. Aby bylo mozné ziskat patficné informace
o studovaném vzorku je nutné, aby spektra méla dostate¢nou intenzitu, tedy je nutné urci-
tou dobu data akumulovat. V soucasnosti pfi pouZziti obohaceného vzorku je mozné nacist
jedno spektrum s dostateCnou intenzitou jiz za dobu nékolika minut. Z toho plyne ome-
zeni na procesy, které je mozné v soucasné dobé touto technikou sledovat. Tedy procesy
s charakteristickou dobou priib¢hu v fadu desitek minut.

S dal$im rozvojem techniky a pfedev§im v souvislosti se stavbou laserd na volnych
elektronech dochdzi k dalsimu nartstu intenzity synchrotronovych zdrojt a to az o nékolik
tadd. Cili v nasledujicich letech je mozné otekavat zkraceni doby méfeni aZ pod jednotky
vtefin.

S rlstem intenzity zafeni vSak prichdzi nebezpeci na radiacni ohfev vzorku. Napii-
klad na synchrotronu ESRF v Grenoblu pro méfeni na Zeleze se vyuZivd zafeni o energii
14.413 keV, se spektralni ftkou 3 meV a tokem 10° fotoni/s. Odhadnuty vykon dopadaji-
ciho zéreni je asi 1 uW v zavislosti na elektronové absorpci vzoru.

Druhym omezujicim faktorem s ohledem na moznosti provadéni in-situ experimentu je
samotnd doba Zivota jaddra v excitovaném stavu. Principidlné je mozné touto technikou stu-
dovat i procesy svou rychlosti srovnatelné s dobou Zivota excitovaného stavu (obdobné jako
u experimentti Mossbauerovy spektroskopie s casovym rozlisenim (TDMS - time differen-
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tial Mossbauer spectroscopy) [36,38,39], nicméné tato skutecnost by vyraznym zptisobem
komplikovala vyhodnoceni takovych experimentt a to proto, Ze hamiltonian hyperjemné
interakce by jiZ nebyl nezavisly na Case a tuto skutecnost by bylo nutné zahrnout do vypo-
¢tu Casového spektra. Pii vypoctu by bylo nutné fesit nestacionarni Schrodingerovu rovnici
a i néslednd analyza experimentdlnich dat by byla vyrazné komplikovang;si.

Fazové transformace jako chemické reakce nebo krystalizace kovovych skel jsou irever-
zibilni procesy pfi kterych dochdzi k ustaveni energeticky vyhodnéjsiho uspofddani. Aktu-
alni stav studovaného vzorku je pak slozitou funkci aktudlni teploty, ¢asu a dalSich podmi-
nek, pfi kterych proces probihd. Napiiklad amorfn{ slitiny jsou v metastabilnim stavu a bé-
hem ndsledné krystalizace relaxuji do energeticky vyhodnéjsiho stavu. Abychom zajistili
dostate¢nou intenzitu nactenych spekter bylo by mozné in-situ experimenty provést opako-
vané a vyslednd spektra postupné nacitat, kdy transformace by pokazdé probéhla s novym
kusem vstupniho materidlu a bylo by soucasn€ nutné zajistit stejné podminky pii kazdém
pribéhu. Tento postup (pokud je autorovy zndmo) nebyl doposud provadén. Ziejmé také
proto, Ze pii kazdém pribéhu Zihani je nutno vyménit vstupni material v Zihaci peci, coz
zpravidla trva néjakou dobu a proto je takové méfeni nepraktické. Pro provedeni takového
experimentu by bylo nutné zkonstruovat vhodny automaticky vyménik vzorku v peci a na-
vic zajistit dostatecné rychlé chlazeni pece na ptivodni teplotu.

2.1 Tloust’ka vzorku

Jednim z ddleZitych aspektd in-situ experimenti je vhodné nastaveni efektivni tloust'’ky
vzorku. Pfi provadéni in-situ experimentt je nutné vzdy volit optimum mezi rychlosti sbéru
dat a deformaci ¢asového spektra v podobé dynamickych zdaznéji. U tenkého vzorku sice
nedochézi k deformaci Casového spektra dynamickymi z4znéji, na druhou stranu intenzita
rozptyleného zafeni je nizka a enormné se prodluzuje doba nacitani spektra.

Pro experimenty jaderného dopredného rozptylu je moZné pouZivat vzorky o vétsi efek-
tivni tloust’ ce nez pro transmisni experimenty. Optimaln{ tloust’ka je samozfejmé ovlivnéna
také elektronovou absorpci ve vzorku. ProtoZe v experimentech NFS neni detekovédno z4-
feni v oblasti prompt piku a tésné za nim muiZe byt pocet detekovanych fotonli ovlivnén
i tvarem spektra, kdy v piipade Sirokych spekter dochézi k rychlejsi deexcitaci vzbuzenych
jadernych hladin a tedy vétsi Cast rozptyleného zéfeni je v oblasti prompt piku a tedy neni
detekovéano.

Na obr. 2.1 je znazornéna zavislost poctu rozptylenych fotond na tloust’ce vzorku pro
100 % obohaceny vzorek hematitu. Z této zavislosti je patrné, Ze existuje optimalni tloust'ka
vzorku. Soucasné jsou na obr. 2.2 zndzornéna spektra NFS v Casové a energetické doméné
pro nékolik tlousték ze zavislosti na obr 2.2. Je zfejmé, Ze pro vétsi tlouSt'’ky je jiz spektrum
znaén¢ modifikovdno efektem samoabsorpce projevujicim se $tépenim hladin. Podstatny
vliv na optimdlni tloust'’ku vzorku béhem méfeni ma také elektronova absorpce zafeni.

2.2 Uchyceni vzorku

Svazek monochromatizovaného synchrotronového zafeni ma typicky ovalny prifez s roz-
mérem priblizné 2 mmx 1 mm. Pro hledani svazku pfed méfenim se zpravidla pouZiva foto-
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Obrazek 2.1: Intenzita rozptyleného zaieni v zdvislosti na tloust ce vzorku.
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Obrazek 2.2: NFS spektrum v ¢asové (a) a energetické (b) doméné. Zavislost na tloust'ce vzorku.

papir. Svazek pii dopadu na fotopapir zptisobi expozici, papir v oblasti expozice z¢ernd a je
mozné pfibliZzné pozorovat tvar a rozmér paprsku, viz obr. 2.3.

Synchrotrony poskytuji zpravidla svazek horizontdlni, tedy smér §ifeni je rovnobéZny
s podlahou laboratore. To prindsi fadu dskali pii pripravé vzorku a celé aparatury. Naptiklad
pro méfeni praskovych vzorki je nutné zajistit, aby pfi celém priibéhu experimentu nedo-
chézelo k sesypdvani vzorku. Tento problém samoziejmé odpada pro vzorky kompaktni,
mezi néZ patii napiiklad v této praci studované amorfnf slitiny.

Vzorek tedy musi byt v idedlnim piipadé homogenné rozloZen na plochu o rozmérech
svazku, tedy 1 mmx2 mm. Pro in-situ méfeni se zpravidla pouzivaji obohacené vzorky. Je-
jich piiprava, kviili nutnosti pouZit izotop >’Fe, je pomé&rné ndkladn4, proto je vzorek pfi-
pravovan tak, aby tuto plochu pravé pokryval.

Pro umisténi pra§kovych vzorkd ve vertikdlni poloze byly pro in-situ experiemnty vy-
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Obrazek 2.3: Velikost svazku zaznamenana fotopapirem.

Obrazek 2.4: Praskovy vzorek K,FeOy v kapilafe.

uzity dvé riizné uchycovaci metody a to vzdy podle typu a konstrukce pece, ktera byla pro
experimenty pouZita. V jednom piipadé byl vzorek umistén v tenkosténné kapilafe s prameé-
rem 1 mm (obr. 2.4). Tato kapiléra byla vloZena do Zihaci pece (obr. 2.5). Vyhodou umisténi
vzorku v kapilare je snadnd manipulace a také to, Ze vzorek z kapilary neunikd. Nevyho-
dou tohoto umisténi je, Ze vzorek nemad ve vSech mistech stejnou tloust'ku. Tuto skute¢nost
je nutné pfi analyze vysledkd zahrnout do fitovactho modelu. Druhou nevyhodou tohoto
uchyceni je vétSi absorpce zédreni ve sténich kapildry a také omezeni teplotniho oboru do
asi 700 °C, aby nedochézelo k taveni skla. Na obr. 2.5 je ukdzano umisténi kapilary v peci
a umisténi pece v experimentalni mistnosti.

Ve druhém piipadée byl pouzit k uchyceni prasku ve vertikalni poloze sendvicovy sys-
tém, kdy prasek byl umistén do diry v tenkém plechu, dira byla z obou stran uzaviena tenkou
vrstvou slidy, viz obr. 2.6. Tento sendvi¢ byl ndsledné umistén do pece (obr. 2.7). Vyhodou
tohoto uchyceni vzorku je homogenni tloust'ka vzorku. Nevyhodou komplikovanéjsi skla-
kompletovany v rukavicovém boxu kvili omezen{ kontaktu se vzdus$nou vlhkosti.

V piipade amorfnich slitin je uchyceni vzorku snazsi, nebot’ nenf riziko sesypani vzorku,
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Obrazek 2.5: Pec pro zihani. Vlevo oteviend pec s kovovym blokem zajist ujici stabilitu, vpravo Zihaci pec
umisténd ve svazku teploty.

Obrazek 2.7: Sendvicovy vzorek v peci.
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Obrazek 2.8: Pec pro méfeni amorfnich slitin.

nebot’ se jednd o pasky o Sifce pfiblizné 2 mm a tloust’ce 20 um. Pfi experimentech s amort-
nimi slitinami byla pouzita picka umoznujici méfeni v ochranné atmosféfe inertnich plynd
a ve vakuu. Tato pec je zndzornéna na obr. 2.8.

2.3 Koherentni vs. nekoherentni sumace

Casové spektrum vznikd koherentnim seétenim rozptylenych fotond. Jednd se o interferenci
fotonl o rdzné energii, které jsou emitovany vzorkem excitovanym pulzem synchrotrono-
vého zareni. Zakladni predpoklad vzniku ¢asového spektra s charakteristickymi kvantovymi
z4znéji je soucasnd piitomnost jader vykazujici charakteristické Stépeni hladin.

V piipadé in-sifu experimentil se nékteré faze ve vzorku objevuji jen na omezenou dobu
nebo nekteré hyperjemné parametry se velice rychle méni (napiiklad s teplotou). Tedy bé-
hem akumulace jednoho spektra dochdzi k vyraznéjsim zméndm hyperjemnych interakci.
V tomto piipadé dochdzi k nekoherentnimu secten{ vice spekter coZ miZe vyznamné nega-
tivnim zpisobem ovlivnit vyhodnoceni experimentu. V experimentech jaderného dopred-
ného rozptylu neplati, Ze soucet spekter dvou materidld by odpovidal spektru smési téchto
materidli. Tuto vlastnost Casovych spekter je pfi vyhodnoceni in-situ experimenti nutné
brat v tivahu.

Prikladem, kde takové chovan{ je moZné pozorovat je magneticky pfechod z feromagne-
tického do paramagnetického stavu pii dynamicky rostouci teploté. V oblasti t€sné pod Cu-
rieho bodem je zména hyperjemného magnetického pole s teplotou pomérné prudkd a v pii-
padé rychlosti zmény teploty 10 °C/min. dochédzi pravé k nekoherentimu secteni spekter
odpovidajich riznym hodnotdm hyperjemného pole.

Dostupné programy pro vyhodnoceni NFS experimentti v§ak neumoziuji vyhodnoco-
vani spekter vykazujici tento jev. V soucasné dobé je na katedie experimentalni fyziky vy-
vijen software, ktery by jiZ tuto moznost zahrnoval. Takovy ndstroj by mohl pomoci v pfi-
padech, kdy nebylo mozné spektra rozumnym zptisobem vyhodnotit. Piikladem je dekom-
pozice K FeO4 za podminek kontrolované vlhkosti, viz kapitola 5.2.
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KAPITOLA 2. IN-SITU EXPERIMENTY
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Obrazek 2.9: Kalibraéni kiivky teploty. Hupe - vysledky podle [108], NFS experimenty - vysledky ziskané
pomoci méfeni NFS v kalibrované peci.

2.4 Kalibrace teploty

Ptiklady, které jsou v této prici pfedstaveny, jsou fazové transformace za zvySené teploty,
a to v izotermickych podminkdch (izotermické experimenty), nebo za konstantniho nardstu
teploty (dynamické experimenty).

Dilezitym aspektem provadéni experimentil za zvySené teploty je méfeni teploty. Ta
je zaznamendvana prabézné béhem celého méfeni a to i v piipadé izotermickych experi-
mentd. Nejlépe je, kdyZ miiZe teplotni ¢lanek slouZici ke snimanf{ teploty, byt co nejblize
studovaného vzorku. Nicméné vZdy se poloha termoc¢lanku mirné 1i$i, a je tedy nutné prove-
fit, zda teplotni gradient mezi vzorkem a termocldnkem neni pfili§ velky. Tento gradient se
zvlast vyrazné mize projevit pri méfeni s konstantnim nérdstem teploty, kdy rozdil teploty
mezi vzorkem a termoclankem je u té€chto experimentl zpravidla vetsi neZ u izotermickych
experimentl. Navic rozdil teplot mezi vzorkem a termoclankem s teplotou roste.

Abychom dosdhli poZadované piesnosti méteni teploty vzorku, je nutné provést kalib-
raci teploty v dostatecné Sirokém oboru teplot. K tomu je mozné vyuZit teplotni zdvislosti
nékterého hyperjemného parametru vhodného kalibra¢niho vzorku. Tim je napriklad tep-
lotni zavislost hyperjemného magnetického pole B,y a-Fe [108—113]. Pfed experimenty je
vhodné zméfit v pozadovaném teplotnim rozsahu NFS Casova spektra pii riznych teplotach.
Vyhodnocené hyperjemné pole pak srovnat s hodnotami z literatury [108].

V nékterych piipadech se rozdil teplot muze liSit az o desitky stupiti Celsia. Priklady
téchto kalibracnich kfivek jsou uvedeny na obr. 2.9, ze kterého jsou patrné pomérné velké
odchylky teploty na termoclanku od skutecné teploty na vzorku.
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Kapitola 3

Vyhodnoceni experimentu

Interakce jader se svym okolim ndm poskytuji cenné informace o lokdlnim usporadéni latky
a jsou tim, co potfebujeme z experimentu ziskat. Vyhodnoceni experimentti NFS probiha
v nékolika krocich. Prvnim je vytvofeni fyzikdlntho modelu. Ten obsahuje sadu pozic re-
zonujicich (mossbauerovskych) jader, kdy kazd4 tato sada je popsdna charakteristickymi
hodnotami hyperjemnych parametri. Kazda pozice reprezentuje jadra s néjakym charakte-
ristickym lokalnim uspofdddnim kolem rezonujiciho atomu.

Vybér/sestaveni spravného fyzikdlntho modelu je pomérné obtiZny tkol. VZdy je vhodné
mit co moZnd nejvice informaci o studovaném materidlu. Na zdkladé fyzikdlniho modelu
je vypocteno Casové spektrum, které je ndsledné€ srovnano s experimentdlnimi vysledky,
a uréena hodnota odezvov4 funkce x2 podle vztahu

n i — foi 2
XZIZ(ftIGZfL) 7 (31)

kde fi ate jsou teoretické a experimentalni hodnoty casového spektra a o je stiedni kvad-
ratickd odchylka méfeni jednoho bodu spektra. Ndsledné jsou pomoci lokdlni optimalizaéni
procedury nalezeny hodnoty hyperjemnych parametri tak, aby x> bylo minimalni. Tento
proces je realizovan nékterym z vyhodnocovacich softwart [114-117].

KaZdy program m4 urcité vyhody a nevyhody. Program FitSuite [116] umoZiiuje sou-
casné fitovani NFS cCasového spektra a spektra transmisni Mdossbauerovy spektroskopie.
Jeho pouZiti je v§ak pomérné sloZité, fitovaci procedura je pomald a neni doplnén podrob-
nym manudlem pro uzivatele. Program Motif [114,115] m4 jednoduché ovladani, ovSem ne-
umoziuje praci s distribucemi hyperjemnych parametrti. V této praci byl pro vyhodnoceni
pouzit program CONUSS [86, 117], ktery je dostatecné rychly a soucasné umoziiuje vyu-
Zit{ distribuci hyperjemnych parametri. Mimo to umoziuje vypocet ¢asového spektra pro
piipad jaderné Braggovské difrakce. B€hem let vyhodnocovani in-situ experimentit NFS se
ukdzalo, Ze i tento program mad jistd omezeni, a proto byl na katedfe experimentélni fyziky
zahdjen vyvoj nového vyhodnocovaciho softwaru, ktery by umoznoval nekoherentni s¢itan{
spekter, praci s vrstevnatymi vzorky a vyuZival nelokdlni optimaliza¢ni metody pro urco-
vani hyperjemnych parametrt. Posledni zminény bod muize byt velice uZitecny pii hledan{
vhodného fyzikalnitho modelu.
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KAPITOLA 3. VYHODNOCENI EXPERIMENTU

3.1 Fyzikalni model

Fyzikdlnim modelem rozumime sadu pozic jader vykazujicich rzné hyperjemné parame-
try (rtizné interakce). Je sestavovan tak, aby co nejlépe reflektoval skuteéné rozloZeni jader
a jejich interakci s okolim. Tento bod je obdobny s vyhodnocenim transmisnich Mossbaue-
rovskych spekter v energetické doméné. Hledan{ optimalniho modelu pro vyhodnoceni NFS
nebot’ ze tvaru casového spektra neni snadné odhadnout, z jakych spektralnich komponent
se bude model sklddat. Piimy pfevod spektra do energetické domény neni mozny, nebot’
detekujeme pouze amplitudu rozptyleného zareni a nikoli fazi [102, 103]. V energetické
doméné je zpravidla nafitovdna do spektra jedna spektralni komponenta modelu a nisledné
castecné na zdklade€ sledovani spektrdlnich rezidui (rozdilu fitované kiivky a spektra) jsou
pfiddvany dal$i komponenty do fyzik4lniho modelu. Tuto moZnost v piipadé vyhodnoco-
vani NFS experimentd neméame, nebot’ ze sledovéni rezidui neni mozné odhadnout jaka
komponenta ve spektru chybi nebo naopak prebyv4.

Pro hledani parametrti modelu, tedy hyperjemnych parametri popisujicich material,
jsou zpravidla vyuzity lokdlni optimaliza¢ni metody. Abychom nalezli spravné hyperjemné
parametry, je nutné jako vstupni parametry pouZit hodnoty pomérné blizké optimu. V opac-
ném piipadé metoda selhava a optimdlni parametry nejsou algoritmem nalezeny.

V uplynulych letech bylo testovano vyuziti genetickych algoritmi pro vyhodnocovani
NFS. Snahou je vytvorit metodiku schopnou najit spravny fitovaci model automaticky, bez
znalosti materidlu. To by bylo uZitecné predevs$im pfi fesSeni pfechodovych stavii béhem
fazovych transformaci, kde neni mozné zjistit parametry nékterého z pfechodovych stavd
pomoci ex-situ technik ve stacionarnim stavu. Nicméné kvili sloZitosti odezvové funkce
(odezvovou funkci rozumime zévislost x2(p1, pa, .....p,) na parametrech modelu) tyto tech-
niky selhdvaji, neni tedy moZné je rutinné pouZivat.

3.2 Sekven¢ni fitovani

Vyhodnoceni in-situ experimentli jaderného dopiedného rozptylu ma fadu specifik. Pfe-
devSim se jednd o pomérné velky pocet casovych spekter zméfenych pfi jednom experi-
mentu. Fitatni model musi spravné popisovat studovany materidl v pomérné Siroké oblasti.
Aby bylo moZné efektivné takové experimenty vyhodnocovat, byl vyvinut software Hu-
bert [118, 119]. Tento program slouZi jako nadstavbovy program pro vypocty pomoci soft-
waru CONUSS [117], navic ale umoziiuje sekvencni fitovani [120].

Metoda sekvencéniho fitovani vychdzi z predpokladu, Ze hyperjemné parametry po sobé
jdoucich spekter se prilis nelisi. Vysledné hodnoty fitovani jednoho spektra jsou brany jako
vstupni hodnoty fitovani spektra ndsledujiciho. Takto je moZné vyhodnotit in-situ experi-
ment obsahujici kolem sta ¢asovych spekter béhem nékolika minut.

Celé vyhodnoceni probihd v krocich, které jsou schématicky zndzornény na obr. 3.1.
Nejdrive je nafitovdno prvni spektrum ve vyhodnocované sekvenci (ne nutné pocatek ex-
perimentu). Toto fitovani probihd béZnym zplisobem pomoci vyhodnocovactho programu
Hubert (CONUSS). Pro nalezeni optimélnich parametrti je pouZita minimalizace. Po vy-
hodnoceni jsou vystupni parametry programem Hubert pfeneseny do vstupniho souboru
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KAPITOLA 3. VYHODNOCENI EXPERIMENTU

pro vyhodnoceni pro nasledujici spektrum a spusSténa optimaliza¢ni procedura. To se opa-
kuje v celé vyhodnocované oblasti. Program soucasné piehledné vypisuje ziskané hodnoty
do vystupniho souboru.

1
Y
2
: {E,}™ =] CONUSS
no | {r}im
\
n+1 (n+1)
{p}in
* Y
i CONUSS
Y
N-1
+1
{pyour
N
Obrazek 3.1: Schematické zndzornéni sekvenéniho fitovani. 1 — —n — —N oznaCuje &islo NFS spektra,

{E;}") Experimentani data Zasového spektra, k index bodu ve spektru, { p}i(? sadu vstupnich a {p}(()ﬁ)t vy-
stupnich parametrt.

JiZ z principu sekvencniho fitovani je ziejmé, Ze nezbytnou podminkou pro uspé$ny
pribéh automatického vyhodnoceni je maly rozdil mezi jednotlivymi spektry. Tedy Ze se
hyperjemné parametry piili§ neméni. Piikladem, kdy selhdvd, je pfechod z feromagnetic-
kého do paramagnetického stavu. Tésné pod Curieho bodem hyperjemné magnetické pole
klesé pfiliS rychle. Zména tohoto pole mezi jednotlivymi spektry je pfili§ velkd a lokdlni
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KAPITOLA 3. VYHODNOCENI EXPERIMENTU

optimalizacni procedura neni schopnd najit optimdlni parametry, obr. 3.2. V tomto piipadé
je nutny vné&jsi zdsah a je nezbytné nastavit vhodné&jsi vychozi parametry pro fit. Takto je
mozné dosdhnout spravného fitu a nalezeni spravné hodnoty hyperjemného pole.
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Obrazek 3.2: Pribéh fitu pfechodu z magnetického do paramagnetického stavu.
Sekvenéni zptisob vyhodnoceni s sebou nese nékolik aspekti, které budou popséany v na-

sledujicich podkapitolach. Nékteré umoznuji napiiklad optimalizaci pouZitého vyhodnoco-
vaciho modelu.
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3.3 Korelace parametru

Jednim z tdskali vyhodnoceni je korelace fitovanych parametri. K tomu dochézi, kdyz fi-
tované parametry maji obdobny vliv na tvar ¢asového spektra. V takovém piipadé sniZeni
hodnoty jednoho parametru zptsobuje zvyseni hodnoty druhého parametru. Tento jev je
v ptipadé in-situ experimenti mozné do jisté miry eliminovat nebo alespon odhadnout jeho
miru.

Cely pribéh experimenentu (vSechna relevantni ¢asova spektra) je nafitovan nékolikrat,
kdy jsou jednotlivé parametry postupné fixovany na rizné hodnoté a po fitu jsou hodnoty
zbyvajicich hyperjemnych parametrii porovnény. Na obr. 3.3 je zndzornén piiklad takového
chovéni pro pfipad vyhodnoceni amorfni slitiny. V grafu jsou vykresleny hodnoty mnoz-
stvi jedné (krystalické) komponenty a jejiho hyperjemného magnetického pole pro tfi rizné
Sirky distribuce hyperjemného magnetického pole. Ve spodnim grafu je pak vykreslen pa-
rametr x2. Z grafu je zfejmé, Ze vyhodnocent je zatiZeno mirnou korelaci parametrii a tuto
skute¢nost je tfeba zahrnout do interpretace ziskanych vysledki.

3.4 Hystereze hyperjemnych parametru

Pfi sekvencnim fitovani jsou pro fitovani jednoho spektra pouzity vysledky vyhodnoceni
pfedchoziho spektra. Nicméné toto poradi nemusi nutné odpovidat ¢asové posloupnosti,
v jakém byla spektra zméfena. Fitovat miZzeme ve sméru Casu i opacné, pfi¢emz vysledné
hodnoty hyperjemnych parametrd by mély byt stejné a nezdvislé na sméru vyhodnoceni.
V nékterych piipadech se vSak stane, Ze pro rtizné sméry fitovani pozorujeme hysterezi
ziskanych parametrd.

Priklad takové hystereze je zndzornén na obr. 3.4. Jednd se o méfen{ teplotniho rozkladu
K;FeO4. Na obr. 3.4 a je zndzornéno mnoZstvi Sestimocného Zeleza na Case Zihani, kdy bylo
pro vyhodnoceni pouZito dvoukomponentového modelu. V grafu je ziejmé, Ze pfi sméru
fitovani v kladném sméru casu jsou hodnoty jiné nez pfi fitovani proti sméru Casu. To je
zpravidla zptisobeno nedokonalosti pouZitého fyzikalniho modelu. Poté, co byly do modelu
pridany komponenty popisujici meziprodukty rozkladu, hystereze ze zminované zavislosti
zmizela, viz obr. 3.4 b. Na obrézcich jsou pro doilustrovéni situace vykresleny odpovidajici
pribéhy parametru x2. I na nich je zfejmé, Ze pfi pouZiti péti komponent dochazi k lepsi
shodé fitu s experimentem.

Samotné pozorovani hystereze ndm sice nedava zZadny ndvod na to, jakd komponenta ve
vyhodnocovacim modelu chybi nebo prebyva a jak model pfibliZit redlné situaci ve vzorku,
nicméné diky pozorovani hysterezi je moZné odhalit nedokonalost pouZitého fyzikalniho
modelu.

3.5 Izomerni posuv

Jak jiz bylo zminéno v tvodu, prostfednictvim experimenti NFS je mozné, stejné jako
pomoci Mossbauerovy spektroskopie, ziskat informace o valencnim stavu mossbauerov-
skych atomil prostfednictvim izomerniho posuvu. Izomerni posuv je ur€ovan vzdy relativné
ke zvolenému standardu. V Mossbauerové spektroskopii je jako standard voleno ¢-Zelezo

26



KAPITOLA 3. VYHODNOCENI EXPERIMENTU

T T T T T T T
0.30
ot @ rel. sfika 1%
O 025 ¢F
| m rel. sitka 5%
- 0.20
2 . §frka 10%
Z 015
g 0.10
E .
0.05
E o8
o
< 27
2,
o) 26
:
i >
g 24
£
o 23
6
5
a 4
P
3
2
1 - -
| | | | | | |

Cislo spektra

Obrazek 3.3: Korelace parametru. MnoZstvi krystalické fize v amorfn{ slitiné Feg;MogCu;B1g (nahote),
hyperjemné magnetické pole krystalické komponenty (uprostied ), parametr x> (dole).
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Mnozstvi FeV!

Cislo spektra

Obrazek 3.4: Hystereze hyperjemnych parametr@ pii vyhodnocent tepelného rozkladu Ky FeOy.

nebo nitroprusid sodny, které jsou pouZity i ke kalibraci rychlostni osy spektrometru. Mame
zméfeny posun Car ¢-Zeleza vici zarici a ndsledné pfi méfeni studovanych vzorkii mame
zméfeny posun spektra vici zarici. Tedy vZdy miZeme urcit izomerni posuv vici kalibrac-
nimu vzorku.

U experimenti NFS je urcen{ izomerntho posuvu ponékud slozit€jsi. Pulzy synchrotro-
nového zareni pouzité pro méfeni NFS jsou z energetického pohledu Sirokopasmové. Zahr-
nuji fotony v celém oboru energii méfeného spektra (typicky 1-5 meV). VSechny pfechody
jsou excitovany soucasné a rozptylené fotony interferuji do vysledného ¢asového spektra.
Takto zméfené spektrum neni mozné vztdhnout k Zddnému standardu izomerniho posuvu.
Izomern{ posuvy jednotlivych komponent obsaZenych ve spektru pak miZeme urcovat jen
relativné vici sobg.

K ziskani spektra NFS vztazeného viuci néjakému referenénimu materidlu (napf. o-
Zeleza) je mozné vyuZzit dlouhé (fadové desitky metr) koherence synchrotronového zéien{
v pifimém sméru. Do drdhy svazku, bud’ za vzorek nebo pred vzorek, je vloZen jesté refe-
renéni vzorek. Ten koherentné prispiva ke zméfenému spektru. Pfi vyhodnoceni zahrneme
do fitovacitho modelu také referencni vzorek a izomerni posuvy ve vzorku vztdhneme prave
k hodnoté€ izomerniho posuvu tohoto referen¢niho materidlu.

Tento materidl je volen tak, aby co nejméné ovliviioval vysledné spektrum, aby pfie-
kryv spektralnich Car referencniho materidlu a vzorku byl minimdlni a soucasné efektivni
tloust’ka byla pfiblizné tfikrat azZ desetkrdt mensi neZ u studovaného vzorku.
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Krystalizace amorfnich slitin

Porozuméni vztahu mezi strukturou materidlu a jeho vlastnostmi je jednou ze zdkladnich
otazek materidlového vyzkumu. Chapani strukturniho usporddani v neusporddanych systé-
mech, jako jsou napiiklad amorfni kovové slitiny, je kli¢em pro zlepSeni a vyuZiti jejich
vlastnosti v konkrétnich aplikacich. Tyto technologicky slibné materidly jsou kviili jejich
amorfni struktufe zpravidla oznaCoviny jako kovové skla. Chemické sloZeni téchto materi-
alt umoznuje rist nanokrystalickych zrn v amorfni matrici. K tomuto procesu dochazi pii
zvySeni teploty nad urcitou kritickou mez a soucCasné dochdzi ke zméné vlastnosti téchto
materidld. V nékterych piipadech dokonce vede ke zlepSeni vlastnosti.

Kovova skla jsou pripravena zpravidla rychlym chlazenim taveniny o vhodném sloZeni.
Pfi schlazeni je v materidlu "zamrazen"neusporddany stav taveniny. Pfi zvySeni teploty nad
tzv. teplotu krystalizace u nich dochdzi k usporddani atomd do pravidelné krystalové miize.
Volbou vhodného sloZeni téchto materidlu je moZné dosdhnout toho, Ze v materidlu sice
vzniknou krystalova zrna, ale jejich velikost je omezena a nedosahuji rozmért vétsich nez
nékolik nm. Volbou sloZeni a Zihdnim je pak moZné pfipravovat nanokrystalické materi-
aly o vhodnych vlastnostech. U takto vytvorenych materidld je pak nizsi riziko zhorSeni
vlastnost{ pfi zahtati [121].

I pfes to, Ze jsou tyto materidly studovény jiz fadu let, jejich vyzkum neni u konce
a stale pfitahuji pozornost diky svym unikdtnim vlastnostem [122]. Pfechod mezi amorfnim
a nanokrystalickym stavem je obvykle studovan v ustdleném stavu, kdy Zihanim za urcitych
podminek je ziskdno jedno urcité usporadani a to je pak korelovano s vyslednymi vlast-
nostmi. Méné pozornosti je vénovdno prechodovym staviim, které se objevuji po kratkou
dobu béhem samotné nanokrystalizace, zvIast€ pak kinetice formovani nanozrn v amorfni
matrici.

Feromagneticka kovova skla s amorfni strukturou na bazi Zeleza vykazuji aplikacné za-
jimavéjsi vlastnosti neZ jejich krystalicky protéjsek. To je zptisobeno predevsim chybéjicim
usporddanim na dlouhou vzdélenost, coZ se projevi predevsim v jejich magnetickych vlast-
nostech [123, 124]. Tyto materidly naSly své uplatnéni napiiklad jako magnetické stinéni,
jadra transformdtorti, senzory a zdznamova média [125, 126].

Zmény ve struktufe a pfedev§im formovani naokrystalickych zrn méni pfedev§im mag-
netické vlastnosti téchto materiald. K tomu dochézi predevsim diky feromagnetické vy-
ménné interakci mezi zrny v amorfni matrici. K porozuméni krystalizaénich procesu je
vhodné pouZit in-situ techniku umoznujici studium usporadani atomd na kratkou vzdale-
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nost a tou je bezesporu jaderny dopfedny rozptyl.

Doposud bylo pro studovani fenoménu nanokrystalizace pouZito fady technik [127-
129]. Vétsina téchto technik ale poskytuje informace ex-sifu a ziskani dostatecné kvalitnich
vysledkt vyzaduje dlouhé méfeni. Proto tyto metody neposkytuji zddné relevantni infor-
mace o kinetice krystalizace. Metody jako diferencidlni skenovaci kalorimetrie nebo magne-
tizani méfeni umoziuji in-situ experimenty, nicméné poskytuji informace o makroskopic-
kych vlastnostech. In-sifu experimenty poskytujici informace na atomdrni drovni se zatim
omezuji pouze na difrakéni experimenty s vyuzitim synchrotronového zateni. [130-132].

Vyhodou NFS experimentt je, Ze poskytuji informace o lokalnim uspofadani materidlu
tedy i o amorfnich slitindch, i kdyZ jim chybi uspotddani na dlouhou vzdalenost.

4.1 Popis experimentu

Experimenty jaderného rozptylu byly provedeny na experimentaln{ stanici ID18 a ID22N
synchrotronu ESRF v Grenoblu [16,133]. Pro excitaci jader STRe bylo pouzito zafeni o ener-
gii 14.413 keV, spektralni $ifce 3 meV a toku 10° fotonii/s. Stopa svazku byla 0.7 4 0.3 mm?.
Odhadnuty vykon dopadajiciho zéafeni je asi 2 uW. Vzorek byl umistén v laboratorni peci
(obr. 2.8) a méfeni probihala v mirném pretlaku dusiku, ptiblizné 10 mbar .

Nanokrystalizace byla studovdna u vzorkd amorfnich slitin se sloZenim FegyZr;Bs3,
FegiMogCuBjg a (Fe; g5Co1)77MogCu;Bs4. Vzorky byly pfipraveny metodou rychlého
chlazeni na rotujicim vélci. Vybrand sloZeni zaji$t'uji tvorbu nanokrystalickych zrn bé-
hem prvniho stupné krystalizace. Studované amorfni slitiny byly pfipraveny ve formé paskd
o Sifce 1-2 mm a tloust’ ce asi 20 um. Pro zvySeni rychlosti sbéru dat byly pfipraveny vzorky
obohacené izotopem >’Fe na 50 %. V pfirozené izotopické smési je >’ Fe zastoupeno pouze
2.17 %.

Experimenty byly provedeny ve dvou reZimech, izotermickém a dynamickém. Pfi izo-
termickém byla po poateénim narustu (40 °C/min) teplota drzena konstantni na stanovené
hodnoté (obr. 4.1 a). Dynamicky experiment znamend méfeni béhem konstantniho ohfevu
z pokojové teploty az po 700 °C (obr. 4.1 b). V obou pripadech byla NFS ¢asova spektra za-
znamendvana v ¢asovych intervalech jedné minuty. Experiment byl proveden v transmisn{
geometrii, a tedy vyslednd spektra nesou informace o celém objemu studovanych vzorki.

Pro kvalitativni analyzu in-situ experimentd a prehlednou demonstraci vysledkd jsou
vhodné konturové grafy (napf. obr. 4.3), kde na x-ové ose je vyneseno Casové zpozdéni za
excitaénim pulzem, na y-ose je pak bud’ ¢as Zihdni nebo teplota Zihdni a intenzita rozpty-
leného zéreni je zndzornéna v barevné Skdle. Konkrétné je barevnou Skalou zndzornén lo-
garitmus intenzity. Konturové grafy umoziuji snadnou orientaci v experimentu. Pro pfesné
vyhodnoceni je nicméné€ nutnd analyza pomoci softwaru CONUSS [86,117] s vyuZitim nad-
stavbového softwaru Hubert [118]. K této analyze je nutné vytvofit vhodny fyzik4lni model
co nejlépe reflektujici specifika vzorku.

Sledované materidly ve stavu po piipravé (as-quenched stav) jsou amorfni a v zdvislosti
na svém sloZeni mohou za pokojové teploty byt paramagnetické nebo slabé magnetické,
proto je tento neusporddany paramagneticky nebo slabé feromagneticky stav reprezentovan
komponentou vykazujici velkou distribuci kvadrupélového $tépeni nebo distribuci nizkého
magnetického pole. Sledovana sloZeni vykazuji Curiovu teplotu v blizkosti pokojové teploty
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Obrazek 4.1: Teplotni priib&h pfi izotermickém (a) a dynamickém experimentu (b).

nebo mirné nad ni (do 200 °C). Slabé magnetické materidly se vzristem teploty prechdzi do
paramagnetického stavu a magnetickd interakce mizi.

Pfi dalSim ohfevu po pfekroceni teploty prvotni krystalizace Tx; dochdzi k formovéni
nanozrn v amorfni matrici. Diky sloZenf tato zrna zpravidla vytvaii bee strukturu nanokrys-
talti. Pro tuto strukturu je typické magnetické usporadani s hyperjemnym polem nad 30 T
(pri pokojové teploté). To se v Casovych spektrech jaderného dopredného rozptylu projevi
prostfednictvim kvantovych zazn€ji o vyssi frekvenci (viz obr. 1.4). V pfipadé vytvareni
bee struktury a-Zeleza je mozné tato zrna popsat pomoci komponenty s dobie definova-
nym magnetickym polem, kterd reprezentuje atomy uvniti téchto zrn, kde atomy vykazuji

Yov 2N s

uplnou periodicitu krystalové miize. U materidld, kde se nevytvaii struktura a-Zeleza, ale
Zeleza s riznym poctem sousednich kobaltil riiznd hyperjemna pole a krystalova zrna je
vhodnéjsi popisovat nékolika komponentami danymi binomickym rozdélenim podle poctu
sousednich atomu (napf. kobaltu).

Atomy pfitomné na rozhrani mezi amorfnim materidlem a krystalickymi zrny vykazuji
naruSenou symetrii a jsou zpravidla oznaCovédny jako interfacidlni oblasti [104], nicméné
jsou stdle magneticky usporddané. Hodnota hyperjemného pole na jadrech z této oblasti je
ale niz8i neZ u krystalickych zrn. A pole je také hiife definované. Proto tyto oblasti jsou po-
pisovany pomoci distribuce hyperjemného magnetického pole. Pfitomnost takovych oblasti
byla potvrzena také transmisnimi mossbauerovskymi experimenty [134].

Zvoleny fyzikalni model tedy rozliSuje rizna okoli jader Zeleza, neusporadané (amorfni,
AM), Castecné usporadané na hranicich mezi usporddanym a neusporddanym stavem (inter-
facidlni - IF) a pravidelné uspofddana krystalovd zrna (CR). Toto rozdéleni je schematicky
znazornéno na obr. 4.2.

Hyperjemné parametry vSech tii komponent vykazuji béhem krystalizace z4vislost na
teploté a Casu. Eventuelné se u nich kvalitativné méni typ hyperjemné interakce, jak se déje
napiiklad pfi pfechodu pfes Curiovu teplotu. Fyzikdlni model musi byt schopny vSechny
tyto zmény spravné reflektovat a to vcetné spravného tvaru distribuce hyperjemnych para-
metrl. K jeho ur€eni miiZe byt s vyhodou vyuzit program Hubert [118].

31



KAPITOLA 4. KRYSTALIZACE AMORFNICH SLITIN

. ‘ b
—

Obrazek 4.2: Schematickd zndzornéni nanokrystalického materidlu. Rezidudlni amorfni materidl — AM,
vnitini, korova, ¢ast nanokrystalickych zrn — CR, a interfacidlni oblast — IF.

4.2 Vliv teploty, (Fe; 35Co0;)77MogCu ;B4

Prvnim prikladem dynamickych experimentd je studium kinetiky krystalizace v amorfni
slitiné o sloZeni (Fe; gsCo;)77MogCu;B 4. Tento priklad byl vybran proto, Ze vhodné de-
monstruje moznosti in-situ experimentt. Tato amorfni slitina vykazuje dva fazové prechody.
Jeden pfechod prvniho druhu a jeden pfechod druhého druhu.

(Fe; 85Co1)77MogCu; B4 je svym slozenim atypicky oproti ostatnim amorfnim sliti-
ndm pouZzitym v této prici, nebot’ obsahuje dva magnetické prvky, Zelezo a kobalt. Diky
svému slozeni vykazuje za pokojové teploty magnetické usporddani. To je patrné z vy-
sokofrekvencnich kvantovych zaznéja v pfisluSnych casovych spektrech, jak Ize vidét na
obr. 4.3.

Je vhodné zdiraznit, 7Ze data zobrazend na obr. 4.3 jsou data ziskand pfimo z experimen-
tdlniho zafizeni. Bez jakékoli analyzy jsou v grafu patrné dvé zdsadni zmény charakteru
Casovych spekter, a sice pri teplotdch 247 °C a 435°C. Tyto zmény souvisi s magnetic-
kym a strukturnim pfechodem. Prvni pfechod je z feromagnetického do paramagnetického
stavu a druhd zména charakteru je zptisobena ndstupem prvotni krystalizace. Tyto body pak
rozdeluji cely teplotni rozsah na tfi oblasti, ve kterych studovany materidl je amorfni mag-
neticky, amorfni paramagneticky a nanokrystalicky magneticky. Rozdilny charakter v ¢a-
sovych spektrech v téchto oblastech je zndzornén na obr. 4.4, kde jsou vykresleny priklady
spekter ze vSech tif oblasti.

Casové spektrum vykazuje relativng vysokou frekvenci kvantovych zazn&jd, kterd je
typickd pro magneticky usporddany materidl s hyperjemnym polem nad 20 T. Soucasné na
tvar tohoto spektra m4 vliv také efektivni tlouSt'ka, kterd se ve spektrech projevuje dynamic-
kymi zaznéji. Celkové pak v tomto piipadé pozorujeme hybridni zdznéje, tedy kombinaci
kvantovych a dynamickych zaznéju [135].

Se vzristajici teplotou se maxima kvantovych zaznéji posouvaji k delsim castim a méni
se jejich frekvence a soucCasné klesa jejich intenzita. To je dano poklesem hyperjemného
magnetického pole s teplotou. Magnetické kvantové zaznéje vymizi, kdyZ teplota dosdhne
Curiovy teploty. V paramagnetickém stavu pak v energetické doméné namisto sextetu po-
zorujeme pouze jednu Sirokou spektrdlni ¢aru. Vyslednd interference pak vykazuje velice
rychly pokles a pfislusné Casové spektrum témér vymizi. Tento jev je zndzornén na obr 4.5 a,
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Obrazek 4.3: Konturovy graf in-situ experimentu NFS amorfniho slitiny o slozeni (Fe, g5Co1)77MogCuB 4,
dynamické podminky, teplotni rozsah méfeni 300 az 1000 K. Teplotni nartst 10 K/min
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Obrazek 4.4: Casova spektra v riznych oblastech (207,°C a 247,°C amorfni magnetickd oblast, 287,°C
a 435,°C amorfni paramagnetickd oblast a 445,°C a 645,°C nanokrystalickd magnetickd oblast) pro amorfn{

slitinu (Fey g5Co1)77MogCu; B 4.
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Obrazek 4.5: Celkové intenzita zafeni (a) a relativni pomér spektrdlnich komponent AM a CR (b)
(Fe, g5Co1)77MogCu; B4, teploty piechodu jsou vyznaceny Sipkou.

kde je vykreslena suma vSech detekovanych fotonil v rozsahu 20-160 ns v zavislosti na tep-
loté Zihani.

V grafu jsou patrné vyrazné skoky. Prvni odpovida pravé prechodu do paramagnetic-
kého stavu a druhy pak ndstupu krystalizace. Pfi ndstupu krystalizace, kdy jsou formovéany
magnetické interakce, zfejmé dochdzi k ¢astecné polarizaci amorfni matrice vlivem okol-
nich magnetickych krystalickych zrn. U takto zpolarizovaného amorfniho materidlu dochédzi
k rozsiteni spektralni Cary, a tedy k rychlejSimu poklesu intenzity v Case. Z toho diivodu pak
¢ast fotonu prechazi do oblasti pod 20 ns, ve které fotony detekovany nejsou, a proto v grafu
pozorujeme pokles celkové intenzity.

Formovéani nanokrystalickych zrn bce-(Fe,Co) béhem prvotni krystalizace se projevi ob-
jevenim se prislusnych kvantovych zaznéjii ve spektrech, jak je patrné z obr. 4.4 a. Pro srov-
nani byla vybrana ¢asova spektra prislusejici teplotam 435 °C, 445 °C a 645 °C. Pro 430 °C
je vzorek stile amorfn{ a paramagneticky, to znamend, Ze na vSechna jadra plisobi pouze
elektrickd kvadrupdlova interakce. S nastupem krystalizace se v oblasti 43—-83 ns objevuji
slabé, ale rychlejsi zazn&je. Pro teplotu 450 °C jsou tyto zdzn&je jiz dobie patrné. Casové
spektra pfi teploté 640 °C vykazuji jiz zfetelné vyvinuté magnetické oblasti ve vzorku.

Teplotu krystalizace T, je mozné urcit ze zmény relativniho mnoZzstvi amorfni kompo-
nenty (AM) a krystalické komponenty (CR) po nafitovani vSech spekter. Teplotu krystali-
zace a také Curieoveé teploté je mozné urcit z teplotni zavislosti celkové intenzity ve spektru.
Tato zavislost je vykreslena na obr. 4.4. Zde lokalni minimum pfi 247 °C odpovida Cu-
riové teploté amorfniho materialu. Nasledny rychly nartst odpovida nastupu krystalizace.
Dalsi pokles v intenzité rozptyleného zafeni je dan poklesem Lamb-Mdssbauerova faktoru f
s teplotou. Teplota néstupu krystalizace byla urcena jako T,; = 435 °C. Stejnd hodnota byla
uréena ze zdvislosti jednotlivych spektralnich komponent na teploté, obr. 4.5 b.

Na obr. 4.6 je vykreslena teplotni zavislost hyperjemného magnetického pole a kvadrupé-
lového stépeni amorfni komponenty. Toto magnetické pole klesd aZ do chvile, kdy je srov-
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Obrazek 4.6: Teplotni zdvislost (a) hyperjemného magnetického pole a (b) kvadrupSlového §tépeni amorfn{
komponenty

natelné s kvadrupdlovym Stépenim.

Teplotni vyvoj kvadrupdlového sté€peni poskytuje informaci o lokdlni symetrii okoli
Zeleza v amorfni C4sti materidlu. Vykazuje zfetelné lokdlni minimum, jak je patrné na
obr 4.6 b. Inflexni bod odpovida nastupu krystalizace.

Tento piiklad byl vybran proto, Ze na ném lze demonstrovat moznosti sledovani struk-
turnich a fazovych pfemén pomoci NFS. Pfi tomto dynamickém experimentu bylo moZzné
sledovat pribéh nanokrystalizace béhem zvySovani teploty a kinetiku krystalizace.

4.3 Vliv magnetického pole, Feg;MogCu ;B

Pro zlepseni magnetickych vlastnosti nanokrystalickych materiald je nékdy nanokrystali-
zace provadéna za soucasné aplikace magnetického pole [136]. Vysledkem je indukovana
magnetickd anizotropie. Nicméné vSechny studie byly provadény ex-situ, tedy aZ po mag-
netickém Zihani. Zasadni otdzkou je, jaky vliv m4 aplikované magnetické pole na pribéh
nanokrystalizace.

Obdobné¢ jako v predchozim pfipadé byly provedeny dynamické experimenty, jednou
bez aplikovaného magnetického pole a jednou s aplikovanym polem o velikosti 0.625T.
V tomto piipadé byl studovan vzorek amorfni slitiny o slozeni Feg;MogCu;B . Tento ma-
teridl je v as-quenched stavu amorfni a za pokojové teploty velice slabé magneticky. Po-
moci Mdssbauerovy spektroskopie konverznich elektronti (CEMS) bylo detekovano nepa-
trné mnoZstvi krystalickych zrn na povrchu vzorku [137] a to na obou strandch pasku.

Konturovy graf ¢asovych spekter méfenych béhem nartstu teploty v magnetickém poli
a bez ného jsou zndzornény na obr. 4.7. I kdyZ aplikované pole je pomérné nizké, jeho vliv
jenaobr. 4.7 zietelny. Vliv pole je patrny predevsim ze zmény charakteru Casovych spekter.

Za pokojové teploty je kovové sklo se slozenim Feg; MogCu; B¢ amorfni a bez magne-
tického pole vykazuje pfedevs§im kvadrupdélovou interakci s malym prispévkem magnetické
interakce. Ta vSak nad Curieho bodem zcela vymizi. S ndstupem krystalizace se objevuje
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Obrazek 4.7: Contourovy graf NFS Easovych spekter méfenych bez magnetickyho pole (a) a s polem 0.652
T (b).

piispévek magnetické interakce, k ¢emuz dochdazi pfiblizné pfi teploté ~ 400 °C. Nardst
magnetické interakce je vyraznéjsi v piipadé aplikovaného hyperjemného pole. Spektra ob-
dobného charakteru se objevuji jiZ pfi teploté o priblizné 100 °C niZsi.

Vysledky analyzy Casovych spekter jsou ukdzédny na obr. 4.8, kde jsou vykreslena mnoz-
stvi amorfni (AM) a krystalické (CR+IF) faze v zavislosti na teploté.

Je zfejmé, Ze nastup krystalizace je vhodnéjsi urCovat z obr. 4.8 nez z konturového
grafu, obr. 4.7. To je mimo jiné také zplisobeno tim, Ze v konturovém grafu je vykreslen
logaritmus intenzity, coZ muze zpusobovat urCité zkresleni.

V zdvislostech na obr. 4.8 je patrny piispévek malého mnoZstvi krystalickych zrn, kterd
vznikla jiz pfi pfipravé. Ve vyhodnocovacim modelu jsou reprezentoviany komponentou
s ostrou hodnotou magnetického pole. Na obr. 4.9 je zndzornéno hyperjemné magnetické
pole interfacidlni a krystalické komponenty. Pro srovnani je graf doplnén pribéhem hy-
perjemného magnetického pole bec-Zeleza [108]. Velikost hyperjemného pole bee Zeleza je
mirné vétsi nez u amorfni slitiny.

Pfi urcité teploté Zihani se objevuji dalsi krystalové zrna a v§echna zrna pak ddle rostou.
Nastup krystalizace je také ziejmy z prudkého naristu hyperjemného magnetického pole
obou komponent. Z obr. 4.9 je také patrny posun ndstupu krystalizace k niz§im teplotdm
v piipadé aplikace magnetického pole. Teplota nastupu krystalizace poklesla ze 400 °C na
300 °C. Nizs§i hyperjemné magnetické pole s ohledem na bcc-Zelezo je ziejmé zpusobeno
malym rozmérem nanokrystalil a také moZnymi piimésemi ostatnich prvkia (Cu, Mo, B).
S rostouci teplotou pak dile hyperjemné pole klesa s tim, jak se teplota priblizuje Curicho
bodu.

V této kapitole bylo ukdzano, jak NFS in-sifu experimenty umoziuji sledovat krystali-
zaéni procesy. Pomoci in-situ experimentt byl také pozorovan vliv magnetického pole na
krystalizaci. Hlavnim rozdilem mezi krystalizaci v poli a bez pole je teplota nastupu krysta-
lizace a samotn4 kinetika krystalizace. Zatimco na vysledném materidlu se pfitomnost pole
béhem krystalizace vyrazné neprojevi.
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Obrazek 4.8: Relativni mnoZstvi amorfni (AM) a nanokrystalické (IF+CR) komponenty v zévislosti na tep-
loté pro Feg; MogCu; B, Zthdno bez pole a v poli.
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Obrazek 4.9: Hyperjemné magnetické pole interfacialni a krystalické komponenty pro krystalizaci
FegiMogCuB( v poli a bez pole. Pro srovndni je vykresleno hyperjemné magnetické pole bce-Zeleza [108].
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Obrazek 4.10: Konturovy graf izotermického NFS experimentu na amorfnim FegyZryB3 za teploty 470 °C
(a), 480 °C (b) a 510 °C bez magnetického pole (c) a v magnetickém poli 0.652 T pri teploté 480 °C (d).

4.4 Izotermické experimenty, FeqyZr;B;

V ptedchozich dvou pfipadech byly experimenty provddény béhem nartstu teploty a tedy
systém byl vystaven zméné podminek béhem krystalizace a na krystalizaci mél vliv ubi-
hajici Cas a také nartstajici teplota. Nyni se zaméffme na studium kinetiky krystalizace za
konstantnich podminek.

V tomto piipad€ byly studovany vzorky amorfniho FeggZr;B3, které byly pfipraveny
stejnou technikou jako predchazejici dva systémy, tedy rychlym chlazenim taveniny na rotu-
jicim vélci. Rozméry vzorku byly také stejné. Po pocatecnim rychlém nartstu (40 °C/min)
byla teplota drzena na konstantni hodnoté. Spektra jaderného dopfedného rozptylu byla de-
tekovéana vzdy po dobu jedné minuty. Pro experimenty byly zvoleny teploty 470 °C, 480 °C
a 510°C. Experiment ve 480 °C byl navic proveden jest€ i s aplikaci magnetického pole
0.652°T [138].

Na obr. 4.10 jsou zndzornény konturové grafy. V as-quenched stavu je studovany mate-
ridl paramagneticky a vykazuje typické spektrum materidlu s kvarupdlovou interakci. V z4-
vislosti na teploté Zihani se objevuji v rozmezi 10-30 minut od zacatku Zihani prvni naznaky
krystalizace. Vznikajici nanokrystaly jsou identifikovany pomoci hyperjemné magnetické
interakce, nebot’ u krystalickych zrn ptisobi na jadra hyperjemné pole s velikosti nad 20 T.
To se projevi kvantovymi zaznéji o vyssi frekvenci. ProtoZe se béhem experimentu teplota
neméni, neméni se zdsadné ani poloha kvantovych zaznéju.

Casovy vyvoj jednotlivych komponent (AM, CR, a IF) je vykreslen na obr. 4.11. V&im-
néme si, Ze na zacatku krystalizace je ve studovanych vzorcich vyssi zastoupeni interfacidlni
faze nez krystalické. To indikuje, Ze zrna jsou pomérné mald, a proto vétSina atomu tvori
povrchovou ¢ast vzorku. Nasledné zrna rostou a proto mnozstvi CR faze prevySuje fazi IF.
Mnozstvi IF se ustaluje na urcité hodnoté.

Narast teploty Zthani z 470 °C na 480 °C zrychluje formovani nanozrn. Pf{ 480 °C k do-
saZeni 60 % z celkového mnoZstvi nanozrn staci tfikrat nizs{ ¢as nez pti 470 °C (x-ové osy
maji jiny rozsah). Dalsi nartst teploty na 510 °C jesté krystalizaci zrychluje (obr. 4.11c).
Stejného efektu je vSak dosazeno, kdyZ je na vzorek Zihany pfi teploté 480 °C aplikovano
magnetické pole o velikosti 0.652 T.(obr. 4.11d). Cas potiebny ke krystalizaci je asi tiikrat
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Obrazek 4.11: Relativni mnozstvi jednotlivych spektrdlnich komponent, amorfni (AM) - zelené &tverce,
krystalickd zrna (CR) - modra kolecka a interfacidln{ oblast (I) fialové trojihelniky) na ¢ase pfi teplotdch 470 °C
(a), 480°C (b), 510°C (c) a 480 °C v externim poli 0.652 T (d).

krat8i nez v pfipadé nulového pole.

Relativni mnoZstvi krystalické a interfacialni komponenty v zdvislosti na case je uka-
zano na obr. 4.12. Jak jiz bylo zminéno, pomérné mald zména v teplot€ Zthani ma zasadn{
vliv na rychlost krystalizace. Se zmé&nou teploty na 510 °C jiz tak vyraznd zména rychlosti
krystalizace spojena neni. Je zajimavé, Ze pri zihani pii 480 °C se vytvoii podobné mnoZstvi
krystalovych zrn.

Obr. 4.12 srovnava mnozstvi AM, CR a IF [105]. Z tohoto grafu je zfejmé, Ze ve vSech
trech pripadech probiha krystalizace obdobnym zptsobem. Nicméné obr. 4.12b odhaluje
zasadni rozdil mezi jednotlivymi pribéhy krystalizace. V ném je vykresleno mnozstvi krys-
talické a interfacidlni sloZky dohromady, tedy CR+IF v porovndni s experimentem pfi nej-
nizsi teploté (470 °C).

Hyperjemné magnetické pole Bj,; krystalické a interfacidlni komponenty je s ohledem
na Cas zihani zndzornéno na obr. 4.13. Hyperjemné pole nejdiive roste a pak saturuje na
ur¢ité hodnoté. Niz§i hodnota na zacdtku krystalizace je zptisobena neuspofddanosti novych
zarodk zrn. Saturacni pole zavisi na teploté Zihani. Toto pole je priblizn€ o 1.5 T mensi nez
pro bee-zelezo [108], ke sniZeni pole dochazi v disledku malych rozmér nanozrn.

V této kapitole byly experimenty NFS aplikovdny na studium nanokrystalizace pfi izo-
termickém zihani. Diky této technice bylo moZné sledovat detailni vyvoj nanokrystalickych
zrn v amorfni matrici. Tato technika umoznila porovnat kinetiku krystalizace v zavislosti
na teploté a aplikovaném magnetickém poli. Zajimavym zjiSténim je, Ze zatimco charakter
krystalizace je ve vSech piipadech stejny, rychlost krystalizace se rapidné méni s teplotou
a také aplikovanym magnetickym polem.
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Obrazek 4.12: Relativni mnoZstvi krystalické a interfacidlni slozky (CR+IF) v zdvislosti na teploté Zihani
(a), relativni mnoZstvi krystalické a interfacidln{ slozky (CR+IF) v zdvislosti na mnoZstvi krystalické faze pii
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Obrazek 4.13: Hyperjemné magnetické pole CR (a) a IF (b) komponenty v zdvislosti na ase Zihani amorfn{
kovové slitiny FeggZr7B3.
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Kapitola 5

Dekompozice K;FeQO,

Slouceniny Zeleza ve vysokovalentnim stavu maji diky svym oxidaénim vlastnostem velky
potencidl pro rtizné aplikace [139]. Mohou byt vyuZity k ¢isténi vod [140] a nebo vyrobu
vysokokapacitnich, pro Zivotni prostiedi Setrnych baterii. Aby jejich potencidl mohl byt plné
vyuzit, je uzitetné porozumét procestim, které jsou zodpovédné za jejich vznik i rozklad.
Toho je moZné docilit naptiklad s pomoci lokdlni in-situ techniky jakou je jaderny dopfedny
rozptyl. Sloucenina K,;FeO4 [141] obsahuje Zelezo ve stavu 6+. Nicméné je nestabilni a za
pfitomnosti vlhkosti nebo za vyssi teploty se rozkldd4 na K,FeOq4 [142].

5.1 Dekompozice vlivem teploty

V této Casti budou popsany vysledky in-situ studie teplotniho rozkladu K;FeO,4 [107] po-
moci jaderného dopfedného rozptylu [143]. Béhem tohoto rozkladu je Zelezo ve stavu 6+
redukovano do stavu 3+. V obou pripadech je Zelezo v tetraedrdlni koordinaci, tedy obklo-
peno Ctyfmi kysliky.

Experimenty jaderného dopredného rozptylu byly provedeny na vzorku K;FeO4 mirou
obohaceni nuklidem >’Fe asi 90 %. Vzorek vykazoval pomérné velkou disperzi velikosti
¢astic, od desitek nanometrd az po desitky mikrometrd [143]. Prasek studovaného vzorku
byl nasypan do kapildry (obr. 2.4) a umistén do pece. Nasledné byl Zihdn pri teplotich
200°C, 220°C, 235 °C a 250 °C. Rychlost ohfevu na stanovenou teplotu byla 50 °C/min.

Casovi spektra byla akumulovana b&hem ohfevu i nasledného Zihéni na konstantni tep-
loté vZdy po dobu jedné minuty a ndsledné zapsana do souborti. Celkova doba trvani jed-
noho experimentu byla mezi 150 a 220 minutami. VSechny experimenty byly provedeny na
experimentalnim stanovisti PO1 ve vyzkumném centru DESY v Hamburku. Pro méfeni byl
pouZzit monochromatizovany svazek polarizovaného zareni s velikosti stopy 1 mmx2 mm.
Siika energetického pasma pouZitého zafeni byla S5meV a energie 14.41keV. Tato energie
odpovidd jadernému piechodu >'Fe.

Vysledky pozorovini dekompozice za vySe zminénych teplot jsou zndzornény ve formé
konturovych grafti na obr. 5.1. Proces dekompozice miZeme kvalitativné sledovat podle
zmén v charakteru kvantovych zdzn&ji. Zacatek dekompozice je mozné uréit jako misto,
kde se objevi kvantové zaznéje o vyssi ferekvenci. To je spojeno s formovanim magneticky
usporddaného KFeO;, coz je produkt dekompozice. Z konturovych graft, obr 5.1, je pa-

v s

trné, Ze rychlost dekompozice roste se stoupajici teplotou Zihdni. Nicméné pro podrobné;jsi
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Obrazek 5.1: Konturovy graf NFS spekter z experimentu teplotniho rozkladu K,FeQy pii teplotach 200 °C,
220°C, 235°C a 250°C.

popis dekompozi¢niho procesu je nutné provést vyhodnoceni celého experimentu pomoci
softwaru Hubert [120].

Pouzity fyzikalni model obsahuje pét spektralnich komponent [143]. Prvni reprezentuje
pivodni materidl, tedy K,FeO,s. Kvadrupélovy moment tohoto materidlu byl urcen jako
0;=0 mm/s a izomerni posun /5;=-0.9 mm/s [107]. Druhd komponenta popisuje produkt de-
kompozice KFeO,. Tato komponenta vykazuje ve shodé¢ s [107] hypejemné pole B;;=45.8 T,
kvadrupdlové stépeni Oy = 0.5 mm/s a izomerni posuv 15;;=0.3 mm/s. Zbyvajici tii kompo-
nenty byly pfisouzeny meziproduktim dekompozi¢niho procesu [143] s ruznym lokalnim
okoli Zeleza. Béhem fitovani byly zpfesfiovany nésledujici parametry: relativni zastoupen{
jednotlivych komponent Wy, Wy, Wi, Wiy, Wy, jejich izomerni posun ISy, ISy, 1Si;, ISy,
ISy, hyperjemné magnetické pole komponenty II a III, tedy Bj; a By, a tloust’ka vzorku
Tj,. Izomerni posun IS; byl fixovdn na hodnoté urcené z transmisnich méfeni, nebot’ NFS
umoziuje urCit pouze rozdil izomernich posuvi, ne jejich absolutni hodnotu. K tomu by
bylo nutné provadet experimenty s externim standardem. To je vSak experimentdlné po-
mérné komplikované a navic vyhodnoceni takovych experimentli je pomérné sloZité.

Na obr. 5.2 je zndzornén tibytek relativniho mnozstvi K,FeO,4 na Case pro vSechny tep-
loty Zihani. V tomto obrdzku je moZné pozorovat kinetiku dekompozi¢niho procesu. Za-
timco kiivky pro teploty 200 °C a 220 °C vykazuji spiSe rovnomérny pokles, u kiivek pro
teploty 235 °C a 250 °C je moZné pozorovat rychly pokles a saturaci ndsledovanou rychlym
poklesem.

Mnozstvi vSech péti komponent pro teploty Zihani 200 °C, 220 °C, 235 °C, 250 °C jsou
znazornény na obr. 5.3-5.6. Komponenty III a V jsou patrné pro vSechny teploty, zatimco
komponenta IV se objevuje pouze pro teploty 220 °C a 235 °C.

Proces formovani a rtistu zrn KFeO, mtiZe byt sledovéan prostfednictvim hyperjemného
magnetického pole, kdy rozmérové mala zrna vykazuji niz${ hyperjemné pole neZ zrna vetsi.
Podobné chovani je moZné pozorovat napiiklad u zrn a-Zeleza [104]. Pro zddraznéni ko-
relace mezi mnoZstvim KFeO; a hyperjemnym polem jsou v obr. 5.7 vykresleny mimo
hyperjemného magnetického pole druhé komponenty Bj; také jeji mnozZstvi. V piipadé tep-
lot 200 °C a 220 °C hyperjemné magnetické pole saturuje spiSe na zacatku dekompozice,
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Obrazek 5.2: Mnoistvi (a) KoFeOy4 and (b) KFeO, b&hem dekompoziéniho procesu K,FeOy pii teplotich
200°C, 220°C, 235°C a 250°C.

| (@) W, —a— 10.14
{012
Z 08 10102
S 06 008
8 04 1006 &
8 1 0.04 &
02 1002
0 k 1000

30 60 90 120 150 30 60 90 120 150

¢as zihani (min.) ¢as zihani (min.)
Obrazek 5.3: Zavislost mnoZstvi jednotlivych komponent dekompozice na ¢ase Zihani pro teplotu 200 °C.

zatimco pfi teplotach 235 °C a 250 °C dochazi k saturaci az soubézné se schodem v dekom-
pozici.

Jaderny dopredny rozptyl je lokdlné citlivou metodou. Na atomy se stejnym okolim
pusobi stejné nebo velice podobné hyperjemné interakce, proto je popisujeme jednou spek-
tralni komponentou. Na pocatku experimentu vzorek obsahuje pouze K,FeOy4 ve formé zrn.
Vsechny atomy s vyjimkou téch na povrchu (kterych je zanedbatelné mnozstvi) maji stejné
okoli, a tedy i stejné hyperjemné pole. Lokélni okoli se v pribéhu dekompozice méni a
jadra jsou vystavena jinému pusobeni okoli. Proto mnozstvi komponenty I pfimo odrazi
rozklad prekurzoru (ptivodniho materidlu). Analyza této kiivky ndm piimo poskytuje infor-
maci o rozkladu K,FeQO4. Nicméné formovani produktu celého procesu mize probihat vice
cestami. MliZe vznikat celd fada meziproduktt, kdy kazdy takovy meziprodukt je charak-
terizovan ur¢itou sadou hyperjemnych parametrti. Nicméné béhem prechodovych procest,
napiiklad v pribéhu chemickych reakci, dekompozicnich procesii nebo fazovych pfemén
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Obrazek 5.4: Zavislost mnozstvi jednotlivych komponent dekompozice na Ease Zihani pro teplotu 220 °C.
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Obrazek 5.5: Zavislost mnozstvi jednotlivych komponent dekompozice na ¢ase Zihani pro teplotu 235 °C.
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Obrazek 5.6: Zavislost mnozstvi jednotlivych komponent dekompozice na &ase Zihani pro teplotu 250 °C.
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Obrazek 5.7: Hyperjemné magnetické pole (zelené trojihelniky) korelované s mnozstvim KFeO, (Cervené
¢tverce) pro teploty 200 °C (a), 220 °C (b), 235 °C (c) and 250 °C (d).
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se atomy ocitaji v urCitém nedefinovaném stavu, ktery miize vykazovat rizné hyperjemné
interakce. To se muze dit napiiklad kvili ne tplné usporadanému okoli.

U zde popisovanych experimentti, kdy dochazi k pfechodovym staviim, je tfeba zohled-
novat také Casové okno experimentu. Pro tyto experimenty je ¢asové okno 1min. Rychlejsi
procesy jsou nepozorovatelné, nebot” jsou v ramci jednoho spektra zpriimérovany.

Dynamika studovaného dekompozi¢niho procesu miize byt ovlivnéna fadou faktord, ter-
modynamickymi potencidly pfitomnych sloucenin, teplotou, rozmérem zrn apod. U procest
v pevné fazi je omezen pohyb atomi na vétsi vzdalenost, a proto je potiebné tento aspekt
zohlediiovat. V pfipadech, kdy transformace nenfi isostrukturdlni, napiiklad kdyZ je formo-
véana chemicky odli$nd latka, difize atoml musi hrat zasadnf roli. Navic pfi téchto zménéch
miZe dochazet k uvoltiovani plyni a také ke zméndam hustoty materidlti. Tyto zmény bu-
dou zptisobovat vznik prasklin v materidlu. Ty pak usnadiiuji transport atomu a také odchod
plynd béhem transformace.

U studovaného procesu dekompozice K,FeO4 na KFeO, dochdzi pravé ke zméné hus-
toty a uvolnéni plynd. Jak je zndzornéno v nasledujici rovnici

4K,FeO4 — 2K;50 +4KFeO; + 30,. G.D

Bé&hem rozkladu dochazi k transportu atomi K, Fe a O. Hustoty jednotlivych mate-
ridld jsou p(K,FeO4)=2.355kg/m>, p(KFe0,)=5454kg/m> a p(K,0)=2350kg/m>, pri-
mérn4 hustota produktu je p( 2K,0 + 4 KFeO,) = 5454 kg/m>. Navic pfi této transformaci
dochdzi k zasadni zméné& struktury. V K,FeOy je jeden atom Zeleza obklopen ¢tyfmi kysli-
kovymi atomy v tetraedralnim usporadani [144]. V druhém nejbliZ§im okoli se nachazi osm
draslikovych iontd. Ve struktuie KFeO, Zeleza obsazuji dvé rizné krystalografické pozice,
obé jsou tetraedralni, tvofené kysliky. Druhé nejbliZsi okoli je u jedné pozice tvoreno tfemi
drasliky a ¢tyfmi Zelezy a u druhé pak Ctyfmi drasliky a ¢tyfmi Zelezy [142]. Pfi formo-
vani KFeO; je pak Cast drasliki nahrazena Zelezy a drasliky jsou ze struktury vylouceny
a prebyteCnd energie je uvolnéna ve formé tepla.

Dokud je rychlost difuze dostatecnd na to, aby umoZznila transport dostatecného mnoz-
stvi atomd z nitra zrn na povrch, miiZze dekompozice probihat podle obr. 5.7a a 5.7b. Nicméné
se vzrastem teploty vznikd vétsi poCet nukleacnich center, difuze jiZ neni schopnd zajistit
dostate¢ny transport atomu. Proto se v materidlu v disledku napéti zptisobeného rozdilem
hustoty ptivodniho a nového materidlu mohou objevovat praskliny. To vede ke snazS§imu
uvolnovani plynt a dal§imu postupu dekompozi¢niho procesu. V pribéhu dekompozice se
pak objevi vyrazny skok, obr. 5.7c a 5.7d. Takovy zavér je podpofen tim, Ze skoky v rych-
losti dekompozice dochézi pro teploty 235 °C a 250 °C pfi stejném mnoZstvi produktu ve
vzorku, a sice asi 20 %. Meziprodukty III, IV, a V mohou byt interpretovany jako ionty
Zeleza s riiznym poctem Zelez ve svém okoli. Tyto atomy pak podle poctu Zelez v druhém
nejbliz§im okoli vykazuji riizny izomerni posuv.

Prudky nartist mnozZstvi komponenty III je silné korelovan s pribéhem dekompozice.
V oblasti, kde dekompozice probihd rychle, se d4 ocekdvat vznik velkého poctu malych
zrn. U malych zrn je pak na povrchu relativné vétsi pocet zrn. ProtoZe soucasné tato kom-
ponenta ma asi o 2T niz§{ hyperjemné pole neZ komponenta II, miZeme atomy , které
popisuje komponenta III, pripsat atomiim na povrchu krystalovych zrn. Podobna situace
byla pozorovana i u krystalizace amorfnich slitin,
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Obrazek 5.8: Dekompozice KrFeOy na pokojové teploté za fizené vlhkosti.

Komponenta IV miiZe byt podle jejtho izomerniho posuvu pfipsana Zelezu ve stavu 4+.
D4 se ocekavat, Ze tato komponenta je nestabiln{ a bude se déle rozkladat. Proto ziejmé tato
komponenta nebyla pozorovana v konven¢nich méssbauerovskych experimentech.

Experimenty jaderného rozptylu umoznily pozorovat kinetiku dekompozi¢niho procesu
v zévislosti na teploté. Vysledky byly popsany mechanistickym modelem. Kinetika dekom-
pozice je zfejmé vyrazné ovlivnéna difuzi.

5.2 Dekompozice za pristupu vlhkosti

Béhem experimentli v Hamburku byly provedeny také experimenty s fizenou vlhkosti.
Jestlize je KoFeOy4 v kontaktu se vzdusnou vlhkosti, dochdzi u n€ho k rozkladu na KFeO,
obdobné jak pri zvysené teploté. Na obr. 5.8 je konturovy graf, ktery ukazuje pribéh roz-
kladu. Z grafu je patrné, Ze dochdz{ k zdsadnim zménam ve struktufe kvantovych zaznéju.
I pfes velkou snahu se doposud nepodaftilo vysledky tohoto experimentu uspokojivé inter-
pretovat.

Jednim z divodi nedspéchu muiize byt skute¢nost, Ze transformace probiha pfili§ rychle
a z toho divodu jsou nékterd spektra zatiZzena tim, Ze doslo k nekoherentnimu souctu rtiz-
nych stavii materidlu. Tato mozZnost doposud nebyla v Zddném vyhodnocovacim softwaru
zakomponovana. Nicméné zohlednéni této moZnosti je planované zakomponovat do nového
softwaru, ktery je v souCasnosti vyvijen na katedie experimentalni fyziky.
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Zaveér

V této praci byla ukazana celd fada aspektl in-situ experimentl jaderného dopfedného roz-
ptylu, kdy byly sledovény ireverzibilni faizové ptechody. Predstavené vysledky ukazuji, Ze
jaderny doptedny rozptyl je technikou vhodnou pro studium kinetiky fazovych transformaci
na atomdrni drovni.

U amorfnich slitin bylo mozné sledovat vyvoj krystalizace za riznych podminek. Tyto
experimenty ukdzaly také na vliv magnetického pole na kinetiku krystalizace, kdy byl po-
zorovan vliv na rychlost krystalizace nikoli vSak na charakter krystalizace.

Na ptikladu studia dekompozice sloucenin s vysokovalencnim stavem Zeleza bylo uké-
zano, ze in-situ experimenty NFS umoziuji studium kinetiky chemickych reakci. V pribéhu
dekompozi¢niho procesu byly pozorovédny intermedidlni stavy, které jsou s vyuZitim kon-
vencénich technik nezaznamenatelné.

S dal$im zvySenim intenzity synchrotronového zafeni, naptiklad na nové budovanych
laserech na volnych elektronech miiZeme ocekdvat snizeni Casu potfebného pro zazname-
nani jednoho spektra s dostateCnou statistikou a tim bude také umoznéno sledovani procest
podstatné rychlejsich neZ u predstavenych priklada.
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The nanocrystallization kinetics of FeqyZr; B is investigated by in situ nuclear forward scattering of synchrotron
radiation upon isothermal annealing. The nucleation and growth processes are accessed separately for the
nanograins, their interfaces, and the residual amorphous matrix by monitoring the time evolution of the
corresponding hyperfine parameters. This approach discloses the structural transformations taking place in

this class of technologically important materials.

DOI: 10.1103/PhysRevB.86.020202

A central problem in nanotechnology is the understanding
of the structure-to-properties relationship of the nanocrys-
talline interfaces that is essential for tailoring the functionali-
ties, efficiency, and performance of near-future nanodevices
consisting of subnanometer sized layers of material. The
investigation of such buried layers, however, is a demanding
experimental task. Direct methods used for imaging the
interfaces, such as cross-sectional transmission electron mi-
croscopy, are destructive and do not allow for the observation
of the structural changes that are taking place during nanograin
growth and the formation of the interfaces. On the other
hand, the information obtained by in situ techniques used
for the investigation of the nanocrystallization kinetics is
either averaged over the entire sample (differential scanning
calorimetry) or over the distribution of electron densities (x-ray
diffraction) and does not provide site-specific information.

The use of local probe techniques such as Mossbauer
spectroscopy has offered unique opportunities to access
the magnetic properties of the interfaces and nanograins
separately.!? Exploiting the fact that the hyperfine interactions
instantly reflect the structural arrangement of the probe
>’Fe atom, it became possible to investigate the structural
modifications of the sample by examining the hyperfine
parameters that correspond to the Fe atoms located inside
the nanograins, at their surfaces, or forming the interfaces.?
Changes in microstructure, crystallization behavior, and the
magnetic states of nanocrystalline alloys suggested that the
interface regions play a significant role in the propagation of
ferromagnetic exchange interactions between the nanograins
through the amorphous matrix.>* The relatively long acquisi-
tion times of a conventional Mossbauer spectrum (up to several
hours), however, limited the application of this technique only
to samples in equilibrium conditions having a well-defined
crystallization state and prohibited the monitoring of the
crystallization process itself.

Nanocrystalline alloys prepared by a controlled heat treat-
ment of metallic glasses exhibit unique magnetic properties’
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that are caused by the size, amount, and chemical composition
of the nanocrystallites embedded in a residual amorphous
matrix.® Structural changes, related to crystallization, that
occur in these materials, once exposed to elevated temperatures
for prolonged operational times (sensors, transformer cores,
recording devices, magnetic shielding, etc.”), deteriorate their
performance. Therefore, a comprehensive understanding of
the evolution of nanograins, interfaces, and the amorphous
matrix during nanocrystallization is essential in order to
understand, optimize, and conserve the unique magnetic
properties exhibited by the nanocrystalline alloys. Among
this class of materials the pioneering FegygZr7B3 N. anopelrmIO
still attracts considerable attention and was established as a
model system for studying the structural,!’ dynamic,'>!3 and
magnetic'* properties of ternary nanocrystalline alloys.

In this Rapid Communication we report on the investigation
of the nanocrystallization kinetics in FegyZr;Bs separately
for the nanograins, interface layers, and residual amorphous
matrix by nuclear forward scattering of synchrotron radiation.
The outstanding brilliance of the x-ray beams produced
by third generation synchrotrons ensures rapid recording
of time spectra, allowing for a direct in situ observation
of dynamical processes that are taking place during heat
treatment. Employing the fact that hyperfine interactions
instantly reflect the state of the structural arrangement by
examination of the corresponding hyperfine parameters during
nanocrystallization, it is now possible to follow separately
the structural evolution of different sites of the >’Fe probe
atoms. The obtained results are used to thoroughly assess the
available models for nucleation and nanograin growth upon an
isothermal annealing of this class of technologically important
materials.

A FegoZr;B3 amorphous alloy enriched to 63% in 3’Fe was
prepared by a melt-spinning technique in a form of 2 mm wide
and 20 pm thick ribbons. The as-quenched alloy contained bee
Fe nanocrystals that were identified in the surface regions of the
ribbon by conversion electron Mossbauer spectrometry.'> As

©2012 American Physical Society
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FIG. 1. Transmission electron micrograph (dark field) of the as-
quenched FegyZr;Bj alloy. Electron and x-ray diffraction patterns are
also included.

demonstrated in Fig. 1, they were found also in the bulk of the
ribbon, amounting to approximately 2.5% with sizes of about
2 nm determined by x-ray diffraction, electron diffraction,
and transmission electron microscopy. The narrow [002]
reflection at 65° indicates a strong preferential orientation
of the quenched-in nanocrystals, which is confirmed also
by an intensity variation of some electron diffraction rings.
In addition, a Zr content of about 0.2% was identified
inside the bcc Fe nanograins.' Nuclear forward scattering
experiments were carried out at the Nuclear Resonance end
station ID22N of the European Synchrotron Radiation Facility.
We used photons with an energy of 14.413 keV and an
energy resolution of about 3 meV. The sample was placed
inside a vacuum furnace and heated up to a temperature of
743 K with a ramp of 40 K/min. An isothermal experiment
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at this temperature was performed for up to 130 min. The
temperature of the experiment was chosen close to the onset of
crystallization at 783 K determined from differential scanning
calorimetry.'? The time spectra of nuclear forward scattering
were continuously recorded with an acquisition time of 1 min.

A contour plot obtained from a three-dimensional (3D)
image of all 130 spectra is illustrated in Fig. 2(a). The elapsed
decay time of the nuclear resonant level and the time of
annealing are displayed on the x and y axes, respectively.
The measured intensities are color coded in a logarithmic
scale. Selected time spectra obtained after annealing for 15,
40, and 120 min are shown in Fig. 2(b). All spectra were
consistently analyzed with the CONUSS code.'® The amor-
phous matrix was reconstructed by a distribution of electric
quadrupole interactions (quadrupole splitting) corresponding
to its paramagnetic state above the Curie point at a given
temperature. The nanocrystalline phase of bcc Fe formed
upon annealing was associated with a spectral component
featuring magnetic dipole interactions with a unique value
of the hyperfine magnetic field [open circles in Fig. 3(a)]. The
third component is ascribed to iron atoms that are localized
at the surfaces of nanocrystalline grains buried inside the
amorphous phase. These atoms exhibit symmetry different
from those in the nanograins. They belong to the interface
regions and were refined from the spectra using a distribution
of magnetic hyperfine fields with average values plotted as
open triangles in Fig. 3(a). The presence of this spectral
component was revealed by conventional Mossbauer effect
experiments 2117 performed under static conditions.

The relative contents of amorphous, nanograin, and inter-
face components, isomer shifts of the amorphous and interface
fractions determined relative to that of the nanocrystalline
phase, quadrupole splitting of the amorphous and interface
fractions, hyperfine magnetic fields of the nanograins and
interfaces, as well as the Debye temperature, an intensity
scaling factor, and shift along the time scale were free
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FIG. 2. (Color online) Contour plot of 3D nuclear forward scattering spectra of FeqoyZr;B; annealed at 743 K (a) and selected records (open

symbols) with fits (solid lines) for 15, 40, and 120 min of annealing (b).

020202-2



CRYSTALLIZATION KINETICS OF NANOCRYSTALLINE . ..

——
28 - .
'_
= L
Ke)
o 261
=
[¢)] L
£
=
o 24 -
o
e L
N
22 -
10F
= 08
o) L
c
o 06+
o |-
[0)
= 04+
p—
Q L
£ o2t ez
r interface 1
0'0*"1“1“1“1“1“1“1“1“

0 15 30 45 60 75 90 105 120 135
time of annealing (min)

FIG. 3. (Color online) Time evolution of the hyperfine magnetic
fields (a) and relative content of spectral components (b) derived
from the analysis of nuclear forward scattering spectra recorded
at 743 K (open symbols). Solid lines in (b) represent fits between
theoretically calculated (according to the model described in the text)
and experimentally obtained data.

parameters during analysis. The quadrupole splitting and
isomer shift of the nanograin component were set to zero and
fixed.

The time dependencies of hyperfine fields and relative
fractions of the components derived from the consistent
analysis of the time spectra from Fig. 2 are shown in Figs. 3(a)
and 3(b), respectively. After reaching the temperature of
isothermal annealing at the 15th minute, the relative contents
are almost constant for about 5 min up to the 20th minute
of annealing. The values of the hyperfine magnetic fields at
743 K are reduced due to superparamagnetic behavior at this
elevated temperature. Within the following 15 min (up to the
35th min) new grains with subnanometer sizes are formed
around the existing nucleation centers. This is revealed by an
increase of interfacial regions (when nearly all atoms constitute
predominantly the nanograin surface) while the amount of
Fe atoms located inside the nanograins remains unaffected
[Fig. 3(b)]. The enhanced contribution of the interfaces is
also indirectly confirmed by a significant increase of the
corresponding values of the hyperfine field, as depicted in
Fig. 3(a). Simultaneously the amount of iron located inside
the amorphous residual matrix gradually diminishes.

The nanograin content steadily rises after about 40 min of
heat treatment, together with the interface component, while
the depletion of Fe in the residual material continues. At this
moment the growing nanograins reach their size and density
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that correspond to the final values of the hyperfine fields for
the nanograins and interfaces [Fig. 3(a)]. After about 60 min
of annealing the relative fraction of interfaces seemingly
saturates and only the nanograin fraction continues to rise
on account of the residual amorphous matrix. This behavior
clearly indicates a nanograin growth process. The amount of
Fe in the bulk of nanocrystals increases more rapidly compared
to that at their surfaces. The increased number and density of
nanograins eventually leads to the formation of agglomerates
which effectively suppresses the contribution of the interface
fraction while the number of Fe atoms positioned within the
nanograins rises. At this stage, the average grain size reached
a final value of 12 &+ 3 nm, as derived from x-ray diffraction
patterns.'?

The hyperfine field corresponding to the nanograins
coincides with the value reported from Mossbauer effect
experiments for bcc Fe at a particular temperature of the
experiment.'® The interfaces are characterized with system-
atically lower (by 1-2 T) values of the hyperfine fields when
their relative content is stabilized. This is in agreement with the
results from high-temperature Mossbauer effect experiments
performed upon the same nanocrystalline alloy.® The relative
atomic fraction of the interface component increases only up
to a certain value determined by the size and the amount
of the nanograins. The hyperfine fields of the interfaces
are low at the onset of crystallization due to a significant
influence of the surrounding paramagnetic amorphous matrix,
and they reach their final values when the first and second
coordinations of iron atoms are completed and stabilized.
The values of the hyperfine fields are also governed by the
broken translational symmetry experienced by the 3"Fe atoms
positioned at the surface of the nanograins. From one side
they are surrounded by the perfect long-range ordered atoms
of the nanograin interior. The amorphous matrix, which is
positioned from the other side of the interface atoms, implies
lower values of the hyperfine fields because it contains an
effectively higher concentration of nonmagnetic elements.
They are accumulated namely in close proximity to the newly
developed Fe nanograins, as demonstrated by atom probe
field ion microscopy,'® which might further contribute to
the observed decrease of the magnetic fields. This effect is
more pronounced than a possible contribution of nonmagnetic
atoms positioned in the nanocrystalline lattice itself, which
was estimated to be about 0.2% Zr.!*

The unique possibility to investigate the time evolution of
the nanograins, interfaces, and the residual amorphous matrix
separately upon isothermal annealing allowed for assessing
the crystallization kinetics in this nanocrystalline alloy. We
have considered crystallization according to the Johnson-
Mehl-Avrami nucleation (site saturation nucleation), grain
growth, and impingement?® extended by a simplified model
that assumes two types of spherelike grains: quenched-in
grains (Q) and newly formed grains (F'). We have assumed that
the grains consist of a surface layer and a core. The thickness
of the former was kept constant with annealing time during
simulation. The experimentally obtained time dependencies
of the spectral components [symbols in Fig. 3(b)] were
reproduced by taking into account the contributions from
the surface layers and the bulk of the grains.”® The time
evolution of the relative weights of the amorphous residual
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FIG. 4. (Color online) Ratio of the relative contents of crystalline
and interface components as a function of annealing time at 743 K:
Open symbols, experimental data; solid line, ratio of fits from
theoretical calculations.

matrix (Wawm), interface regions (Wyr), and nanocrystals (Wxc)
are expressed as

Wam = (1 = Co) + (Co — Cu)

. |:1 — exp <—gn/ - N@E)-[(t—1)- U]“"dT>i|,
0
()

where 7 is the time for formation of N (7)dt new grains which
grow with speed v, w describes the grain growth process, Cy
and Co represent the amount of phase before and after the
transformation, respectively,

ROwr+ (1 — R)FFr

= (1 — - O 2

Wir = ( Wam) 0+ F , 2)
RQOnc + (1 — R)Fnc

Wne=(0-—-W 3

Ne = ( AM) 0+ F , 3)

with Q and F being integral volumes of all quenched-in and
newly formed grains at time ¢, respectively, subscripts IF
and NC denote contributions from interfaces (surface layer)
and interiors of the grains (core), and R stands for the ratio of
the number of quenched-in and newly formed grains.

This model assumes that all nucleation centers are formed
at the beginning of the crystallization and that the rate
of grain growth is governed by the Avrami exponent n =
2.0+ 0.2. Using Egs. (1)-(3), the time dependencies of
the relative contents of all three components were fitted
to the experimentally obtained data. The solid curves in
Fig. 3(b) represent the resulting fits. This figure reveals a
very good agreement between the experimentally obtained and
theoretically calculated data for all three components along the
duration of the entire experiment.

In Fig. 4, the evolution of the experimentally obtained
ratio of the relative contents of the crystalline and interface
components (symbols) is plotted as a function of annealing
time. It is superimposed with a solid line obtained from the fits
from Fig. 3(b). It should be noted that in this representation all
possible deviations between the experimental and theoretical
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time dependencies for crystalline and interface components
that are hardly seen in Fig. 3(b) now become visible. This
comparison reveals that the experimental results are fully
consistent with the calculated time dependencies even for tiny
details seen at an early stage of the annealing process.

The quenched-in nanocrystallites manifest themselves at
the very beginning with a certain bulk-to-surface (i.e., crys-
talline/interface) ratio. After the 20th minute of annealing,
new nanograins are formed. Their small dimensions favor a
higher contribution of the interface component because the
majority of atoms form the grain surfaces. This is indicated
by a decrease of the crystalline/interface ratio. Finally, from
about the 35th minute, the grain grow process starts and the
ratio steadily increases due to a higher contribution of the bulk
of the grains.

The deviations between the experimentally measured and
theoretically calculated data which are seen between the 45th
and the 65th minute of annealing arise most likely from the
fact that in our model we have calculated the evolution of
an individual grain without taking into account the presence
of the neighboring grains. In reality, however, the growth of
grains is constrained due to impingement. This means that the
grain growth is limited when the grains approach each other
or when they are in very close proximity to the neighboring
grains and surrounded by an increased concentration of Zr and
B atoms.'”?! Consequently, the contribution of the surface
layers shows a tendency to saturate whereas the bulk of the
grains still rises. The interface layer thickness towards the
end of annealing is about 0.7 nm, which is in agreement with
0.6 nm reported in Ref. 1.

In conclusion, by applying nuclear forward scattering of
synchrotron radiation in situ in the course of isothermal heating
of FeggZr;B3 Nanoperm, we were able to follow the time evo-
lution of hyperfine interactions for the nanograins, interfaces,
and the residual amorphous matrix separately. The obtained
results were employed to thoroughly assess the available
models for nucleation and grain growth upon an isothermal
annealing of the amorphous precursor to fine details.

Even though the overall formation of nanocrystals can be
deduced also from other analytical techniques, the approach
proposed here provides the possibility to study separately the
contributions of Fe atoms positioned at different locations
within the interior or at the surface of the nanograins com-
prising also their hyperfine interactions. Furthermore, applied
at different annealing temperatures and to alloys with various
compositions, this method can provide information about
the crystallization kinetics of the technologically important
family of nanocrystalline materials prepared by controlled
crystallization of an amorphous precursor.
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This study introduces a sequential fitting procedure as a specific approach to nuclear forward scattering (NFS)
data evaluation. Principles and usage of this advanced evaluation method are described in details and its
utilization is demonstrated on NFS in-situ investigations of fast processes. Such experiments frequently consist
of hundreds of time spectra which need to be evaluated. The introduced procedure allows the analysis of these
experiments and significantly decreases the time needed for the data evaluation. The key contributions of the

study are the sequential use of the output fitting parameters of a previous data set as the input parameters for
the next data set and the model suitability crosscheck option of applying the procedure in ascending and
descending directions of the data sets. Described fitting methodology is beneficial for checking of model validity
and reliability of obtained results.

1. Introduction

With current high brilliance synchrotron radiation sources nuclear
forward scattering (NFS) [1-4] has become a suitable experimental
technique for investigation of various types of processes in a solid state
such as chemical and phase transformations or a system development
with a dynamic change of conditions [5,6]. Information on the studied
processes is contained in a sequence of measured NFS time spectra.
This is accompanied by a new demand on the evaluation procedures.
However, physical reliability of results and conclusion should be
ensured.

NFS gives a unique information on fast processes in studied
systems, but the evaluation of measured time spectra can be difficult.
NFS data evaluation is usually realized by fitting calculated time
spectra to experimental data. Parameters describing the theoretical
curve are refined during the fitting process. For evaluation of individual
time spectra several programs have been developed including CONUSS
[7,8], MOTIF [9] or FitSuite [ 10]. Crucial task of NFS data evaluation is
to find an appropriate model describing the studied system. All nuclei
in specific conditions, i.e. different chemical, structural and magnetic
surroundings, contribute to one model component. Each component in
the model is described by a set of parameters including relative amount
of corresponding resonant nuclei, hyperfine parameters, their distribu-

* Corresponding author.

tions and texture. During the investigated process some components
might disappear and new components might appear in the system as
the latter might undergo magnetic or structural transformations. Many
parameters may also be significantly changing during the process.
Consequently, the physical model applied in the fitting should be
modified. Therefore evaluation is even more complicated when obser-
ving the whole process via a sequence of measured time spectra.

For samples enriched by ®”Fe the achievable accumulation time of
one time spectrum is approximately one minute. For the processes
which last from several minutes to hours the total number of time
spectra which need to be evaluated rises up to hundreds [6]. Therefore
automation of the evaluation procedure would bring significant in-
crease of efficiency of NFS data analysis. In [11] an approach using
artificial neural network (ANN) for the analysis of nuclear resonant
scattering experiments was introduced. By using this method time
requirement for time spectra evaluation was significantly decreased.
However, sufficient time for neural network initial training is still
needed and there are limitations in a range of relevant parameters
describing the time spectra for ANN analysis to be efficient.

In this paper we introduce sequential fitting procedure (SFP) which
is based on a conventional fitting method and connects neighbouring
time spectra through their input and output values of fitted parameters.
After manual evaluation of one time spectrum SFP is initiated and the
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rest of time spectra is evaluated automatically. This is not a new idea,
however, the aim of this paper is to describe in detail a wide range of
different aspects connected with SFP and show several advantages of
SFP used for analysis of NFS experiments with a high number of
acquired data. Several features connected with evaluation of a sequence
of NFS time spectra are discussed, including checking of a validity of
selected model by monitoring an agreement of theory with experi-
mental data, checking hysteresis phenomena and correlations between
fitted parameters.

Utilization of SFP is demonstrated using examples of three different
physical processes. The first example shows temperature evolution of
magnetic hyperfine field during the heating of hematite in the range
close to its Néel temperature. The second process is crystallization in
amorphous metals. It is a temperature induced process of formation of
nanocrystalline grains in amorphous matrix [12,13]. Using the SFP
method crystallization process was investigated in-situ under isother-
mal and dynamic temperature conditions and influence of an external
magnetic field on the crystallization was studied [14,15]. The last
application is an investigation of chemical reactions in a solid state,
where thermal decomposition of potassium ferrates (transformation
among K-Fe-O compounds with different Fe valent states) was
observed [16].

2. Sequential fitting procedure using hubert

Evaluation of NFS experimental data is based on calculation of the
time spectrum according to a selected model and its comparison with
the measured experimental data. Theoretical and experimental data,
described by the set of values {7;} and {E;} respectively, are compared
with respect to their statistical agreement quantified by x* parameter

(B — T)?
0'2 ’

2=
DY )

The sum runs over k = 1, 2,...,K where index k describes the corre-
sponding delay times {7} after the excitation synchrotron radiation
pulse. The measurement standard deviation oy is usually estimated as
JE;. During the evaluation the values of model parameters are
iteratively changed and x? value is monitored. This iterative process
is stopped after x* reaches selected stopping condition and fitted
parameters describing the model are obtained. The evaluation is
influenced by the initial values of fitted parameters. The fitting process
converges if the initial values are close enough to the real ones.

A sequence of NFS time spectra is accumulated during a process. In
order to extract relevant information on the process each time
spectrum should be evaluated properly. Moreover, not only values of
the parameters corresponding to the individual time spectra should be
determined correctly, but also their evolution over the whole time
interval of the process should be “reasonable”. That means the time
spectra should be analyzed properly as the whole sequence. SFP can be
used for more efficient analysis of NFS data sequences.

SFP proceeds in several steps. First, the initial values of fitted
parameters for evaluation of the first time spectrum are set as close as
possible to correct values. Then the fitting process runs and the
resulting values of fitted parameters are obtained. In the next step
connection between the first and the second time spectrum is made.
This is done by setting the output values from the first time spectrum
fitting as starting values for the second time spectrum fitting. After
evaluation of the second time spectrum the connection between the
second and the third time spectrum is made. This mechanism is
applied for the whole sequence of the time spectra. Fig. 1 shows
principles of SFP where n = 1, 2,...,N — 1 is index of the time spectra,
{E:)™ is corresponding experimental data set, {p}{" is a set of initial
values of fitted parameters and {p}?) is set of output values of fitted
parameters.

In order to handle the iterative fitting procedure the Hubert
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Fig. 1. Schematic illustration of the SFP principle implemented in Hubert.

software has been created. Hubert is a free software developed by C+
+ programming language in QtCreator environment [17]. It uses SFP
and the CONUSS software which runs at the background for fitting the
individual time spectra.

3. Fitting methodology

Strong and weak points of the sequential analysis approach are
described on three examples: the temperature evolution of magnetic
hyperfine field in hematite, the crystallization process in amorphous
metals and the solid state reaction. Closer information on the con-
ducted experiments, used fitting models and reliability of fitted time
spectra for the latter two examples can be found elsewhere [5,6,14—
16].

The essential condition for successful SFP is sufficiently small
difference between fitted parameters of the neighbouring time spectra.
SFP usually fails and the fitting procedure doesn't converge in the
range where some fitting parameters change too rapidly or even step-
wise. This might occur, for example, for very fast chemical reactions,
structural transformations or magnetic transformations, where SFP
fails due to a large change in hyperfine magnetic field. The last
mentioned case is demonstrated by a set of time spectra acquired
during the heating of hematite [18]. The sample was heated up with
constant heating rate of 10 °C/min in a wide range of temperatures to
approximately 1000 °C. One time spectrum corresponds to one minute
of measurement. Fig. 2 shows selected time spectra in the temperature
range from 550 °C to 660 °C and compares resulted values of magnetic
hyperfine field obtained by fitting the corresponding time spectra
manually (each time spectrum was fitted separately one by one) and
by using the SFP approach. The results from SFP evaluation are in
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Fig. 2. (a) Examples of NFS time spectra of hematite for different temperatures in the temperature range close to the Néel temperature. The red curves represent fit of the time spectra
obtained using SFP. The misfit is clearly visible. (b) comparison of magnetic hyperfine field values obtained by manual fit and SFP fit of the time spectra sequence.

agreement with the results from manual fitting up to 620 °C. After that
the change of the magnetic hyperfine field starts to be too high (more
than 1 T) as the temperature gets close to the Néel temperature of the
hematite [19] and SFP starts to give incorrect results.

In a real case of fast chemical or structural transformation in a time
domain the process might start slowly, reach some fast transformation
range and then continue slowly again. In that case the SFP can still be
used. However, in the fast transformation range time spectra should be
fitted manually (bigger manual change in initial values is needed) and
the rest can be fitted sequentially again.

In [14] the crystallization process of FegMogCu;Bjy amorphous
metals under dynamic temperature conditions was observed by NFS
experiments. Samples in the form of thin ribbons with thickness about
20 um were enriched by °”Fe to approximately 50% and measured in an
evacuated furnace. By placing the furnace between two electromagnets
influence of an external magnetic field of magnitude 0.652 T on the
crystallization process was studied. A model with three components
was used for analysis of measured time spectra. One component
corresponds to the amorphous matrix described by the isomer shift
and the quadrupole splitting with a broad distribution. The amorphous
component is paramagnetic in a studied temperature range. The
second and third components correspond to the inner and surface
part of the crystalline grains. Both components are ferromagnetic. The
surface part is characterized by broad magnetic hyperfine field dis-
tribution.

During the measurement the samples were heated up from the
room temperature with constant temperature rate 10 °C/min. NFS time
spectra were measured continuously during the heating and each time
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spectrum was accumulated during one minute. Analysis of the time
spectra showed that the model is sufficient in a temperature range
approximately up to 600 °C. After the proper manual fitting of one time
spectrum the SFP was successfully applied for the whole considered
temperature range.

The validity of the model and reliability of fitted parameters was
tested. The interpretation of the results was performed in agreement
with the described methodology and despite the uncertainty of some of
the fitted parameters the formation of crystalline grains was clearly
observed.

Crucial task in SFP as well as for correct analysis of NFS experi-
ments is to create a correct model for analysis of NFS experiments. The
selected model should be ideally valid for the whole analyzed time
spectra sequence. In cases where one physical model can't cover the
whole experiment more models need to be used. However, an overlap
between the models is appropriate. The basic way of checking the
model validity is to follow the x* parameter and identify a range of the
model validity by watching noticeable increases in .

When interpreting the x*> dependence one should check possible
correlation of x> with the total number of counts in given time
spectrum. In ideal case the y? should be close to one. However, there
are often minor discrepancies between experimental data and used
fitting model, frequently caused by slightly different line shape.
Although these discrepancies have no influence on the interpretation
of model components the x*> is consequently higher than one.
Moreover, in this case the x> may increase with increasing data
statistics as the relative errors of the experimental points decrease. In
NFS the statistics of measured time spectra depends on the incoming
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Fig. 3. Correlation between x> and total number of counts in NFS time spectra.

radiation intensity which might exhibit fluctuations due to instabilities
of high resolution monochromators (Fig. 3). This could result in
observable changes in the x> that are not connected with the quality
of the used model.

However, if the correlation between the total number of counts and
X° is not observed, the noticeable changes in x*> may indicate that the
used model fails and some spectral components might be incorrect or
missing. Therefore the indication of using insufficient model can be
even easier for a sequence of time spectra than for a separate
experiment.

Another aspect of the data analysis especially using SFP is a
correlation between different parameters. The correlation may occur
in cases where two or more fitting parameters have similar influence on
the time spectra. For example Lamb-MGdssbauer factor and quadrupole
splitting may cause similar effect on the shape of hybrid beats [20].
Possible correlation between two parameters for a sequence of time
spectra can be checked by fixing one of the parameters, keeping the
other parameters fitted and then comparing the obtained dependen-
cies. Behaviour of fitted parameters can be also checked with setting
several different values for the fixed parameter and comparing the
results including the x* dependences. Using this approach one can
exclude correlation between parameters and thus reliability of fitted
dependencies can be approved.

All discussed features are connected to the problem of multiple
solutions where different sets of fitted values sometimes even with
comparable x* values can be obtained. In that case validity of a chosen
model should be checked for each set of values independently. For a
given set the model might work just for the time spectra in a small
range and fails for the rest of them. Physical interpretation of obtained
values and exclusion of the unphysical dependencies is also required.
However, identification of the correct set of values is not always
possible. Occurrence of multiple solutions can therefore considerably
raise the uncertainty of fitted parameter values and consequently
complicate the analysis of the whole experiment and its interpretation.

It is shown that for obtaining at least partial information from fitted
sets of values one can follow “trends” of the fitted dependencies. By
trends we mean typical characteristics of corresponding dependencies
which are same for all the fitted sets. These trends can be therefore
interpreted independently on the knowledge of the real values of
parameters. Fig. 4 shows resulting relative amount of the inner part
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Fig. 4. Example of three fitted dependencies of relative amount of the crystalline
component (CR), crystalline component magnetic hyperfine field and y* obtained for
different relative width (FWHM) of the magnetic hyperfine field distribution.

of crystalline grains (denoted as CR), corresponding hyperfine mag-
netic field and x*. Three dependences were obtained by using magnetic
hyperfine field distribution with different relative width (FWHM)
during the fitting procedure. The relative distribution width is given
as percentages of the corresponding hyperfine field values. Despite the
significant differences between the results the characteristics of all the
dependencies are the same. The beginning of the transformation can be
identified from the trends in relative amounts of individual spectral
components and magnetic hyperfine fields. The temperature of the
transformation beginning is the same for all three sets of values.

Using the example of crystallization in amorphous metals, we have
discussed several problems of NFS data analysis using SFP. The last
discussed feature will be demonstrated on an example of solid state
chemical reactions.

In [16] thermally induced chemical reaction in potassium ferrate
samples was studied. Decomposition in powder samples was observed
under isothermal conditions. One NFS time spectrum was accumulated
during one minute. K,FeO, containing iron ions in valent state 6+
decomposed at temperatures above 200 °C to KFeO with iron in the
valent state 3+. Except the initial and final compound intermediate
states undetectable by ex-situ methods were also observed. The
experimental data were successfully fitted by a model consisting of
five components where iron in different valent states was represented
by one component for each valent state.

Along with following the x* parameter the model imperfections can
be also verified by reversing of SFP where a “hysteresis” effect can be
observed. It means that SFP gives different results when it starts from
one or from the another side of the data sequence (viz. ascending vs.
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descending time of in-situ NFS experiments). Fig. 5 shows comparison
of two models used for analysis of the potassium ferrate decomposition.
The model with two components corresponding to K,FeO, transform-
ing to KFeO is shown in 5(a). The hysteresis effect can be seen clearly.
In 5(b) the improved model including other three intermediate
compounds evolving during the transformation is shown. The use of
the improved model results in lowering of x? as well as disappearance
of the hysteresis.

Although the mentioned features are helpful in checking the model
validity x> increase or hysteresis observation itself doesn't provide any
clue how to improve the model. In case of Mdssbauer spectroscopy
some missing or misinterpreted components in the model can be
checked by analyzing positions and characters of spectral lines in the
energy domain. In NFS checking of the model validity from analysis of
the time domain dependencies is extremely difficult. Nevertheless, NFS
may give us a unique information regarding, for example, specific
evolution of hyperfine parameters or new components occurring during
the process. This might not be obtainable by other experimental
techniques. Therefore observation of hysteresis could be a clue for
indication of unknown physical phenomena. It should be noted that
identification of new fitting components is possible only when suffi-
ciently high number of NFS data is evaluated using, for example, this
advanced SFP approach.

4. Conclusions

It was shown that a sequence of NFS time spectra can be effectively
evaluated using the SFP approach. Its use is especially helpful for in-
situ studies of processes where up to hundreds of accumulated time
spectra are evaluated. In such cases usage of SFP can decrease the time
needed for data evaluation significantly. Although in-situ NFS is not a
routine experimental technique its importance grows up as the current
photon sources develop. Considerable increase in the synchrotron
radiation brilliance in free electron lasers can be expected in the future.
Consequently much faster chemical processes will become observable
by this technique.

The metallic glasses crystallization study and thermal decomposi-
tion in potassium ferrate samples have been successfully analyzed by
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the Hubert program with SFP implemented. The analysis included
checking of the model validity and reliability of the values of fitted
parameters. Despite the problems connected with the time spectra
evaluation such as correlations and equivalent multiple solutions the
sequential fitting offers a possibility of extracting relevant information
on studied processes by following the trends of fitted parameters.
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Abstract—The impact of an external magnetic field upon changes in the crystallization kinetics of FegyZr;B3 metallic glass is studied by in situ nuclear
forward scattering (NFS) of synchrotron radiation. Structural and magnetic information on the whole process of nanograin formation is monitored
on fly in real time by means of time domain Mdssbauer effect technique. Isothermal annealing performed at 753 K under weak magnetic field
(Bext = 0.652 T) exhibits more rapid crystallization in comparison with zero-field conditions. These surprising effects of an external magnetic
field upon the process of phase transformation are attributed to energetic perturbations of magnetic interactions in comparison with the thermal
energy. Consequently, the formation of nucleation centers is enhanced. Such accelerated crystallization was not reported so far for metallic glasses
exposed to magnetic field during annealing. The influence of magnetic field on the resulting properties is usually assessed under static conditions after
annealing. The use of NFS with rapid data acquisition has allowed in sifu observation of the microstructure development throughout the fast
annealing processes. In this way, not only the starting and the final stages of the structure can be characterized but also the intermediate transition
period states of the transformation can be followed to fine details.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Nuclear forward scattering; Structural transformation; Metallic glasses; Crystallization

1. Introduction

Physical properties of amorphous [1,2] and nanocrys-
talline alloys [3,4] comprising their magnetic [5] and
mechanic performance [6] are governed by the size,
amount, and chemical composition of the nanograins
embedded in the surrounding amorphous matrix [7]. Due
to their unique soft magnetic properties, namely Fe-based
amorphous metallic glasses are often employed as magnetic
shielding, transformer cores, sensors, and recording media
[8]. Structural changes related mostly to crystallization that
can occur in these materials when they are exposed to high
enough temperatures for prolonged operational times
degrade their working parameters. Therefore, a compre-
hensive understanding of the evolution of nanograins
during nanocrystallization is essential [9] in order to
understand, optimize, and conserve the unique magnetic
properties exhibited by nanocrystalline alloys. In order to
tailor specific properties of the nanograins, one has several
possibilities how to control their formation including the
grain size. For example, temperature, time profile of the

* Corresponding author at: Institute of Nuclear and Physical
Engineering, Slovak University of Technology, Ilkovicova 3, 812 19
Bratislava, Slovakia.
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annealing temperature, and applied pressure [10], belong
among the most widely used. Special emphasis is put on
the so-called magnetic annealing when the desired magnetic
parameters are obtained via temperature annealing in an
external magnetic field [5,6].

In some particular applications (e.g., transformer cores,
magnetic shielding, magnetic circuits for resonant cavities),
the metallic glasses can be affected by both an elevated tem-
perature and, simultaneously, by a static and/or alternating
magnetic field. Therefore, understanding the influence of
magnetic fields upon the crystallization process is another
important issue for the preparation of materials with
specific properties and prevention of deterioration of their
performance. Magnetic energy of an external magnetic field
is one of the contributions to the total energy of the system,
which is decisive for structural arrangement and thermal
stability. Thermodynamic potentials are crucial for the
kinetics of transition processes. Nevertheless, real influence
of magnetic field on the thermodynamic potential is not
fully understood and the impact of thermal annealing
under magnetic field upon the resulting material properties
is difficult to predict.

So far, the consequences of an impact of magnetic field
upon structural transformations were investigated mostly
in steels. Extensive review of solid-solid phase trans-
formation (austenite to ferrite) in Fe-based alloys caused

1359-6462/© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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by strong magnetic fields (up to 10T) is presented by
Ohtsuka [11]. The effects of magnetic fields on the trans-
formation temperature and phase diagram are explained
thermodynamically. Nevertheless, Enomoto [12] states in
his review paper that the influence of magnetic field upon
kinetics (e.g., influence on diffusion and grain boundary
mobility) is least understood. Isothermal transformation
kinetics of the austenite phase into the martensite phase
in metastable austenitic maraging steel was recently
reported by San Martin et al. [13] employing time-
dependent magnetization measurements for temperatures
from 4 to 298 K and continuous applied magnetic fields
up to 30 T. The transformation kinetics was shown to be
accelerated by several orders of magnitude when high
magnetic fields are applied.

As far as metallic glasses and nanocrystalline alloys are
concerned, the effect of magnetic field during heat treat-
ment (eventually followed by nanocrystallization) was
investigated only in connection with their macroscopic
magnetic properties [5,14,19]. Annealing under static mag-
netic fields with different orientations and strength
improved the induced anisotropies and the coercive field
values in HITPERM-type materials that remained fairly
stable at elevated temperatures [15-17]. Similar phenomena
were reported for other soft magnetic Fe-based amorphous
alloys and compared to advanced non-oriented silicon
steels [18]. External magnetic fields as high as 17 T were
also applied [19]. On the other hand, the soft magnetic
properties of Fe-rich nanocrystalline soft magnetic alloys
are dramatically improved by the use of a rotating field
during nanocrystallization [14,20]. Nevertheless, all
observations reported up to now were limited to the use
of macroscopic characterization techniques including mag-
netic measurements. They provide integral information
averaged over all structurally different components in the
emerging nanocrystalline arrangement. The microstructure
developed upon magnetic annealing was studied by trans-
mission electron microscopy (TEM) and by X-ray diffrac-
tion (XRD). After field annealing, no significant changes
in either the crystallization behavior or in the size and mor-
phology of grains as compared to the zero-field-annealed
reference samples was found [15]. Because these analyses
were performed under static ex situ conditions only a
comparison of the original and the final state of the sample
was possible. That means that it is possible that from the
morphological point of view the samples before and after
magnetic annealing might look alike though their magnetic
responses may vary. Here, we employ a method that offers
unique possibility of obtaining simultaneous information
from both microstructural arrangement and from the
corresponding hyperfine interactions during in situ
annealing.

In the elucidation of crystallization behavior of metallic
glasses, along with conventional analytical tools also
sophisticated and advanced techniques were employed.
For example, solute clustering and partitioning behavior
in the early crystallization stage of a Fe3 5Sij3 sBoNb;Cu,
amorphous alloy were studied by employing a three-dimen-
sional atom probe and a high resolution electron micro-
scope [21]. Recently, rapid annealing (4-10s) induced
primary crystallization of soft magnetic Fe-Si nanocrystals
in a Fe;35Si;55Cu;Nbs;B; amorphous alloy has been sys-
tematically studied by atom probe tomography and com-
pared with conventional annealing [22]. The use of on
line in situ characterization techniques is, however still

limited to diffraction of synchrotron radiation. For
example, in-situ High Energy X-ray Diffraction (HEXRD)
of synchrotron radiation was employed to follow the
change of free volumes upon heating [23] and to measure
plastic deformation mechanisms of metallic glasses [24].
Modifications of structural arrangement including relax-
ation processes were investigated in swift heavy-ion bom-
barded Fe;3Cu;Nb;Sij¢B; metallic glass also by HEXRD
[25]. A more sophisticated technique of real-time in situ
synchrotron X-ray tomographic microscopy was used to
describe the nucleation mechanism and growth kinetics of
an aluminum alloy [26].

In this work we deal with the problem how an external
magnetic field affects the progress of structural
transformation in metallic glasses during isothermal heat
treatment. In doing so, we have made use of nuclear
forward scattering (NFS) of synchrotron radiation with
57Fe nuclei [27,28]. More details on the NFS technique
can be found also elsewhere [29]. Extremely brilliant
X-rays produced by the third generation of synchrotron
sources combined with precise monochromatization
enable rapid data acquisition. Consequently, it is possible
to monitor the crystallization process on fly which allows
its direct study even during in situ annealing. Benefiting
from the fact that hyperfine interactions are straightfor-
wardly related to structural arrangement we have recently
reported on the nucleation and growth processes that are
taking place during isothermal annealing of a metallic glass
[9]. Through time evolution of the identified hyperfine inter-
actions we have followed the structural transformation
separately for the nanograins, their interfaces, and the
residual amorphous matrix. The obtained experimental
results matched completely with theoretically calculated
predictions according to the available -crystallization
models. Here, we extend the previous results toward studies
performed under simultaneous action of the external mag-
netic field.

Our work was motivated by the fact that even though
the effects of (strong) magnetic fields upon phase
transformations were studied in ordered metallic alloys
(steels), so far no evidence of any changes in the kinetics
of crystallization were reported in disordered amorphous
metallic alloys. The investigations performed up to now
on metallic glasses aimed at characterization of the final
static stages of the alloys after the thermal treatment under
external magnetic field conditions and at the resulting
macroscopic magnetic parameters. Nevertheless, using con-
ventional analytical tools it was not possible to unveil the
progress of crystallization during the influence of the
magnetic field. We made use of NFS that enables rapid
acquisition of experimental data sensitive to both structural
arrangements as well as to magnetic states of the probe
nuclei. Choosing the NANOPERM alloy as a typical repre-
sentative of metallic glasses that exhibit nanocrystallization
we have followed its phase transformation during isother-
mal heat treatment under the presence of a weak external
magnetic field.

2. Experimental details

Ribbons of FegyZr;B3 metallic glass were prepared by a
melt spinning technique. They were about 2 mm wide and
20 pm thick. To ensure smooth and rapid data acquisition,
the iron contents were enriched to about 63% in >’Fe. We
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have chosen this NANOPERM system because during pri-
mary crystallization it forms bee-Fe nanocrystals [30]. The
latter is a calibration material for Mossbauer spectrometry.
Even more importantly, the corresponding Mdssbauer
spectrum as well as the nuclear resonant interferogram is
relatively simple. In addition, structural [9], dynamic
[31,32], and magnetic properties [33] of (physically) the
same material were already thoroughly studied. The
as-quenched alloy exhibits an amorphous character with
slight surface crystallization of bcc-Fe [32,33]. A small
amount of Zr (about 0.2%) was identified in the core of
the bee-Fe nanograins [33]. At the same time, because the
NANOPERM metallic glass represents a whole group of
alloys that exhibit advantageous magnetic properties
achieved through nanocrystallization, we expect that the
obtained results can be extended and generalized toward
all nanocrystalline alloys.

Nuclear Forward Scattering (NFS) experiments were
performed at the Nuclear Resonance beamline [34] (ID18)
of the European S;/nchrotron Radiation Facility (ESRF).
Excitation of the *’Fe nuclear levels was accomplished by
a photon beam with 14.4 keV energy and ca. 1 meV band-
width. Samples were placed in a vacuum furnace and
heated up to the annealing temperatures of 7, =753 K
and 783 K with a heating rate of 40 K/min. When the
destination temperature was reached, an isothermal anneal-
ing continued for up to 120 min. The NFS interferograms
were recorded every minute during the whole annealing
process. The magnetic field of 0.652 T was oriented along
the ribbon length of the sample in the furnace, perpendicu-
lar to the incident photon beam and collinear with its «
polarization, i.e. in the horizontal plane. Samples were
placed in a furnace in such a way that the magnetic field
was directed along the ribbon length (longitudinal arrange-
ment). Schematic layout of the experiment is shown in
Fig. 1.

3. Results and discussion

Typical set of NFS interferograms is shown as an exam-
ple in Fig. 2(a) in a form of a contour plot whose intensities
are color coded in a logarithmic scale. The elapsed decay
time of the nuclear resonant level and the time of annealing
are displayed on the x and y axes, respectively. In order to
demonstrate the feasibility of the theoretical fits from which
the respective quantitative (relative area) as well as

Detector

Fig. 1. Geometrical arrangement of the experiment. Ribbon length of
the sample is parallel to the induction of the external magnetic field B
and collinear with the synchrotron beam polarization . The k-vector
of photons is perpendicular to both.

qualitative (hyperfine field values) parameters were derived
three representative experimental NFS patterns with the
resulting calculated curves are demonstrated in Fig. 2(b).
They exhibit three principal categories of the observed
structural arrangements within the investigated system: (i)
almost completely amorphous material just at the onset
of crystallization (annealing time 11 min), (ii) development
of nanocrystallization (22 min), and final state (52 min)
when the amount of nanocrystals in the samples is stabi-
lized during the given annealing conditions. Experimental
NFS data from all experiments (amounting more than
150 individual records) were consistently analyzed accord-
ing to a theoretical model introduced in Ref. [9] using the
CONUSS evaluation software package [35,36].

At the beginning of thermal treatment, the investigated
Feq9pZr;B; NANOPERM alloy exhibits an average bulk
content of less than 3% of bee-Fe nanograins [9]. They were
formed during the quenching process and are preferentially
located at both surfaces of the ribbon [32]. Few of them are
situated also in the bulk. It took approximately 11-12 min
from the beginning of the heating to stabilize the destina-
tion temperature of isothermal treatment. We assume that
the incubation time of crystallization is included within this
transition period during the temperature increase. Note
that annealing temperatures of 753 K and 783 K are close
and equal to the temperature of the onset of crystallization,
respectively. The latter was determined to be of 783 K using
differential scanning calorimetry [32]. Consequently, rather
rapid crystallization kinetics is expected.

During annealing, the amount of nanocrystalline grains
grows and after a certain time, which depends upon the
heating conditions as discussed below, it saturates. Time
evolutions of three structurally different positions of the
>’Fe atoms comprising amorphous (AM), interfacial (IF),
and nanocrystalline (CR) regions are illustrated in Fig. 3.
The partial components were obtained from the evaluation
of the NFS interferograms that were acquired during
isothermal annealing at 753 K without and with an external
magnetic field, and at 783 K. Time dependences obtained
from evaluation of experimental data (plotted by symbols)
are overlaid by solid curves that represent results of the fits
according to the crystallization model introduced recently
[9]. Satisfactory agreement is reached for all three different
annealing conditions.

In Fig. 3(a), formation of small nanograins is observed
in the time region from 15 to 27 min. Higher IF values than
the CR ones indicate that the majority of iron atoms experi-
ence broken symmetry of atoms located at the interface
regions between the nanocrystals and the amorphous
matrix. Consequently, the nanograins as such do not have
well developed crystalline symmetry. This assumption is
evidenced by a rapid increase of the IF component that is
assigned to Fe atoms at the surfaces of the grains while
the portion of iron atoms positioned in the core of nano-
grains possessing full bcc symmetry (CR) grows rather
slowly.

The symmetry breaking at the surfaces of the nanograins
that have been formed during the annealing at 753 K is
documented by their hyperfine magnetic fields Big. They
exhibit low values in Fig. 4(a) during the initial annealing
up to about 22 min when they stabilize at a constant value
of about 25.4 T. It is noteworthy that the By values are by
about 1 T smaller that those of the well ordered crystalline
core of nanograins Bcgr (26.5 T). These are almost constant
over the whole inspected time interval which confirms their
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Fig. 2. Contour plot of 3D nuclear forward scattering spectra of FeqyZr;B; annealed at 753 K (a) and selected records (open symbols) obtained after
annealing for 11, 22, and 52 min of annealing (b). The calculated fitting curves are given by solid lines.

relative content

relative content

relative content
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time of annealing (min)

Fig. 3. Relative amounts of structural components including amor-
phous (AM, red triangles), interfacial (IF, blue circles), and crystalline
(CR, magenta squares) regions plotted against annealing time at 753 K
(a), at 753 K within the external magnetic field (0.652 T), and at 783 K
(c). Solid curves represent fits according to the crystallization model
introduced in Ref. [9]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)

well developed structural arrangement. Small perturbations
in Bcr at the beginning of the inspected time interval
(10 min) are caused by stabilization of the temperature
when it was reaching the set-up point.

From the viewpoint of hyperfine interactions, the bulk
of bee-Fe nanograins are stable during the isothermal
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Fig. 4. Hyperfine magnetic field of crystalline (Bcgr — magenta squares)
and interfacial (Bjr — blue circles) components derived from the NFS
interferograms recorded against time of annealing at 753 K (a), at
753 K in By = 0.652 T (b), and at 783 K (c). (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

annealing. As demonstrated by relative contents of the IF
and CR components in Fig. 3(a), during the first 30 min
of annealing the IF component dominates that of the CR
one. This indicates that the grains are rather small and thus
exhibit a higher contribution of the atoms located at their
surfaces. Then, the grains grow in size which is documented
by a higher fraction of the CR component. The grain-
growth process saturates after the first hour of annealing.
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Structural transformation during annealing at the same
temperature of 753 K but in a weak magnetic field of
0.652 T proceeds much faster. Nanocrystals are well
developed within the first 15 min after the beginning of
annealing. This is demonstrated by saturated contribution
of the IF component in Fig. 3(b) as well as by the asso-
ciated By in Fig. 4(b) which has significantly increased
from about 20 T up to 24.4 T within this time period and
then it is also stabilized. The grains are, however growing
in size as seen from rising CR contribution that levels after
about 25 min of annealing. The Bcg value is stabilized after
15 min of annealing to about 25.8 T. This is lower than in
the zero-field annealed sample due to the applied magnetic
field. From Fig. 4(a) and (b) it is also evident that Fe atoms
in the interfacial regions exhibit a lower magnetic field
which yields a difference of about 0.9 T with respect to
zero-field annealing.

Magnetic field has a strong influence on the crystalliza-
tion kinetics when the time needed for crystallization is
by a factor of 3 less than that without the external magnetic
field at the same temperature of annealing. The evolution of
nanocrystals formation with time is shown in Fig. 5. The
symbols represent combined contributions from the IF
and CR components while the solid lines are results of
the fits to the experimental data according to the crystal-
lization model [9]. This observation introduces a new view
at the energy balance of the crystallization process through
the huge influence of small energetic perturbations of mag-
netic interactions in comparison with the thermal energy.

Temperature increase from 753 K to 783 K expectedly
speeded-up the crystallization rate (compare also
Fig. 3(a) and (c)). The same effect is reached, however by
annealing at lower temperatures in an external magnetic
field of 0.652T (Fig. 3(b)). It is noteworthy that the
formation of nanocrystals exhibits almost the same
progress with time when the metallic glass was annealed
under these two conditions.

The hyperfine field values of bee-Fe crystallites Beg that
were obtained by averaging the data presented in Fig. 4
over the time interval from the 20th up to the 60th min, that
is where Bcr are stabilized, are of 26.5T, 25.7 T, and
25.8T (error range £ 0.1 T) for annealing at 753 K,
783 K, and 753 K in By = 0.652 T, respectively. They are
consistent with those obtained from the conventional
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Fig. 5. Relative content of nanocrystals (including interfacial and
crystalline components) plotted against annealing time at 753 K (red
triangles), at 753 K within the external magnetic field B = 0.652 T
(blue squares), and at 783 K (magenta circles). Solid curves represent
fits according to the crystallization model introduced in Ref. [9]. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Mossbauer spectra of a-Fe foils taken in sizu under the par-
ticular temperatures and averaged over the results reported
by several research groups [37-41]. Small deviations
(~1.4T) between Méssbauer spectrometry and NFS data
can be attributed to the fact that while in the former, foils
with well developed crystals several micrometers in size
were used, the NFS experiments were performed upon
bee-Fe nanograins embedded in a residual amorphous
matrix of different compositions. Thus, contribution of
small inclusions of other constituent elements in the newly
formed bee nanocrystals [33,40] as well as the influence of
the surrounding amorphous matrix upon the resulting
hyperfine magnetic field values cannot be completely ruled
out.

From a qualitative point of view the time progress of
crystallization is very alike for all three types of isothermal
annealing. This phenomenon is illustrated with the help of
two different time scales that are used in Fig. 6. The
annealing time displayed on the bottom axis corresponds
to the annealing temperature of 753 K whereas the top axis
is used for annealing at 783 K and at 753 K in an external
magnetic field. Though the top axis characterizes more
rapid time evolution, all presented dependences are
comparable within the range of experimental errors. In fact,
the scaling of the top axis was obtained from a mutual
comparison of decrease in relative AM contributions
(Fig. 6(a)) as observed under different annealing conditions.
The total relative amount of nanocrystals in Fig. 6(b)
consists of contributions that stem from the sum of IF
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Fig. 6. Relative contents of amorphous residual phase (a) and
nanocrystallites (IF + CR) (b) plotted against time of annealing. The
bottom time axes refer to the lower annealing temperature (753 K).
The top axes correspond to the annealing at 783 K and at 753 K in
Bexy = 0.652 T. Solid curves represent fits according to the crystalliza-
tion model introduced in Ref. [9].
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and CR components similar as in Fig. 5. The solid lines cor-
respond to the fits. Whatever annealing conditions were
used the behavior of the curves exhibits the same trends
that are in agreement with the assumed crystallization pro-
cess based upon on-site nucleation and consequential
growth of spherical grains [9]. Thus, in a reduced time scale,
the mechanisms of the nanocrystal formation are the same
irrespective of annealing conditions.

Though the magnetic field applied simultaneously with
annealing presumably affects also the final state of the
material after the crystallization is completed we have
focused our attention on the transition period during the
transformation. A higher annealing temperature has caused
an anticipated increase of the crystallization rate (Fig. 5).
Similar though unexpected behavior was unveiled when
the weak magnetic field was applied at a lower annealing
temperature. In addition, the formation of larger grains
was observed in the latter case. In order to better
understand differences in the crystallization kinetics
between different types of annealing process, IF and CR
components are plotted separately in Fig. 7(a) and (b),
respectively.

The following assumptions can be made. In the case of a
higher annealing temperature (e.g. 783 K), a lower ener-
getic barrier for the formation of nucleation centers will
result in a higher number of nanograins. This consequently
leads to smaller nanograins due to space impeachment.
Therefore, the relative contribution of interfacial regions
(IF) that belong to Fe atoms with disturbed local surface
symmetry would increase in comparison with those that
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Fig. 7. Relative contents of interfacial IF (a) and nanocrystalline CR
(b) components plotted against time of annealing. The bottom time
axes refer to the lower annealing temperature (753 K). The top axes
correspond to the annealing at 783 K and at 753 K in Bex; = 0.652 T.
Solid curves represent fits according to the crystallization model
introduced in Ref. [9].

are created by 753 K annealing. This effect is seen in
Fig. 7(a). On the other hand, relative contribution of IF
regions in the sample annealed at 753 K in an external
magnetic field is the lowest. Thus, an increase in
magnetically induced energy barriers for nucleation favors
formation of a smaller number of larger grains which grow
more rapidly than during a simple heat treatment in
zero magnetic field. This observation is backed by the time
dependences in Fig. 7(b) that represent relative con-
tributions from the interior of bcc-Fe grains.

As far as field-induced changes in the kinetics of crystal-
lization are concerned, we suggest the following explana-
tion. Structural transformation from amorphous into
nanocrystalline state is a non-equilibrium thermodynamic
process during which the critical temperature and the crys-
tallization rate are governed by the Gibbs potential profile,
energetic barrier for a nucleation center formation [42] and
by the diffusion rate [43]. The assessment of crystallization
kinetics relays upon the difference between Gibbs potentials
in amorphous and crystalline states as well as the height of
the energetic barrier [44,45]. We can speculate that both
these thermodynamic parameters are affected by the
applied magnetic field. If the difference in the Gibbs poten-
tials became smaller, the crystallization would start earlier,
and, eventually with a higher crystallization rate.

4. Conclusions

Kinetics of crystallization of a NANOPERM FegZr;B;
alloy was investigated with the help of in situ nuclear for-
ward scattering of synchrotron radiation. Isothermal
annealing performed at the temperature slightly below the
crystallization temperature (as derived from DSC) has led
to the formation of nanocrystallites over a time span of
about one hour. A rapid speed up effect on the crystalliza-
tion process was observed when a weak magnetic field was
applied even though the initially amorphous NANOPERM
alloy was paramagnetic before transformation. The time
needed for saturation of the nanocrystallites was factor of
3 shorter than in the previous case.

In order to reach the same crystallization rate without an
external magnetic field an additional contribution of a ther-
mal energy of 30 K is needed. Detailed analyses of nuclear
forward scattered interferograms that were decomposed
into contributions stemming from the amorphous residual
phase and newly formed nanocrystallites provided an
opportunity to study independently the role of structurally
different regions. Moreover, using this approach it was pos-
sible to further differentiate between contributions from the
surfaces and bulk of the nanograins. Different amounts of
iron atoms located at the grains’ surfaces and in their bulk
were observed for different crystallization conditions, i.e.
temperature and/or magnetic field. Even though from a
qualitative point of view the time evolution of the crystal-
lization process is the same irrespective of annealing condi-
tions, the evaluation of these deviations unveiled some
differences in the supposed spherical grain growth process.
By ‘a qualitative point’ we mean that the crystallization
kinetics is usually assessed by taking into consideration
the formation of the nanograins as such without any sep-
aration of contributions from their surfaces and bulks.

Our results show that the use of a weak external mag-
netic field imposed upon the samples during their heat
treatment favors formation of larger grains. Here, an effect
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of an increased energy barrier caused by magnetic per-
turbations that subsequently prevent formation of new
nucleation centers is considered. This is in contrast with
zero-field annealing when presumably smaller grains are
formed.

An accelerated crystallization of metallic glasses was
followed to fine details that are completely hidden when
conventional analytical tools are employed. Even though
the influence of (strong) magnetic fields upon phase
transformations was already studied in structurally ordered
materials (steels), their impact on the progress of crystal-
lization in metallic glasses was not reported so far. The
most striking result of our observation is the fact that
already weak magnetic fields have triggered a considerably
high influence upon the crystallization kinetics of metallic
glasses. On the other hand, we can conclude that the
mechanisms of the nanocrystals formation are the same
irrespective of annealing conditions. The application of
in situ NFS experiments has a huge potential for observa-
tions of the evolution of phase transformations in real time
performed on fly during short time intervals.
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Kinetics of the crystallization process of Fe-Mo-Cu-B-type metallic glass is studied to fine details during
heat treatment under weak external magnetic field (0.652 T). Structural arrangement as well as magnetic
microstructure is followed on-fly using sophisticated method of in situ nuclear forward scattering (NFS)
of synchrotron radiation. The latter provides both quantitative (relative fractions) and qualitative (hyper-

fine magnetic fields) temperature dependencies of all structurally different samples’ components. They
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that in zero field.

belong to the amorphous residual matrix, the newly formed nanocrystalline grains, and to their surfaces,
respectively. The onset of crystallization during in-field magnetic annealing starts ~100 K earlier than

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Iron based amorphous [1,2] and nanocrystalline [3,4] alloys
exhibit excellent magnetic properties which offer a number of pos-
sible application, e.g. magnetic shielding, transformer, and elec-
tromotor cores [5-7]. Their properties are strongly related to the
structural arrangement [8] which is formed during the preparation
process or by additional thermal treatment. The starting amor-
phous materials are usually prepared by the method of rapid
quenching. During this process, a melt with the selected composi-
tion is rapidly quenched down which results in a disordered struc-
ture in a thermodynamically metastable state formation. After
subsequent exposure to elevated temperature above some critical
point the material relaxes into thermodynamically favourable
state. In addition, the formation of nanograins occurs in the amor-
phous matrix when crystallization temperature is exceeded [8].

During this process the originally amorphous alloy transforms
into partially crystalline state and the Gibbs potential falls to its
minimum. Crystallization is an irreversible phase transformation.
During this non-equilibrium thermodynamic process both the
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E-mail address: v.prochazka@upol.cz (V. Prochazka).
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0925-8388/© 2015 Elsevier B.V. All rights reserved.

critical temperature and the crystallization rate are determined
by the Gibbs potential profile, energetic barrier for a nucleation
centre formation [9], and by diffusion rate [10] at the specific tem-
perature [11]. The Gibbs potential is a function of thermodynamic
parameters like temperature, composition, pressure an/or mag-
netic field.

In order to improve their magnetic parameters, the formation of
nanocrystalline alloys from metallic glasses often takes place under
the conditions when the temperature of annealing and external
magnetic field act upon the originally amorphous alloy simultane-
ously. The response of various types of metallic glasses to the so-
called magnetic annealing has been studied by several groups
[12-16] resulting in appearance of induced magnetic anisotropy
in the heat-treated soft magnetic alloys. The beneficial effects of
heat treatment under magnetic field are discussed in terms of the
improved magnetic softness and the possibility to tune the applica-
tion oriented properties of Fe-based soft magnetic alloys by
employing only magnetization measurements. The behaviour of
microstructure was sometimes followed by X-ray diffraction and
transmission  electron microscopy after the annealing.
Nevertheless, no significant changes in either the crystallization
behaviour or in the size and morphology of grains as compared to
the zero-field-annealed reference samples were found [14]. It
should be noted that this is the only statement which relates to
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possible structural deviations imposed by magnetic annealing we
have found in a literature. The experiments were performed upon
(Fe1_xCoyx)gNb;By, HITPERM-type metallic glass exposed to field
annealing inside transverse (640 kA/m ~ 812 mT) and longitudinal
(20 kA/m ~ 25 mT) fields for 1 h at 773 K [14].

Regarding the previously reported results [ 12-16], detail knowl-
edge and understanding of the materials behaviour under magnetic
annealing is crucial to preserve its properties and functionality. This
paper focuses on the impact of magnetic field on the crystallization
kinetics and critical temperature of NANOPERM-type metallic
glasses. Recently, an effect of magnetic field applied during crystal-
lization of a metallic glass has been reported [17]. Nevertheless, the
question whether the applied field affects the nucleation barrier
rather than the energy difference between the amorphous and
the crystalline states or both of them is still open. In contrast to
[17] where the evolution of structural transformation took place
under isothermal magnetic annealing, here we studied the effect
of dynamically changing conditions (temperature).

The crystallization process is typically followed by macroscopic
methods like Differential Scanning Calorimetry (DSC) [18,19] or
magnetization measurements [20]. Microscopic methods like X-
ray diffraction or Mossbauer spectroscopy [21,22] are usually
employed ex situ, i.e. after the heating at a certain temperature is
completed. However, such approach can be affected by the cooling
process. Therefore, experimental methods that enable in situ obser-
vation during the annealing should be used in order to inspect the
kinetics of crystallization. Magnetization measurements and DSC,
which are generally applied for in situ investigations, provide only
integral information that is averaged over all structurally different
components comprising the emerging nanocrystalline grains as
well as the residual amorphous matrix. That is why a local probe
in situ experimental approach is necessary.

Recently, the method of nuclear forward scattering of syn-
chrotron radiation (NFS) become suitable for in situ experiments.
Extremely brilliant X-rays produced by the third generation of syn-
chrotron sources combined with precise monochromatization of
the photons energy enable rapid data acquisition. Consequently,
it is possible to monitor the crystallization process within a suffi-
cient time sampling of approximately one minute. This allows
direct study even during the annealing. Advantaging from the fact
that hyperfine interactions are straightforwardly related to struc-
tural arrangement we have recently reported on the nucleation
and growth processes that are taking place during isothermal
annealing of metallic glasses [11]. Through time evolution of
hyperfine interactions we followed the structural transformation
separately for the nanograins, their interfaces, and the residual
amorphous matrix.
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This paper aims at the investigation of crystallization process
under applied external magnetic field. The impact of magnetic field
has been studied mainly in ordered steels in case of austenite to
martensite transformation [23-25]. Acceleration of crystallization
in applied external magnetic field has been reported in the
FegoZr,B; metallic glass [17] during isothermal annealing. Here
we employ different approach that makes use of a dynamical tem-
perature increase over wide range of temperatures. This provides
relevant information on changes in the progress of crystallization
with respect to the applied magnetic field. On the other hand, the
evolution of hyperfine field values with temperature should be
assumed in the evaluation procedure. Using sophisticated experi-
mental approach we can obtain new insights into the thermody-
namics of the amorphous alloys.

2. Experimental details

The studied metallic glass Feg;MogCu;B;o was prepared by a melt-spinning
technique in a form of ~2 mm wide and ~20 pum thick ribbons at the Institute of
Physics, Slovak Academy of Sciences in Bratislava (courtesy of D. Janickovic).
Their chemical composition has been checked by optical emission spectrometry
with inductively coupled plasma (Mo, B) and flame atomic absorption spectrome-
try (Fe, Cu). Though both methods provide accuracy far below 0.5 at.%, we will use
the above mentioned formula (rounded to the units of at.%) for the identification of
the samples composition. In order to increase the count rate of NFS experiments
the samples were prepared from iron enriched to about 50% of the stable
isotope *’Fe.

The NFS experiments were performed at the Nuclear Resonance side-station
(ID22N) in ESRF, Grenoble [26]. The synchrotron radiation features tuneable energy,
high degree of polarization in the plane of the storage ring, small beam cross-sec-
tion, negligible divergence of the beam, pulsed time structure, and above all extre-
mely high brilliance (intensity). Excitation of the °’Fe nuclear levels was
accomplished by photons with 14.413 keV energy and ~3 meV bandwidth.

The investigated ribbon-shaped samples about 5 mm in length were placed
inside a furnace installed between two poles of an electromagnet. The latter pro-
vided external magnetic fields of 0.652 T. The incident linearly polarized beam
entered the sample perpendicular to the sample plane and the applied magnetic
field was oriented parallel to the polarization. Samples were heated in a vacuum
from a room temperature up to ~700 °C with the heating rate of 10 °C/min. NFS
data were measured starting from the beginning of heating and stored in one min-
ute intervals, which was sufficient to achieve satisfactory statistics. The annealing
experiment was performed with and without the external magnetic field applied.

The data obtained have been evaluated by the software package CONUSS
[27,28] which calculates and fits the theoretical model to the experimental points.
The evaluation is based on the diagonalization of the hyperfine interaction
Hamiltonian and the scattering amplitude calculation [29].

3. Results and discussion
The accumulated NFS time spectra are presented in a form of

contour plots in Fig. 1. The horizontal axes represent the time delay
elapsed between the excitation pulse and the detection of the

_®

Intensity (a.u.)

Fig. 1. Contour plots of NFS time records of the Feg;MogCu,B;o metallic glass measured without (a) and with external magnetic field of 0.652 T (b).
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Fig. 2. Examples of selected NFS time spectra of the Feg;MogCu,B;, alloy measured
at 20°C (a) and at 700 °C (b) in zero external magnetic field (blue triangles) and in
B=0.652T (red circles). Solid lines are fits according to the theoretical model
described in the text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

de-excited photons. The temperature at the sample is given on the
vertical axes. Intensities of the recorded signals are colours coded
in a logarithmic scale.

The investigated metallic glass exhibits at a room temperature
an amorphous structure with prevailing electric quadrupole inter-
actions. They are shown in Fig. 2a by well developed quantum
beats for zero-field (ZF) experiment. Nevertheless, as unveiled by
Conversion Electron Mossbauer Spectrometry (CEMS), traces of
surface crystallization were identified on both sides of the studied
ribbons [30]. On the wheel side, some nanocrystals were found by
conversion X-rays (CXMS) even in more deep subsurface regions
[30]. The surface nanocrystals demonstrate themselves by hardly
visible beatings of magnetic origin in the ZF time spectrum in time
intervals 60-90 ns and 140-160 ns. For the in-field experiment,
however, the magnetic contribution becomes more clearly visible
over the whole time span in Fig. 2a. The obtained NFS time spectra
were appropriately described by distributions of quadrupole split-
ting that correspond to an ensemble of iron nuclei found in the
amorphous part of the alloy (AM) and feel zero hyperfine magnetic
fields. Presence of surface magnetic bcc-Fe nanocrystals was mod-
elled by two interferometric components characterized by hyper-
fine magnetic fields. The resulting fits are plotted in Fig. 2a by
solid lines. The shapes of NFS time spectra recorded at 700 °C that
shown in Fig. 2b we will discuss below.

Selected examples of NFS time spectra measured without exter-
nal magnetic field and fitted according to the model described
above are shown in Fig. 3. A time spectrum in Fig. 3a corresponds
to a paramagnetic amorphous state before the onset of crystalliza-
tion. Note that at this elevated temperature the contribution of
magnetic beatings that belong to the surface nanocrystals is dras-
tically suppressed and almost no signs of them are seen in the time
regions 60-80 ns and 140-160 ns as was the case of a room tem-
perature measurement in Fig. 2a. This is a consequence of a small
number and tiny sizes of the nanocrystals whose magnetic
moments are highly relaxed at this relatively high temperature.
As a result, rather simple features of quantum beats that represent
almost pure electric quadrupole interactions can be observed.

At the beginning of (bulk) crystallization, presence of weak
magnetic hyperfine interactions in the time interval 140-160 ns
is unveiled in Fig. 3b. They were introduced by the newly formed
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Fig. 3. Examples of selected NFS experimental data (full symbols) with the fitted
curves (solid lines) of the Feg; MogCu;B;o alloy measured in zero external magnetic
field at the indicated temperatures: amorphous state before the crystallization (a),
beginning of crystallization (b), well developed crystallization (c).

ferromagnetic bce-Fe nanograins. Contribution of magnetic dipole
hyperfine interactions that correspond to hyperfine magnetic fields
of bce-Fe nanocrystals becomes fully visible in Fig. 3¢ which was
recorded after sufficiently long time of annealing (at high enough
temperature) when the first crystallization step is already well
developed.

Taking into consideration the fitting model of conventional
Mossbauer spectra of nanocrystalline alloys [31,32], the two
magnetically split components that are assigned to the bcc-Fe
nanograins can be interpreted as follows. One of them, denoted
as CR, represents iron atoms that reside in the bulk of nanograins
and exhibit well established crystalline symmetry. The second
one, henceforth denoted as IF, is assigned to those iron atoms
that are located at the surfaces of the nanograins and have more
or less disturbed translation periodicity. Such atoms form an
interfaceperiodicity. Such atoms form an between the residual
amorphous matrix and the nanograins. Due to broken symmetry
they are described by a broad Gaussian distribution of hyperfine
magnetic field. The same approach was used to evaluate isother-
mal NFS time spectra in our recent work [11]. In the ZF experi-
ment, the onset of crystallization can be determined as
Ty =390°C.

The situation when the NFS data were acquired at the same
temperatures but under simultaneous effect of an external mag-
netic field Bexy = 0.652 T is shown in Fig. 4. In amorphous state,
i.e. at moderately elevated temperature of 250 °C, quantum beats
of quadrupole splitting that represent paramagnetic amorphous
state of the sample dominate in Fig. 4a. Nevertheless, traces of
dipole magnetic interactions which belong to surface nanocrystals
are also observed. It is noteworthy that while the crystallization
just starts at 390 °C in ZF annealing conditions, it has been quite
well developed already when even weak external magnetic field
(0.652 T) was applied. The corresponding NFS time spectrum in
Fig. 4b shows already significant contribution of dipole magnetic
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Fig. 4. Examples of selected NFS experimental data (full symbols) with the fitted
curves (solid lines) of the Feg;MogCu;B;, alloy measured in an external magnetic
field of 0.652 T at the same temperatures as those in Fig. 3.

hyperfine interactions that stem from the presence of bcc-Fe
nanocrystals.

The selected examples of NFS time spectra in Figs. 2a, 3, and 4
clearly demonstrate the feasibility of the physical model used to
evaluate the experimentally acquired data. The significance of
the fits was checked by y? criterion. Using this approach, very
satisfactory fits were achieved over broad temperature interval
from the beginning of the annealing up to ~600 °C. Here, two
effects, which significantly influence the fitting model used, start
to exhibit themselves. They are illustrated in Fig. 2b where NFS
time spectra taken at 700 °C are presented. They are even better
seen in Fig. 1 where the peaks of quantum beats that correspond
to high temperature (>600 °C) time spectra are evidently shifted
towards higher delayed times.

The first effect rests with temperature evolution of hyperfine
magnetic fields that tend to collapse in the vicinity of Curie tem-
perature as demonstrated by the ZF NFS time spectrum in
Fig. 2b. It is featureless because the signal from ferromagnetic
bce-Fe nanocrystals is ill-defined as their hyperfine magnetic fields
fall down to values that are comparable in strength with those of
quadrupole splitting of the paramagnetic residual amorphous
phase. Consequently, the applied fitting model that consists of
one distribution of quadrupole splitting (AM) and two hyperfine
magnetic fields (CR, IF) is no longer valid.

The second effect is due to the new crystalline phases formation
during the second step of crystallization. This situation is shown in
Fig. 2b for the in-field experiment where the progress of crystal-
lization is more developed than in the ZF one. Along with bcc-Fe,
iron borides formation is expected [33]. Consequently, the current
fitting model cannot be satisfactorily applied, either. In order to
account for additional crystalline phases that are produced during
the second crystallization step, the corresponding fitting model
should be extended by additional components featuring hyperfine
magnetic fields (and their temperature dependencies). This is,
however, beyond the scope of the present study. That is why we
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Fig. 5. Relative amounts of amorphous (AM) (red squares) and total nanocrystalline
(CR + IF) (blue circles) components plotted against the temperature of annealing as
obtained from NFS of the Feg;MogCu;B;q alloy in zero magnetic field (a) and in the
field of 0.652 T (b). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

shall follow to discuss the results obtained from the fits up to
600 °C, i.e. within the first step of structural transformation [33].

Temperature dependencies of the relative fractions of the amor-
phous residual phase (AM) and the entire crystalline component,
i.e. CR+IF are plotted against the temperature of annealing in
Fig. 5. Several observations are worth to be mentioned: (i)
Surface crystallization that occurs in the as-quenched state con-
tributes by ~6% up to ~250 °C regardless the presence of external
magnetic field (the data for T < 200 °C exhibit no temperature evo-
lution and that is why it is not given in Fig. 5). (ii) The onset of crys-
tallization in ZF is determined as Ty; = 390 °C while for in-field
experiment it starts by ~100 degrees earlier. (iii) The beginning
of ZF crystallization (Fig. 5a) is quite abrupt and the formation of
nanocrystallites is rapid while during in-field annealing in Fig. 5b
a moderate increase in the crystalline fraction is observed. (iv)
Saturation of crystalline content in the ZF experiment is observed
at ~490 °C which is again by ~100 degrees earlier than under in-
field conditions. (v) In both cases, however, the final crystalline
content within the inspected interval of annealing temperatures
(T < 600°C) is almost the same (~50%) within the error margin.
Namely this last point is worth to emphasize this might be the rea-
son why the in-field annealed alloys do not need to exhibit any
structural changes [14] when inspected only after (and not during)
magnetic annealing.

While the relative contributions of the total crystalline and
amorphous regions within the alloy subjected to annealing can
be derived also for example by in situ diffraction of synchrotron
radiation [34], the NFS experiments can go further. Making use of
hyperfine interactions it is possible to assess the contributions
from structurally different regions to fine details. The relative frac-
tions of iron atoms that constitute an interior of the nanograins
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Fig. 6. Relative amounts of crystalline grains (CR) (a) and interface (IF) (b)
components plotted against the temperature of annealing as obtained from NFS
of the Feg;MogCu;B; alloy in zero magnetic field (blue circles) and in the field of
0.652 T (red squares). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. Hyperfine magnetic fields of crystalline (CR) and interfacial (IF) components
plotted against the temperature of annealing as obtained from NFS of the
Feg;MogCu; By alloy measured in zero and nonzero (0.652 T) external magnetic
field. Values corresponding to a-Fe are given for comparison (see text).

(CR) as well as their surfaces (IF) were derived from the fitting of
the experimental NFS time spectra to the model which was intro-
duced above. The results are mutually compared in Fig. 6. It should
be noted that the IF components appear at lower temperatures in
both modes of annealing than the corresponding CR ones. This
means that the newly formed crystallites are rather small as they
consist almost exclusively of surface atoms with broken symmetry.
As the grains grow in size, the CR components evolve also.

The CR and IF temperature dependencies tend to saturate for
T > 490 °C when annealed in zero-field. On the other hand, during
the in-field experiment both components exhibit rising tendency.
At the final inspected temperature of ~600 °C, the IF:CR ratio is
~2.6 and ~1.5 for ZF and in-field experiment, respectively. This
can be interpreted in terms of prevailing contribution of atoms
located at the grains surfaces when no magnetic field is applied
during temperature induced structural transformation from amor-
phous into nanocrystalline state. Givening the fact that the total

crystalline contents (CR +IF) is almost the same for both modes
of annealing, one can expect the formation of smaller number of
larger grains favoured by magnetic annealing.

The beginning of crystallization can be also determined from
the temperature dependencies of hyperfine fields in Fig. 7. In the
precrystallization stage, the plotted hyperfine fields correspond
to quenched-in nanograins that have been formed during the pro-
duction of the samples. As discussed above, they are predomi-
nantly located in subsurface regions [30] and contribute only
marginally to the NFS time spectra (see Fig. 5). Nevertheless, their
hyperfine magnetic fields follow temperature evolution of those
that correspond to bulk «-Fe crystallites. The latter values taken
from conventional Mdssbauer spectrometry temperature experi-
ments performed by Preston et al. [35] are plotted in Fig. 7 for com-
parison. With rising temperature of annealing the hyperfine
magnetic fields of the quenched-in nanograins decrease more
rapidly than those of crystalline «-Fe. This is due to temperature
induced relaxation of the magnetic moments as a result of small
grain dimensions. The differences observed between hyperfine
magnetic fields, which correspond to the CR and IF components,
are of ~3.5 T. Note that the oscillations of field values in the tem-
perature range 150-250 °C for the IF component obtained from in-
field experiments are artefacts caused by the fitting procedure due
to a small relative fraction (~6%) of the grains in this precrystal-
lization stage.

With the onset of (bulk) crystallization, a sudden increase in
hyperfine magnetic fields of both components by ~25T is
observed. This indicates the formation and growth of new nano-
grains which step by step acquire well developed structural
arrangement with rising temperature of annealing. Their hyperfine
magnetic fields closely follow the temperature dependence of «-Fe
crystallites. Nevertheless, slightly lower hyperfine magnetic fields
suggest that the established nanocrystals do not have a perfect
bce crystalline lattice that might contain some Mo inclusions
[34]. In ZF experiment, an abrupt increase of CR hyperfine mag-
netic fields is observed at ~400 °C which acceptably coincides with
the crystallization temperature T,; = 390 °C determined from rela-
tive fractions of the fitted components (see Fig. 5).

4. Conclusions

The effect of weak external magnetic field (0.652 T), which was
applied during dynamical annealing of the Feg; MogCu;B;o metallic
glass, upon its structural transformations from amorphous into
nanocrystalline state was monitored in situ using nuclear forward
scattering (NFS) of synchrotron radiation. Significant influence of
the field oriented parallel to the polarization of the synchrotron
radiation was revealed. The main conclusions can be summarised
as follows:

o The external magnetic field causes earlier onset of crystalliza-
tion than it was observed during annealing under zero-field
(ZF) conditions. Difference of ~100 degrees in the crystalliza-
tion temperatures was found between ZF and in-field experi-
ments. Structural transformation proceeds quite rapidly
during ZF annealing whereas the nanocrystalline contents
increase rather slowly in an external magnetic field. At the same
time, saturation of the amount of nanocrystals is found in the
former case. During magnetic annealing, the total crystalline
content rises progressively. In both annealing modes, however,
the total crystalline fraction is almost identical towards the end
of the first crystallization step.

o At high temperature of ZF annealing (T ~ 700 °C), the bcc crys-
talline phase undergoes a transition from ferromagnetic order
into paramagnetic state. Note that magnetic interactions in
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the amorphous residual phase collapse much earlier. When a
magnetic field is applied, the newly formed crystalline phase
is still ferromagnetic at this temperature. Possible explanation
assumes that the external magnetic field triggers not only the
first but also the second crystallization step at lower tempera-
tures. Consequently, additional crystalline phases (except of
bcc-Fe that is formed during the first crystallization step)
appear. They are responsible for the observed dipole hyperfine
magnetic interactions.
The evolution of structural transformations is determined also
from temperature development of hyperfine magnetic fields
that correspond to the nanocrystals. According to their values,
the grains are identified as bcc-Fe with minor inclusions of
Mo in the crystalline lattice.
Deconvolution of NFS time spectra into several components
according to a suitably chosen physical model, which is thor-
oughly described in the text above, enables to follow separately
the trends in temperature evolution of the particular quan-
titative (relative fractions) as well as qualitative (hyperfine
magnetic fields) parameters for all structurally different ele-
ments contained within the investigated alloy, viz. the amor-
phous residual matrix, the crystalline grains, and the
interfacial regions. Based on the results obtained, we can come
to the conclusion that magnetic annealing encourage produc-
tion of smaller number of larger nanograins in comparison with
those obtained during ZF annealing.

e Acquisition of NFS experimental data in short time intervals of
~1 min and their consequent theoretical evaluation has enabled
on fly inspection of the behaviour of the investigated metallic
glass during dynamical changes of the temperature of anneal-
ing, i.e. during the process of structural transformation that
was scanned in situ. Such approach is applicable also to other
types of Fe-based metallic glasses and thus the obtained results
can be straightforwardly generalized.

The crystallization rate is determined by the difference of the
Gibbs potential in amorphous and crystalline states as well as by
an energy barrier for formation of new nucleation centres
[36,37]. Considering the present study, we can assume that both
these conditions are affected by external magnetic field that is
applied during annealing. If the energy barrier was decreased,
the probability of new grains formation would increase and, conse-
quently, the onset of crystallization would appear earlier, i.e. at
lower Ty;. Indeed, this is what we have found by comparing the
progress of structural transformation in situ during the process of
annealing. It is noteworthy that we did not simply compare the
original and the final states of the investigated metallic glass before
and after annealing with and without external magnetic field but
checked its evolution systematically during the heating itself. In
this paper we demonstrate that the method of nuclear forward
scattering of synchrotron radiation is a very effective tool for
in situ studies of structural transformations. Time evolution of
the latter can be investigated not only under isothermal conditions
[11] but also when the temperature is dynamically changing.
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Evolution of structure and local magnetic fields
during crystallization of HITPERM glassy alloys
studied by in situ diffraction and nuclear forward
scattering of synchrotron radiation

Marcel Miglierini,*° Marius Pavlovi¢,? Vit Prochazka,© Tomas Hatala,
Gerhard Schumacher® and Rudolf Ruffer®

Evolution of structure and local magnetic fields in (Fe; ,Co,)76MogCu;B;s (HITPERM) metallic glass ribbons
with various amounts of Co (x = 0, 0.25, 0.5) were studied in situ using diffraction and nuclear forward
scattering of synchrotron radiation. It was found that crystallization of all three glasses proceeds in two
stages. In the first stage, bcc (Fe,Co) nanocrystals are formed, while in the second stage additional
crystalline phases evolve. For all three glasses, the crystallization temperatures at the wheel side were
found to be lower than at the air side of the ribbon. The crystallization temperatures were found to
decrease with increasing Co content. The lattice parameters of the bcc nanocrystals decrease up to about
550 °C and then increase pointing to squeezing Mo atoms out of the nanograins or to interface effects
between the nanocrystals and the glassy matrix. Nuclear forward scattering enabled separate evaluation of
the contributions that stem from structurally different regions within the investigated samples including
the newly formed nanocrystals and the residual amorphous matrix. Even minor Co content (x = 0.25) has
a substantial effect not only upon the magnetic behaviour of the alloy but also upon its structure. Making
use of hyperfine magnetic fields, it was possible to unveil structurally diverse positions of Fe atoms that
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1. Introduction

Nanocrystalline metallic alloys represent a new class of materials
with unique physical properties that are suitable for a variety of
practical applications." There are three families of nanocrystalline
alloys (NCAs), namely FINEMET,” NANOPERM,* and HITPERM."
They all can be prepared from metallic glasses (MGs) with a
suitable chemical composition that are annealed under well
defined conditions (temperature and time). Annealing induces
partial crystallization that is characterized by formation of crystal-
line grains with typical sizes of up to several tens of nanometres.
Physical properties of the NCAs can be tailored not only with the
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reside in a nanocrystalline lattice with different numbers of Co nearest neighbours.

aid of their chemical composition, but also by varying the size of the
nanoctystalline grains, their morphology, and composition. Thus,
structural transformations obtained through crystallization consid-
erably affect the macroscopic physical properties of these materials.

Crystallization is a one-way process of phase transformation
that governs the structural order. In order to understand macro-
scopic properties of the NCAs, it is inevitable to understand their
microstructure as well as the physical consequences of structural
transformations. The latter are accompanied by changes in
hyperfine interactions that, consequently, modify the overall
magnetic properties. In contrast to MGs, the magnetic parameters
of the NCAs do not substantially deteriorate at elevated tempera-
tures,”® which might occur in some practical applications.

In order to understand the correlation between structural
arrangement and macroscopic magnetic properties, both amor-
phous MGs and NCAs are investigated by a broad arsenal of
diagnostic techniques. In our earlier studies, we used differ-
ential scanning calorimetry (DSC), X-ray diffraction, trans-
mission electron microscopy, high resolution electron microscopy,
electron diffraction, scanning microscopy, Mossbauer spectro-
metry, nuclear magnetic resonance spectroscopy, atomic field
microscopy and conventional magnetic measurements.”
Nevertheless, the majority of these techniques can provide only
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ex situ information as the time needed for acquisition of
sufficiently good statistics of the experimental data frequently
extends over several tens of minutes or even hours. Sub-
sequently, in situ investigation of the induced structural trans-
formations is not possible in real time using these techniques.

There are few methods suitable for in situ investigations.
However, they usually scan the whole bulk of the investigated
systems and provide information that is averaged over all
structurally different regions. These comprise for example DSC
and/or magnetic measurements. Thus, the in situ characteriza-
tion of structural transformations during crystallization of MGs
is an ambitious task. This is especially true when information on
an atomic level is of interest. To ensure this, advanced in situ
characterization analytical tools such as those using superior
intense X-ray beams produced by the third generation of the
synchrotron radiation sources should be employed.

Formation of ultrafine microstructure in a FINEMET-type alloy
was followed by Késter et al.'® using in situ time resolved diffrac-
tion of synchrotron radiation (DSR). Their findings emphasised
the role of diffusion of impurities during the transformation.
Kinetics of crystallization of FINEMET-type MGs'*'> and the effect
of Co upon the kinetics of crystallization'® were also studied using
in situ DSR. Structural relaxation processes in MGs studied by
in situ DSR showed that microscopic structural changes can be
correlated to macroscopic characteristics such as the thermal
expansion coefficient.'” Furthermore, Poulsen et al.'® demon-
strated that deformation tensor components can be extracted
from MGs using high quality synchrotron diffraction data. As far
as bulk MGs are concerned, differences in their glass-forming
abilities were pointed out to be responsible for different icosa-
hedral arrangements in short-range order."

High Energy Xray Diffraction (HEXRD) of synchrotron
radiation was employed in situ to investigate the change of free
volumes upon heating.?° It was also engaged to measure plastic
deformation mechanisms in MGs.*' Recently, we have used
in situ HEXRD (energy ~60 keV) for the study of structural
arrangements and relaxation processes induced in FINEMET-
type MGs by swift heavy-ion bombardment.”> Kinetics of
crystallization was reported earlier in similar alloys using low
energy (~7 keV) in situ DSR.>®

As mentioned above, mostly FINEMET-type alloys have been
studied by advanced in situ tools so far. In this work, we demon-
strate the use of novel in situ characterization techniques based on
synchrotron radiation in the investigation of (Fe,Co)-Mo-Cu-B
nanocrystalline alloys with varying chemical composition. We have
chosen this Mo-HITPERM system because of its interesting mag-
netic behaviour and also because it was thoroughly studied using
conventional methods. Structural transformation, compositional
dependence of Curie temperature, and magnetic behaviour of
(Fe,Coy);0M0gCu3By, (x = 1, 2, 3, 6, 9, 12) and Fe,oMogCu;B;,
MGs were investigated by Conde et al>** Recently, changes in
the magnetic properties provoked by the microstructural evolution
were followed also by Méssbauer spectrometry.”® Namely the latter
technique enables mutual correlation between structural arrange-
ment and magnetic order. Mossbauer spectrometry was extensively
employed to examine hyperfine interactions of the as-quenched and
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annealed aforementioned MG as well as of the one with the same
Fe/Co ratio but with higher amount of boron, that is (Fe;_,Coy)76
MogCu;B;5.>"*® Though both compositions behave very alike
especially for higher Co contents, their original Co-free alloys are
remarkably different from the magnetic order point of view. While
the alloy with 12 at% of boron is paramagnetic at room temperature,
weak magnetic interactions are observed for 15 at% of boron. That is
why the latter system is better suited for the study of hyperfine
magnetic interactions in the vicinity and above room temperature.

In this work, formation of nanocrystalline grains during struc-
tural transformation of a heat-treated original metallic glass is
followed by in situ diffraction of synchrotron radiation. Extended
information about changes in their magnetic states is obtained by
nuclear forward scattering (NFS) of synchrotron radiation.*® This
method enables differentiation of the signal given by the amor-
phous residual matrix from the signal given by the newly formed
nanocrystals. Because the experimental data are collected during a
very short time (about one minute), on-fly inspection of both
structural and magnetic aspects of the transformation is possible.
Furthermore, NFS can distinguish between atoms positioned in
the bulk and those on the surfaces of the nanograins.

2. Experimental details

2.1 Investigated materials

NANOPERM-type nanocrystalline alloys based on Fe-M-B-Cu,
where M = Zr, Nb, Hf, Mo,. .. have been proposed by Suzuki.**°
These alloys show small magnetostrictive coefficients and,
simultaneously, large permeability. Substitution of cobalt
atoms at the expense of iron in the (Fe,Co)-M-Cu-B-type alloys
called HITPERM® shows high permeability and high Curie
temperatures. Cobalt with its soft magnetic properties is impor-
tant for set of magnetic properties in the final alloys.

As-quenched MG alloys (Fe;_,Co,),sM0gCu;B;5 with various
amount of Co (x = 0, 0.25, 0.5) were prepared by the method of
planar-flow casting on a rotating quenching wheel in the form
of ribbons about 10 mm wide and 20 pm thick. In addition,
about 1-2 mm wide ribbons that were enriched to about 50% in
the *’Fe isotope were prepared for x = 0 and 0.25. Because the
content of the *’Fe in natural iron is only ~ 2%, these samples
were used to facilitate the NFS experiments, i.e., to increase the
count rate and so to shorten the acquisition time.

The side of the ribbons that was in direct contact with the
quenching wheel will be referred to as the wheel side. The opposite
side, ie., the one exposed to the surrounding atmosphere during
the production process will be called the air side. Chemical
composition of the alloys enriched in *’Fe was checked by optical
emission spectrometry with inductively coupled plasma (Mo, B)
and flame atomic absorption spectrometry (Fe, Co, Cu).

2.2 Methods

2.2.1 Synchrotron radiation and its diffraction. Synchro-
trons represent unique sources of radiation that is charac-
terised by outstanding properties.®" The synchrotron radiation
features tuneable energy, a high degree of polarization, a small

This journal is © the Owner Societies 2015
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beam cross-section, negligible beam divergence, pulsed time
structure, and above all extremely high brilliance (intensity).

The tremendous brilliance of synchrotron radiation enables
such diffraction experiments that are not feasible with conven-
tional X-ray sources. For example, it is possible to acquire
diffractograms during continuous temperature increase of a
heat treated investigated sample and thus to observe in situ the
process of structural transformation.

DSR was performed at the KMC-2 experimental station at
BESSY II, Berlin, with the energy of 7 kev (1 =0.177121 nm) and
a photon flux of ~2 x 10'° photons per s. The estimated heat
load at the sample was ~22 pW. The main (110) reflection
maximum of a bee-Fe lattice was registered using a 2-D Bruker
HI-STAR detector. The data were acquired every 10 s with an
angular resolution of 0.03° in a standard 26 scattering geo-
metry. Using grazing incidence arrangement, the penetration
depth of the radiation is ~3-4 pm. In this way, surface studies
are possible and that is why the diffractograms were recorded
from both sides of the ribbon-shaped samples.

About 2 cm long pieces of as-quenched alloys were posi-
tioned in an evacuated hemispherical dome made from ber-
yllium. The samples were attached to a heated holder and
exposed to continuous heating with a temperature increase of
10 K min™" up to 800 °C.

2.2.2 Nuclear forward scattering of synchrotron radiation
(NFS). Mossbauer spectroscopy (MS) is a method that directly
correlates magnetic states of the studied materials with their
structure through hyperfine interactions.”%?* It is, however, quite
time consuming and thus not suitable for observation of rapid
dynamic processes. With the availability of the third generation
synchrotron sources, the method of nuclear forward scattering
(NFS) of synchrotron radiation®* became feasible. NFS makes use
of the *’Fe resonant atoms as probes of the local magnetic and
electronic properties in the investigated samples and provides
information on hyperfine interactions similar to MS. Application
of this technique is helpful in revealing the mutual relation
between the magnetic arrangement and the structure of the
studied materials and it can be used in dynamic in situ regimes.

The pulsed time structure of synchrotron radiation opens up
new horizons for experiments in the time domain. The syn-
chrotron radiation beam is tuned to the energy of the requested
Mossbauer isotope and highly monochromatized with an
energy bandpass of meV. The beam impinges on to the sample,
where all energetic levels of every Mossbauer nucleus present in

View Article Online

Paper

the sample are excited at the same time during the short pulse
of the synchrotron radiation. In the time slot between two
subsequent pulses, all excited nuclei coherently emit the excess
energy in the form of resonance delayed photons that are
registered with the fast detector.

The nuclear levels are often split due to hyperfine inter-
actions as shown at the left-hand side of Fig. 1. Here, an example
of magnetically split nuclear levels of *’Fe is shown. Energy
separation among the levels is of the order of peV. Thus, the
synchrotron radiation with a bandwidth of several meV excites
all nuclear transitions simultaneously. The successive decay is
characterized by an interference of the nuclear transitions from
all excited levels giving rise to the delayed signal in the time
domain, viz. NFS interferogram. The latter exhibits characteristic
beating of intensities called quantum beats. An example of such
a record is shown on the right-hand side of Fig. 1.

The resulting NFS interferogram of the characteristic
quantum beats carries information on electric quadrupole
and magnetic dipole hyperfine interactions that are unique
for individual atomic sites of the resonant atoms. The counts of
delayed photons are registered as a function of the time that
has elapsed after the excitation. That is why NFS is sometimes
referred to as Mossbauer spectrometry in the time domain.
Several applications of this technique to different problems of
condensed matter physics including NFS in glassy and nano-
scale materials are reviewed in ref. 33.

NFS experiments were performed at the Nuclear Resonance
side-station ID22N of the European Synchrotron Radiation
Facility (ESRF), Grenoble. Excitation of the *’Fe nuclear levels
was accomplished by a photon beam with 14.413 keV energy,
~10° photons per s flux, and ~3 meV bandwidth. The esti-
mated heat load at the sample was ~2 pW. Samples were
placed in a vacuum furnace and heated up with a ramping rate
of 10 K min~" up to 670 °C. The maximum annealing tempera-
ture was limited by Kapton windows of the furnace. The total
annealing time was 65 minutes. The NFS interferograms were
continuously recorded every minute during the whole anneal-
ing process in transmission geometry. Thus, information for
the bulk of the sample is obtained. Samples enriched in the
stable *’Fe isotope were used in order to enable faster data
acquisition. They were ~1-2 mm wide while the spot-size of
the synchrotron beam was 0.7 x 0.3 mm?. Evaluation of the
experimental data was accomplished by the CONUSS software
package.’*%

[
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Fig.1 Magnetically split nuclear levels of °’Fe (left), photons from de-excitation transition decays that are characterized by the frequencies (energies)

to we (Middle), and the resulting interferogram (right).
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3. Results and discussion
3.1 Diffraction of synchrotron radiation

The process of structural transformation of originally amor-
phous metallic glasses was followed by DSR taken from both
sides of the ribbon-shaped samples. In order to speed-up the
acquisition of experimental data, the position of the 2-D
detector was fixed. Taking into consideration the distance
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between the sample and the detector as well as the sensitive
area of the latter, it was possible to acquire the scattered signal
from about 14° of 20 angles. That was enough for following the
time evolution of the principal (110) reflection belonging to an
expected bce-Fe crystalline phase.

Diffractograms obtained for the (Fe; ,Co,);6M0gCuyB;s
alloys are presented as contour plots in Fig. 2-4 for x = 0,
0.25, and 0.5, respectively. Vertical scales show the temperature

55
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Fig. 2 Contour plots of diffractograms recorded by in situ DSR from the air (a) and the wheel (b) side of the (Fe;_,Co,)76MogCu;Bs (x = 0) alloy.
Crystallization temperatures T, and Ty, are indicated by the horizontal white lines.
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Fig. 3 Contour plots of diffractograms recorded by in situ DSR from the air (a) and the wheel (b) side of the (Fe;_,Co,)76M0gCu;Bs (x = 0.25) alloy.
Crystallization temperatures T,; and T, are indicated by the horizontal white lines.

700 —
3 600 )
R By
o o
=5 =
7 500 2
“é 3
© 400 5

300

50 52 54 56 58 60
26 (deg)

D
o
o

(4]
o
o

H
o
o

w
o
o

50 52 54 56 58 60
26 (deg)

Fig. 4 Contour plots of diffractograms recorded by in situ DSR from the air (a) and the wheel (b) side of the (Fe; ,Co,);6M0ogCu;B;s (x = 0.5) alloy.
Crystallization temperatures T4 and T,, are indicated by the horizontal white lines.
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of the sample and the horizontal ones represent 20 angles from
48° to 62°. This range was covered by the fixed 2-D detector and
coincides with the position of the main (110) reflection at
~52° Intensities of the diffracted lines are colour coded as
shown by the corresponding legends. The depicted tempera-
tures T extend from 300 °C up to 700 °C where the structural
transformations of interest take place within this temperature
interval. The temperature of the onset of the first and the
second crystallizations Ty, and Ty, respectively, are marked
in the figures with white lines.

The contour plots in Fig. 2-4 can be subdivided into three
temperature regions. In the first region where T < T4, the
investigated alloys are fully amorphous. The corresponding
diffractograms exhibit broad reflections that are spread over a
wide range of 20 angles. The second temperature region with
Ty1 < T < Ty, is characterized by the onset and formation of
the first crystallization phase. This is identified by a single
narrow reflection peak that progressively rises in intensity with
annealing temperature. At the same time, a shift of the position
of its maximum towards smaller 20-values is observed. This can
be ascribed to a lattice expansion with increasing temperature
of the sample. For x = 0 in Fig. 2, this crystalline phase belongs
to becc-Fe that is supersaturated with some Mo. The newly
formed nanocrystals are only about 5-8 nm in size."' In the
x = 0.25 (Fig. 3) and x = 0.5 (Fig. 4) alloys, the main diffraction
peak corresponds to bee-(Fe,Co) phase.

In the third temperature region where T' > T,,, additional
crystalline phases have evolved. They were identified as fcc-Fe,3Bg
(x = 0) and Fe(Co,Mo0),3B, (x = 0.25, 0.5). In the early stages of the
2nd crystallization, a CoMoB crystalline phase was identified in
the x = 0.5 alloy. Above the temperature of ~660 °C, formation of
the tetrahedral B,Mo,Fe phase is observed for x = 0.

Using the contour plots in Fig. 2-4, the T}, and T, values were
determined. They are plotted as a function of the cobalt concen-
tration in Fig. 5. The estimated uncertainty in the determination of
the crystallization temperatures is of +3 °C. The corresponding
error bars in Fig. 5 are almost equal to the size of the symbols.

The onset of the first (Ty,) and the second (Ty,) crystal-
lization processes occurs earlier at the wheel side. Temperature
differences in Ty, between the air and the wheel side are of
13 °C, 10 °C, and 23 °C as determined for x = 0, 0.25, and 0.5,

T
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Fig. 5 Crystallization temperatures T,; and T,, plotted against the Co
content in the (Fe;_,Co,)76M0gCu;B;s alloys as derived from in situ DSR
taken from both the air and wheel sides of the ribbons. The lines are only
guides to the eye.
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respectively. In the case of T,,, the values of 7 °C, 15 °C, and
30 °C were obtained. It is noteworthy that for the Co-containing
alloys, variations in T,, and T,, observed for both sides scale
with the Co content. Doubling the amount of Co from x = 0.25
to x = 0.5 has doubled also the temperature separation.

As seen in Fig. 5, both stages of crystallization start at lower
temperatures in the alloys with higher Co contents. One can
also compare the deviations between Ty, and T, for both sides
of the ribbon-shaped samples. At the air side, they represent
temperature separations of 177 °C, 216 °C, and 217 °C for x = 0,
0.25, and 0.5, respectively. At the wheel side, the crystallization
temperatures differ between the second and the first structural
transformation by 183 °C, 211 °C, and 210 °C, correspondingly.
However, in contrast to the temperature deviations observed
between both sides of the ribbon, the Co addition has practi-
cally no effect upon the temperature interval between the
onsets of the second and the first crystallization stages.

We have performed quantitative analysis of all data obtained
from in situ DSR experiments shown in Fig. 2-4. The crystalline
contents and positions of the principal reflection peaks were
derived from fits of the diffractograms with Gauss and Lorentz
lines. They were assigned to the amorphous phase and newly
formed nanocrystals, respectively.

The areas under the narrow lines can be considered to
be proportional to the relative amounts of bcc-Fe and/or
bee-(Fe,Co) nanocrystals that have evolved from original amor-
phous precursors during the heat treatment. They are plotted
against the annealing temperature in Fig. 6. In order to avoid
any influence of crystalline phases that start appearing at the
onset of the second crystallization step, the analyses were
terminated well below Ty, of the particular alloys.

It should be noted that the data presented in Fig. 6 need not
necessarily correspond to the actual contents of nanocrystals
because the diffractograms were recorded only from a limited
range of 20 angles. A systematic error of about £3% can be
estimated due to truncation of some parts of the diffractograms
mostly in the small 260 angle region. An example of such fitting
is demonstrated in Fig. 7 for the wheel side and x = 0.5 at the
temperature of 450 °C. The error bars plotted in Fig. 6 were
obtained from the fitting procedure. Despite the above
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Fig. 6 Crystalline fractions plotted against the temperature of annealing
as obtained from the deconvolution of in situ DSR data recorded from the
air (full symbols) and the wheel (open symbols) sides of the (Fe;_,Co,)ze-
MogCu;Bs alloy. Solid lines are only guide to the eye.
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Fig. 7 Deconvolution of a diffractogram obtained from the wheel side of
the (Fe;_xCoy)76M0gCu;Bis, x = 0.5 alloy at 450 °C. The individual com-
ponents correspond to the crystalline phase (CR) and to the residual
amorphous matrix (AM).
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Fig. 8 Differential scanning calorimetry of the (Fe;_,Co,);6M0ogCu;Bis
alloy. Temperature of the onset of crystallization is marked with arrows.

mentioned restrictions, the overall trends in the temperature
evolution of the crystalline contents are maintained. The tem-
peratures of the onset of the first crystallization T, determined
from Fig. 6 are in agreement with those presented in Fig. 5.

DSC records obtained from the investigated samples are
plotted in Fig. 8. The onset of crystallization is marked with
arrows. A reasonable agreement between DSR and DSC data is
achieved. Small deviations observed might be caused by different
annealing conditions. DSC was acquired under an inert atmo-
sphere whereas DSR was performed in vacuum.

Positions of the reflections from DSR were used to calculate
the lattice parameters of the bcc phases. They are shown in
Fig. 9 as a function of temperature for all investigated samples.
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Fig. 9 Lattice parameter plotted against the annealing temperature for
the (Fe;_xCo,)76MogCu;B1s alloy. Solid lines are only guide to the eye.
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The Co-free alloy (x = 0) shows rather high lattice parameters,
which means that probably Mo is incorporated into the bce
lattice thus causing its expansion. In the x = 0.25 and 0.5 alloys,
lower values are observed depending upon the Co content. This
indicates that Co atoms apparently expel molybdenum from the
bee lattice. The initial decrease of the lattice parameter with
temperature can be caused by two possible effects: (i) Mo that is
incorporated into the nanograins diffuses out with increasing
temperature and (ii) the lattice parameter at lower temperatures,
i.e., when the grains start to evolve, is influenced by an interface
effect.® A rapid increase of the lattice parameter indicates
temperature-induced lattice expansion.

3.2 Nuclear forward scattering of synchrotron radiation

The use of in situ DSR described above helped in the elucida-
tion of the temperature induced structural transformations in
the studied (Fe;_,Co,);6M0gCu;B15 MG. Because of the applied
experimental geometry (see Section 2.2.1), the reported results
were obtained from subsurface regions that extend only to a
limited depth (~3-4 pm). On one hand, this approach has
revealed structural differences between both sides of the inves-
tigated ribbon-shaped specimens. On the other hand, informa-
tion related to areas far away from the surface (>4 pm) of the
samples is not available. However, this can be gathered from
another in situ synchrotron-based technique, namely with
nuclear forward scattering (NFS) of synchrotron radiation.
Some basic aspects of this less established method are briefly
mentioned in Section 2.2.2. Let us emphasise that NFS scans
hyperfine interactions of the *’Fe resonant nuclei that are
contained in the whole investigated material. As the hyperfine
interactions are governed by local atomic order, information on
both structural arrangement and magnetic ordering can be
obtained simultaneously from NFS interferograms. The latter
represent plots of the number of ‘delayed’ photons, which are
emitted by the sample during the process of its de-excitation, as
a function of time that has elapsed after the excitation with a
synchrotron-radiation pulse.

In order to facilitate the NFS experiments, samples enriched
in ®’Fe to about 50% have been used. Contour plots obtained
from NFS interferograms recorded every minute during con-
tinuous temperature increase (with the ramping-rate of
10 K min ") are shown in Fig. 10 for x = 0 and x = 0.25 alloys.
Vertical axes represent the temperature of the investigated
samples while the elapsed time is given on the horizontal ones.
The counts of the registered photons (intensities) are colour
coded in a logarithmic scale. In total, about 90 interferograms
were acquired during one experiment. Only those which exhibit
pronounced development of hyperfine parameters with tem-
perature are shown in Fig. 10.

Clear distinctions are seen in the character of the contour
plots for x = 0 and x = 0.25. The as-quenched Co-free Fe;sMog-
Cu;B;5 MG shows close-to-room Curie temperature T¢ = 40 °C.%’
That is why the obtained NFS records in Fig. 10a correspond
to quadrupole electric interactions that are typical for para-
magnetic materials. Consequently, the presented NFS inter-
ferograms can be described by the quantum beats that stem
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Fig. 10 Contour plot of 3-D nuclear forward scattering data of (Fe;_,Coy)76M0ogCu;Bs for x = 0 (a) and x = 0.25 (b). Crystallization T, and Curie Tc

temperatures are indicated by the horizontal white lines.

from distributed quadrupolar doublets. Their evolution with
increasing annealing temperature does not show any qualitative
changes. Even the onset of the first crystallization T, is quite
difficult to unveil only from these data. This is partly also due
to the fact that the produced bcc-Fe nanograins are small
(~5-8 nm) and not very abundant (see Section 3.1). Conse-
quently, the corresponding hyperfine interactions at T > Ty, are
considerably smeared out and their contribution to the NFS time
records is hindered with the signal from the residual amorphous
matrix. Because of these unfortunate difficulties, the x = 0 alloy is
obviously an inappropriate candidate to demonstrate the diag-
nostic potential of the in situ NFS technique. On the other hand,
the x = 0.5 sample exhibits stronger magnetic interactions®
which give rise to higher Tc. At the same time, this composition
features lower temperature of the first crystallization 7., (Fig. 8)
than the x = 0.25 alloy. Consequently, one can expect a narrower
temperature region between T¢ and T,; in which pure para-
magnetic amorphous phase exists and the evolution of NFS time
records would be rather rapid. We have also considered techno-
logical limitations that are associated with the production of
iron enriched alloys. That is why the main attention is paid
merely to the results achieved from the x = 0.25 alloy in the
following part.

The character of NFS interferograms in Fig. 10b changes
abruptly at two distinct temperatures, viz. Tc and Ty,. They
subdivide the inspected temperature interval into three diverse
regions. In the first one where T < Tg, the studied alloy is
completely amorphous and it undergoes the second order
structural transition from the ferromagnetic to paramagnetic
state at Tc. Addition of cobalt to the original NANOPERM-type
Fe-Mo-Cu-B alloy modifies its chemical composition. In this
way, a HITPERM-type Fe(Co)-Mo-Cu-B MG is produced. The
latter is ferromagnetic at room temperature in the as-quenched
amorphous state.

Evaluation of interferograms in this region was accom-
plished according to the physical model consisting of two
distributions of hyperfine magnetic fields. They were assigned
to short-range order (SRO) regions with high (~22 T) and low
(~8 T) average hyperfine magnetic fields under ambient con-
ditions (room temperature). They originate from deviations in

This journal is © the Owner Societies 2015

chemical composition around the resonant iron atoms
(chemical SRO) as well as from the influence of topological
SRO.

In the intermediate temperature region where Tc < T < Ty,
the qualitative behaviour of NFS interferograms is similar to
that observed in the x = 0 alloy. From a structural point of view,
the sample is still amorphous. It is, however, already para-
magnetic and that is why only relatively simple quantum beats
of electric quadrupole interactions are observed. Consequently,
the experimental data corresponding to this temperature interval
were modelled with one distribution of quadrupole splitting.

Selected examples of interferograms from these two tem-
perature regions are shown in Fig. 11a. After a moderate
temperature increase to 107 °C, the sample exhibits amorphous
structure with quantum beats assigned to hyperfine magnetic
interactions. They are demonstrated by small periodic oscilla-
tions in the 35-65 ns time region. At 167 °C, minor traces
of these beats are still visible but they vanish completely at
Tc ~ 247 °C. Beyond this temperature (e.g., at 307 °C), the
interferograms demonstrate quantum beats that correspond to
electric quadrupole hyperfine interactions. Here, the sample is
still fully amorphous but already paramagnetic. This character
of the quantum beats persists, from a qualitative point of view,
till the onset of crystallization (see for example the inter-
ferogram at 427 °C in Fig. 11b).

The third temperature region T > Ty, is characterized by
continuous formation of nanocrystalline bec-(Fe,Co) grains.
They are identified by the corresponding quantum beats that
appear in the time region 43-83 ns, and represent hyperfine
magnetic fields. Fig. 11b shows, however, an interferogram at
447 °C in which the magnetic quantum beats are better visible.
With increasing annealing temperature these rather narrow
magnetic quantum beats gradually quickly evolve as the corres-
ponding nanocrystalline phase does. This is demonstrated by
an interferogram taken at 457 °C. Finally, at the end of the
heating process at ~647 °C, the sample is already well crystal-
lized and the resulting interferogram clearly shows magnetic
structure.

Evaluation of the interferograms in this temperature region
was accomplished with a model that took into consideration
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Fig. 11 Selected records obtained from NFS for the (Fe; ,Co,)76M0gCu1B1s (x = 0.25) at the indicated temperatures in the vicinity of Tc (a) and T,q (b).
Experimental data (symbols) are fitted (solid lines) according to the model described in the text.

both the presence of a residual amorphous matrix that was,
however, in the paramagnetic state as well as the newly formed
bee-(Fe,Co) nanocrystals. The former was fitted with one dis-
tribution of quadrupole splitting that was applied actually
already in the T > T, region. The latter were represented by
four components with hyperfine magnetic fields (not distributed)
whose relative fractions were derived from a binomial distribution
of the Co nearest neighbours:

8!

PO = s =

X (1= x)(R—»«) )
where 7 is the number of Co nearest neighbours and x is the Co
concentration (x = 0.25). The number of sextets used was deter-
mined by a condition of a minimum contribution P(n) > 5% that
could be unambiguously distinguished in the interferograms.
Consequently, 0, 1, 2, and 3 Co nearest neighbours in the bec-
(Fe,Co) lattice were considered. In order to ensure a convergent
fitting procedure, the relative fractions of the magnetic compo-
nents were fixed to the values obtained from eqn (1). Their
hyperfine magnetic fields were fitted without any restrictions.
We have tried also more magnetic components, however the fit
became unstable.

As can be seen from Fig. 11, the obtained fits (solid lines)
satisfactorily represent the measured experimental data (full
symbols). Some deviations are observed at the transition tem-
peratures (T¢, Ty;) where the applied physical models change.
This is well visible at T because of an abrupt transformation of
the character of the hyperfine interactions from dipole mag-
netic into quadrupolar electric ones. In addition, the beat
intensities are dramatically reduced for times higher than

Phys. Chem. Chem. Phys.

60 ns due to the broad distribution of the hyperfine magnetic
field. This is a nice demonstration of the second order phase
transformation observed in situ that alters the magnetic micro-
structure while the structural arrangement is maintained.

The above mentioned physical models were used to fit all
the measured interferograms. It should be noted that during
acquisition of the NFS data, temperature was continuously
increasing with the ramping-rate of 10 K min~'. Evolution of
the content of the bce-(Fe,Co) nanocrystalline phase and the
residual amorphous matrix is plotted in Fig. 12 against the
annealing temperature. The onset of crystallization is deter-
mined at Ty; ~ 435 °C, which is slightly higher than those
determined from DSR for the air and the wheel sides of the
ribbon-shaped sample. This is due to the fact that the crystal-
lization starts first on the surfaces and then progresses into the
bulk that is scanned by NFS.

The evolution of relative fractions of the crystalline
phase can be used to describe the kinetics of crystallization.
Using isothermal annealing experiments, we have introduced
a relatively simple model of the evolution of nanograins®
and a satisfactory match between the experimental and theo-
retical data was achieved. Because one deals in this case
with dynamical temperature regimes, more elaborate crystal-
lization models should be employed that describe non-
isothermal time evolution.*®*° We would like to emphasise
that the main aim of this study is to show how synchrotron-
based techniques of DSR and NFS can be used in the descrip-
tion of structural transformations during dynamic annealing.
The application of different kinetics models is beyond the
scope of this study.
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Fig. 12 Fraction of the residual amorphous matrix (AM) and bcc-(Fe,Co)
crystalline phase (CR) plotted against the annealing temperature as
obtained from the fitting of in situ NFS data of the (Fe; ,Co,);6M0ogCu;Bis
(x = 0.25) alloy. Fractions of crystalline sites with different amounts of Co
nearest neighbours (Co0-Co3) are also given. Solid lines are only guide to
the eye. The arrow indicates the onset of crystallization T,;.

One more important point should be mentioned, however.
While DSR experiments provide information on the total
amount of bee nanocrystalline grains, NFS can go even further.
By the help of the fitting models described above, it is possible
to distinguish among structurally different iron occupational
sites within the bcc lattice. Through hyperfine interactions
(viz. hyperfine magnetic fields) acting upon the *’Fe resonant
nuclei, the presence of varying number of their cobalt nearest
neighbours is evidenced. Temperature development of relative
contributions of iron sites with none (Co0), one (Col), two
(Co2), and three (Co3) cobalt nearest neighbours are plotted in
Fig. 12, too. The sum of these four components constitutes the
overall contents of nanograins (CR).

Average hyperfine magnetic fields of the amorphous and
nanocrystalline phases are displayed in Fig. 13. In the tempera-
ture region T < T¢ in Fig. 13a, the fields represent different
SRO arrangements of the resonant *’Fe nuclei in the amor-
phous structure. The high-field component (~22 T at close-to-
room temperature) represents Fe neighbours that are surrounded
predominantly with Co while the low-field one (~8 T) reflects
contributions from other constituent elements (Mo, B). Both
average magnetic hyperfine fields decrease with temperature
and they are supposed to vanish at T¢. It should be noted that
the values of ~3-5 T for the low-field component in the vicinity
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of Tc are comparable in strength with the newly developing
electric quadrupole interactions and can be hardly distinguished
one from another. In this respect, small hyperfine magnetic fields
can be treated as quadrupole splitting. On the other hand, the
high-field component that attains ~11 T at T¢ contributes only
marginally at higher temperatures.

Here, a huge diagnostic potential of the NFS technique,
which scans simultaneously both the local structural arrange-
ment and hyperfine interactions, is nicely seen. Though the
overall structure is amorphous, contributions from regions with
different chemical SRO and their evolution can be followed
in situ as a function of increasing temperature of measurement.
Such data can be hardly obtained by any other technique.
Majority of conventional analytical tools treat amorphous struc-
tures as structurally isotropic regions, which usually provide only
a featureless (broadened and/or halo) signal.

Hyperfine magnetic fields in Fig. 13b belong to four narrow
components that were used to reconstruct the contributions of
the bec-(Fe,Co) nanocrystals. Shortly after the onset of crystal-
lization they show a growing trend with temperature. This is
due to progressing formation of the bcc lattice that is still
building-up. A similar effect is observed by DSR for the lattice
parameter in Fig. 9. Eventually, the hyperfine fields arrived at
their average values of ~27.2 T, ~29.2 T, ~30.5 T, and
~31.6 T and follow the expected temperature dependences.
According to the obtained hyperfine magnetic field values, the
particular components were assigned to iron atom sites with
zero, one, two, and three cobalt nearest neighbours in the
bee-(Fe,Co) crystalline lattice.

Similarly to the case of the T' < T region, where the system
is fully amorphous, the in situ NFS technique is also very
exceptional here. The mutual relationship between the struc-
tural arrangement and the corresponding hyperfine inter-
actions enables the formation of the bcc-(Fe,Co) lattice to be
indirectly followed by making use of its hyperfine magnetic
fields. The practical applicability of the method rests with the
fact that even particular crystalline lattice sites, which have
eventually different numbers of Co nearest neighbours, can be
identified and, subsequently, their behaviour with continuously
varying temperature can be also independently and separately
studied.
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Fig. 13 Hyperfine magnetic fields of the fitted components in the amorphous state (a) and of the individual crystalline lattice sites with zero (Co0), one
(Col), two (Co2), and three (Co3) cobalt nearest neighbours (b) plotted against the annealing temperature as obtained from the fitting of in situ NFS data
of the (Fe;_,Coy)76M0gCu1Bis (x = 0.25) alloy. Solid lines are only guide to the eye.
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Fig. 14 Average values of quadrupole splitting of the amorphous residual
matrix plotted against the annealing temperature as obtained from the
fitting of in situ NFS data of the (Fe; ,Co,)7;6M0gCu;Bis (x = 0.25) alloy.
Solid line is only guide to the eye.

As mentioned above, in the intermediate temperature region
where Tc < T < Ty, the experimental data were modelled with
one distribution of quadrupole splitting. After the onset of
crystallization (T > T,,), the amorphous residual matrix still
persists, and taking into consideration relatively high tempera-
tures of the NFS experiments, it was reconstructed also by one
distribution of quadrupole splitting (QS). The obtained average
QS values are plotted against the temperature of annealing
in Fig. 14.

Quadrupole splitting provides information about bond
properties and local symmetry of the iron site. The quantitative
change in QS values at ~450 °C coincides with the onset of
crystallization. In the temperature range 7' > 500 °C where the
crystalline phase is already quite well developed, stabilization
of QS occurs. It should be noted that the physical model that we
have used to describe the behaviour of the studied system
comprises distributions of hyperfine parameters (viz., amor-
phous residual matrix) and well defined values of the crystalline
components. Consequently, the fitting procedure is very complex.
From this perspective we should admit that the absolute values of
QS could be debatable.

This situation is quite similar to that which the researchers
were faced with about 30 years ago when the first attempts to
refine broad Mdéssbauer spectra of amorphous metallic glasses
have appeared. In order to ensure consistency of the obtained
hyperfine parameters, we have checked their temperature
evolution rather than to relay upon fitting of a single NFS
interferogram. This approach is closely discussed in ref. 8 for
the case of conventional Mdssbauer spectra. As demonstrated
by Fig. 13 and 14, we hope that we have succeeded in obtaining
relevant temperature dependencies of the particular hyperfine
parameters. To our best knowledge, similar data do not exist in
the literature and we have introduced the obtained hyperfine
parameters (namely QS) in order to provoke discussion on the
ways how to fit NFS data of amorphous and/or nanocrystalline
alloys. Nevertheless, the methodological aspects of NFS data
evaluation are beyond the scope of the current work.

Here, we wanted to point at the particular features of the
NFS technique which allows in situ transformation studies
aimed at understanding the evolution of specific materials
properties during these transient periods. The latter can be
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followed through the evolution of hyperfine parameters. More
examples of such studies can be found in our most recent
papers.*>*!

4. Conclusions

The formation of nanocrystalline structure is decisive for
macroscopic physical properties that in turn govern the prac-
tical applications of these materials. Under external conditions
of prolonged elevated temperature, compositional-dependent
structural transformations may occur. The influence of tem-
perature was followed during in situ experiments using the
techniques based upon synchrotron radiation.

Effects of cobalt substitution on kinetics of crystallization
was investigated for (Fe;_,Co,);6M0gCu;Bys (x = 0, 0.25, 0.5)
nanocrystalline alloy by in situ diffraction of synchrotron radia-
tion. We observed a tendency of the first and the second
crystallization temperature to decrease with increasing cobalt
content. It was shown that the surface crystallization starts
earlier at the wheel side than at the air side of ribbon-shaped
samples. Structural characteristics comprising temperature
evolution of the relative amount of newly formed crystalline
phases as well as their lattice parameters were followed in situ
during heat treatment of the original metallic glass. These
parameters were obtained from analyses of the diffractograms
taken during short time intervals.

Along with structural characteristics, also magnetic states of
the studied system were inspected via temperature development
of the associated hyperfine interactions. The latter were derived
from time interferograms that were recorded by nuclear forward
scattering of synchrotron radiation. This technique enables
separate evaluation of the contributions that stem from structu-
rally different regions within the investigated samples, including
the newly formed nanocrystals and the residual amorphous
matrix. In addition, their magnetic microstructures can be also
assessed. We have shown that even minor Co content (x = 0.25)
has a substantial effect not only upon the magnetic behaviour of
the alloy but also upon its structure. Making use of hyperfine
magnetic fields it was possible to unveil structurally diverse
positions of Fe atoms that reside in a nanocrystalline lattice
with different numbers of Co nearest neighbours.

Extremely high brilliance of the present sources of synchro-
tron radiation makes doable experiments that are capable of
providing information on-fly during continuous variation of
external conditions (e.g., temperature). Such an approach is
hardly affordable with other sources of radiation. In this way,
the use of synchrotron-based techniques paves a completely
new road to the understanding of technologically important
details on the formation of nanocrystalline structures by heat
treatment of the originally amorphous precursors.

Acknowledgements

The authors gratefully acknowledge the support by the project
LO1305 of the Ministry of Education, Youth and Sports of the

This journal is © the Owner Societies 2015



Published on 15 April 2015. Downloaded by JOINT ILL - ESRF LIBRARY on 27/04/2015 12:27:52.

PCCP

Czech Republic and the projects, CZ.1.07/2.3.00/20.0155, and
CZ.1.07/2.3.00/30.0041. Allocation of synchrotron beamtimes at
Helmholtz-Zentrum Berlin and European Synchrotron Radia-
tion Facility is also gratefully acknowledged.

References

1
2

10

11

12

13

14

15

16

17

18

M. E. McHenry and D. E. Laughlin, Acta Mater., 2000, 48, 223.
Y. Yoshizawa, A. Oguma and K. Yamauchi, J. Appl. Phys.,
1988, 64, 6044.

K. Suzuki, N. Kataoka, A. Inoue, A. Makino and T. Masumoto,
Mater. Trans., JIM, 1990, 31, 743.

M. A. Willard, D. E. Laughlin, M. E. McHenry, D. Thoma,
K. Sickafus, J. O. Cross and V. G. Harris, J. Appl. Phys., 1998,
84, 6773.

A. Hernando, J. Phys.: Condens. Matter, 1999, 11, 9455.

G. Herzer, Acta Mater., 2013, 61, 718.

S. Stankov, B. Sepiol, T. Kaniuch, D. Scherjau, R. Wiirschum
and M. Miglierini, J. Phys.: Condens. Matter, 2005, 17, 3183.
M. Miglierini and J.-M. Greneche, J. Phys.: Condens. Matter,
2003, 15, 5637.

M. Miglierini, M. Kopcewicz, B. Idzikowski, Z. E. Horvath,
A. Grabias, A. I. Skorvanek, P. Dluzewski and C. C. Dardczi,
J. Appl. Phys., 1999, 85, 1014.

M. Pavuk, M. Miglierini, M. Vujtek, M. Mashlan, R. Zboril
and Y. Jiraskova, J. Phys.: Condens. Matter, 2007, 19, 216219.
M. Paluga, P. Svec, D. Jani¢kovi¢, D. Muller, P. Mrafko and
M. Miglierini, Rev. Adv. Mater. Sci., 2008, 18, 481.

M. Miglierini, A. Lan¢ok and ]J. Kohout, Appl. Phys. Lett.,
2010, 96, 211902.

U. Koster, U. Schiinemann, M. Blank-Bewersdorff, S. Brauer,
M. Sutton and G. B. Stephenson, Mater. Sci. Eng., A, 1991,
133, 611.

J. M. Borrego, C. F. Conde, M. Millan, A. Conde, M. J.
Capitan and J. L. Joulaud, Nanostruct. Mater., 1998, 10, 575.
C. R. M. Afonso, C. Bolfarini, W. J. Botta Filho and C. S.
Kiminamim, J. Non-Cryst. Solids, 2006, 352, 3404.

J. Bednarc¢ik, R. Nicula, M. Stir and E. Burkel, J. Magn. Magn.
Mater., 2007, 316, 823.

A. R. Yavari, A. Le Moulec, A. Inoue, N. Nishiyama, N. Lupu,
E. Matsubara, W. J. Botta, G. Vaughan, M. Di Michiel and
A. Kvick, Acta Mater., 2005, 53, 1611.

H. F. Poulsen, J. A. Wert, ]J. Neuefeind, V. Honkimé&ki and
M. Daymond, Nat. Mater., 2005, 4, 33.

This journal is © the Owner Societies 2015

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35
36

37

38

39

40

41

View Article Online

Paper

S. Mechler, G. Schumacher, 1. Zizak, M. P. Macht and
N. Wanderka, Appl. Phys. Lett., 2007, 91, 021907.

N. Mattern, M. Stoica, G. Vaughan and J. Eckert, Acta Mater.,
2012, 60, 517.

G. Wang, N. Mattern, J. Bednar¢ik, R. Li, B. Zhang and
J. Eckert, Acta Mater., 2012, 60, 3074.

S. Michalik, J. Michalikova, M. Pavlovic, P. Sovak, H.-P.
Liermann and M. Miglierini, Acta Mater., 2014, 80, 309.

M. Miglierini, T. Kaniuch, M. Pavuk, P. Svec, G. Schumacher,
1. Zizak and Y. Jiraskova, Hyperfine Interact., 2008, 183, 31.
C. F. Conde, A. Conde, D. Janickovi¢ and P. Svec, J. Magn.
Magn. Mater., 2006, 304, 739.

G. Vlasik, C. F. Conde, D. Jani¢kovi¢ and P. Svec, Mater. Sci.
Eng., A, 2007, 449-451, 464.

C. F. Conde, J. M. Borrego, J. S. Blazquez, A. Conde, P. Svec
and D. Janickovi¢, J. Alloys Compd., 2011, 509, 1994.

T. Katiuch, M. Miglierini, A. Lanéok, P. Svec and E. Tllekova,
Acta Phys. Pol., 2008, 113, 63.

M. Miglierini, J. Phys.: Conf. Ser., 2010, 217, 012092.

M. Miglierini, V. Prochazka, S. Stankov, P. Svec Sr., M. Zajac,
J. Kohout, A. Lancok, D. Janickovic and P. Svec, Phys. Rev. B:
Condens. Matter Mater. Phys., 2013, 86, 020202(R).

K. Suzuki, A. Makito, N. Kataika, A. Inoue and T. Masumoto,
Mater. Trans., JIM, 1991, 32, 93.

G. Miilhaupt and R. Riiffer, Hyperfine Interact., 1999,
123/124, 13.

G. V. Smirnov, Hyperfine Interact., 1999, 123/124, 31.

R. Riiffer, C. R. Phys., 2008, 9, 595.

W. Sturhahn and E. Gerdau, Phys. Rev. B: Condens. Matter
Mater. Phys., 1994, 49, 9285.

W. Sturhahn, Hyperfine Interact., 2000, 125, 149.

M. Dittrich and G. Schumacher, Mater. Sci. Eng., A, 2014,
604, 27.

M. Hasiak, M. Miglierini, J. Kaleta and M. Bujdos, Acta Phys.
Pol, A, 2015, 127, 608.

F. Liu, F. Sommer and E. J. Mittemeijer, J. Mater. Sci., 2004,
39, 1621.

J. S. Blazquez, J. M. Borrego, C. F. Conde, A. Conde and
S. Lozano-Pérez, J. Alloys Compd., 2012, 544, 73.

M. Miglierini, V. Prochazka, R. Riiffer and R. Zbofil, Acta
Mater., 2015, 91, 50.

V. Prochazka, V. Vrba, D. Smrcka, R. Riiffer, P. Matus,
M. Maslan and M. B. Miglierini, J. Alloys Compd., 2015,
638, 398.

Phys. Chem. Chem. Phys.



[92]

10

15

20

30

40

PCCP

COMMUNICATION

ROYAL SOCIETY

OF CHEMISTRY

Direct evidence of Fe(v) and Fe(lv) intermediates
during reduction of Fe(vi) to Fe(in): a nuclear
forward scattering of synchrotron radiation
approachy

Cite this: DOI: 10.1039/c5cp03784k

Received 30th June 2015,
Accepted 29th July 2015

DOI: 10.1039/c5cp03784k

Libor Machala,*® Vit Prochazka,® Marcel Miglierini,?° Virender K. Sharma,®

Zdenék Marugak,® Hans-Christian Wille® and Radek Zbofil*®

www.rsc.org/pccp

Identification of unstable high-valent iron species in electron
transfer reactions of ferrate(vi) (FeV'042~, Fe(vi)) has been an impor-
tant challenge in advancing the understanding of the oxidative
mechanisms of ferrates. This paper presents the first example of
distinguishing various phases differing in the valence state of iron in
the solid state reduction of Fe(vi) to Fe(m) oxides at 235 °C using
hyperfine parameters, isomer shift and hyperfine magnetic field,
obtained from nuclear forward scattering of synchrotron radiation
(NFS). The NFS technique enables a fast data accumulation resulting
in high time resolution of in situ experiments. The results suggest a
reaction mechanism, involving Fe(v) and Fe(v) species, in the ther-
mal decomposition of K,FeO, to KFeO,. The present study opens
up an approach to exploring the unambiguous identification of
Fe(vi), Fe(v), Fe(v), and Fe(i) in electron-transfer reaction mechan-
isms of ferrates in solid and aqueous phase systems.

Iron as an element exhibits a unique range of valence states (0,
I, II, 11, IV, V, and VI), which have applications in medicine,
biocatalysis, energy, remediation, and nanotechnology.'™
High-valent-iron-oxo (Fe"V—=0 and Fe"—O0) species have been
frequently implicated in chemical and biological oxidation
reactions.®”® During the past decade, several complexes of the
high-valent iron have been synthesized and characterized to
learn their roles in the catalytic activation of O, by iron-
containing metalloenzymes.®*'* In comparison, studies on
high-valent tetra-oxy iron species (e.g. Fe''0,>", ferrate(vi)) are
very limited, although these species have been shown to be
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important in industrial and environmental reactions, including
cleaner ("greener") synthesis of organic compounds and two-
dimensional materials,"> high energy density rechargeable
batteries, and disinfection and purification of water.*'72°

The reduction of Fe"’0,>~ ions may occur through either 1-
e~ or 2-e~ processes.””** For example, thermal decomposition
of solid K,FeO, may yield both Fe(wv) (K,FeO, — K,FeO; + 1/
20,) and Fe(v) (K,FeO, — KFeO; + 1/3K,0 + 1/3K0,).*” Signifi-
cantly, both KFeO; and K,FeO; can form KFeO,, the experi-
mentally observed final product. In solution reactions, the
correlation of rates with redox potentials of substrates also
suggested the formation of both Fe(v) and Fe(v) species as
intermediates.”"** The oxygen atom transfer in the oxidation of
the sulfur substrate can occur via Fe(v) (direct oxygen atom
transfer) and Fe(v) (electron transfer, followed by oxygen atom
transfer).

During the past four decades, numerous studies have
proposed Fe(v) and Fe(v) as intermediate species in the
reduction of Fe(vi),>>**>* but direct evidence of the formation
of intermediates is still missing. There are various difficulties
associated with the investigation of the intermediates, includ-
ing instability of the intermediates in solid and solution
phases, presence of intermediates at low concentrations, and
limitations of the analytical techniques that can be used to
probe in situ formation of intermediates with short half-
lives.>*¢ Furthermore, the conventional analytical techniques
do not allow in situ kinetic monitoring of the formation/
transformation of intermediates. In the present paper, nuclear
forward scattering (NFS) of synchrotron radiation was applied,
which endowed the direct unambiguous identification of Fe(i),
Fe(v), Fe(v), and Fe(vi) during the thermally induced solid state
transformation of Fe(vi) to Fe(m). Synchrotron radiation and the
use of an *’Fe-enriched K,FeO, sample shortened the collection
time of NFS time spectra to ~1 min, which allowed the study of
the concomitant decay/growth of all four ferrate species. There-
fore, the present study shows the very first direct experimental
proof of intermediate states during Fe(vi) decay. The develop-
ment of the method involving synchrotron radiation will allow
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direct elucidation of a number of iron intermediates with low
concentration and relatively short lifetimes in several other
chemical and biological systems. This has been briefly
discussed.

An ’Fe enriched Fe(m) salt source was used as a precursor to
synthesize the *’Fe-enriched solid K,FeO, sample (ESIf). The
powdered K,FeO, had a grain size in the range of 1-100 pm
(Fig. S1a, ESI). The purity of the sample was tested using >’Fe
NFS at room temperature (Fig. Sib, ESIf). The sample con-
tained 98% Fe(vi) and the remaining 2% was Fe(m), corres-
ponding to ferric hydroxide. The series of NFS time spectra of a
powdered K,FeO, were collected at the Dynamics Beam line at
PETRAIIL>’ DESY, Hamburg, Germany. K,FeO, was introduced
into a glass capillary with a diameter of 1.2 mm before it was
placed into the furnace (Linkam THMS600). The sample was
heated up to 235 °C with a ramp rate of 50 °C min~" and NFS
data were collected every ~1 min for 205 min. A total of 173
time spectra was acquired during the study, and they were
analyzed using the CONUSS software.>®>°

A set of NFS time spectra is shown in Fig. 1 in the form of a
contour plot. Here, the x-axis represents the time that has
elapsed after the synchrotron excitation pulse, and the y-axis
shows the thermal treatment from the beginning of the heating
process. Logarithmic intensities of the NFS time spectra are
color coded. Examples of typical time spectra that were
recorded after 20, 70, and 140 min of heat treatment are
separately displayed in Fig. 1a. In Fig. 1a, experimental data
are overlaid with solid curves that correspond to fits according
to the chosen theoretical model. The significance of the fits was
checked using the chi square criterion. As seen from the
selected NFS records in Fig. 1, very satisfactory fits were
achieved. They were obtained using a thorough analysis of
components, and the model that consists of five individual

5
s
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=
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E
E 10° 3
< )
E 2 _g
= 10z
g 5
< ) 1 E
2 20 min. 10" &
< 3 3 0
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20 40 60 80 100 120 140 160
time (ns)

Fig. 1 (a) Selected NFS data (open symbols) with fits (solid lines) for 20, 70,
and 140 min. (b) Contour plot of all NFS time spectra recorded during heat
treatment at 235 °C.
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components (see detailed description in the ESIf). Basically
models having less than five components are not justified
statistically.

The first component (A) of the fitted model represents
K,FeO,. The second component (E) exhibits isomer shift IS =
0.15 mm s~ ', quadrupole shift Q = 0.09 mm s ' and hyperfine
magnetic field B = 45 T which are typical for KFeO, with
tetrahedrally coordinated Fe®* atoms.'® Component (C) has
isomer shift, IS (0.30 mm s ') and quadrupole shift Q
(0.15 mm s™') higher than those of KFeO,, suggesting that
Fe*" may be in an octahedral coordination.*® This component
could be assigned to K;FeO; based on the hyperfine para-
meters, obtained in our experiments, which did not match
with any of those corresponding to other Fe(m) oxides. The
isomer shifts of components (B) and (D) correspond to +4 and
+5 oxidation states of Fe, respectively.*'** The obtained hyper-
fine parameters are listed in Table S1 (ESIT) together with the
maximum observed relative amounts.

Fig. 2 presents the formation of components B, C, D, and E
during the thermal decomposition of K,FeO, (component A).
Initially, the decomposition of K,FeO, was relatively slow with
the formation of KFeO, as the major species produced (Fig. 2a).
In addition, coincident growth of a few percent of other ferrate
species (B, C, D) was observed. The amount of component (B)
increased to ~4% after 50 min, followed by a decrease to
almost an insignificant amount after 100 min. Significantly,

1.00

0.80

0.60

0.40

0.20

amount of component A, E

0.00
0.10

0.08

0.06

0.04

0.02

amount of component B, C, D

0.00

120
annealing time (min.)

160

Fig. 2 Relative amounts of components (A) and (E) (a) and components
(B), (C), and (D) (b) plotted as a function of time during annealing of K,FeO,4

at 235 °C. Note different relative scales in (b).
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when component (B) began to decrease (at 50 min), there were
considerable changes in the rates of Fe(vi) decrease, KFeO,
increase, and component (C) increase (Fig. 2). This indicates
that after 50 min the decomposition of Fe(vi) becomes faster,
with preferential formation of Fe(u) species.

The amount of component (C) rapidly increased even after
the decrease of Fe(v), reaching a maximum of ~9% at 80 min.
Therefore, component (C) could be formed directly from
K,FeO, as well. Component (C) rapidly decreased to ~3% after
100 min of the experiment. This decrease was accompanied by
a faster formation of KFeO, (see the change of trend in
component (E) in Fig. 2a at 80 min). A progressive growth of
component (D) was observed from the beginning of the decom-
position reaching a maximum of ~5% at 100 min. At this
point, only a minor decrease of ~1% of component (D) was
seen. It appeared that formation of component (D) took place
independently of the formation of component (B). The decom-
position process was essentially completed after 100 min when
~90% of KFeO,, ~ 6% of component (D) and ~ 3% of component
(C) were present (see all five nearly saturated curves in Fig. 2).
Previously, KFeO, was determined to be the only final decomposi-
tion product of K,FeO, using conventional Mossbauer spectro-
scopy.?? It is worth noting that the high resonant intensity of an
NFS experiment results in a good time resolution of the determi-
nation of the chemical constituents, which cannot be achieved by
conventional Mdssbauer spectroscopy. Other transformation pro-
ducts of K,FeO, were K,0, KO,, and 0,.2*

Based on the analysis of the curves shown in Fig. 2, eqn (1)-
(3) are proposed for the reduction of Fe(vi). Transformation of
Fe(vi) to Fe(m) through sequential 1-e~ reductions of Fe(vi) —
Fe(v) — Fe(iv) — Fe(m) is another possibility. The reduction has
to be accompanied by the corresponding electron transfers;
numbers of evolved electrons are included in the equations.
Suggested possible chemical equations describing the for-
mation of intermediates during the decomposition are sum-
marized in Table S1 (ESIt). Accordingly, the evolved electrons
are consumed by the formation of oxygen molecules and/or
potassium superoxide.

Fe(vi) — Fe(m) + 3¢ (1)
Fe(vi) — Fe(tv) + 2~ — Fe(m) + e~ 2)
2 Fe(vi) — Fe(v) + Fe(w) + 4e~ (3a)
Fe(v) — Fe(m) + 2¢~ (3b)

The possibility of the reactions, shown in eqn (1)-(3), may be
understood thermodynamically by computational calcula-
tions®*** in future work. Significantly, some experimental
evidences suggest the thermodynamic feasibility of the reac-
tions. For example, the positive standard potential for
reduction of Fe(vi) to Fe(m) (E° = +2.2 V and +0.8 V in acidic
and basic medium, respectively).*®> Also, the estimated redox
potential of Fe(vi) to Fe(v) was positive in basic medium (Fe"/
Fe¥ = 0. 76 V in basic medium).>’ Moreover, some direct
experimental evidences of the formation of different intermediate

This journal is © the Owner Societies 2015
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iron species via 1-e- and 2-e” transfer steps involving ferrate
species are known in the literature,'® 33637

The Fe(1v) phase could be presented by either K,FeO, and
K,FeOj;. Since the precursor compound was K,FeO,, the com-
pound of the Fe(iv) phase may be K,FeOs. As for the Fe(v) phase,
there are also two possible chemical forms, that would be
reasonable, K;FeO, and KFeOj3. Since known quadrupole split-
ting of K;FeO, (Q = 0.95 mm s ') is very far from that obtained
for component (B) in the course of the NFS measurements (Q =
0.15 mm s '), KFeO; was finally ascribed to component (B).
Overall, the components (C), (D), and (B) are proposed to be
K;FeOs, K,FeOs;, and KFeO3, respectively. The proposed reac-
tions, given in Table S2 (ESIY), represent a simple description of
the observed formation and decay of iron species of different
oxidation states during the thermal decomposition of K,FeO,.
However, self-decomposition of high-valent iron intermediates,
bimolecular reactions among ferrates intermediates, and
reduction of high-valent iron compounds with reducing oxygen
species may also occur.

Overall, the studied system of ferrates is of great interest due
to renewed interest in synthesis of high-valent iron oxo species
for various applications such as evolution of molecular oxygen
from water and treatment of emerging toxins/contami-
nants.>*”7° The presented example using the NFS technique
can be extended to many other systems (chemical or biological)
for reliable detection of iron intermediates with low concentra-
tions and relatively short lifetimes. Examples include genera-
tion of intermediate species in enzymatic reactions and in
mechanism studies of Fe(w)/Fe(v) model compounds.®®*°*
Furthermore, an improvement in synchrotron radiation
(FLASH XFEL) is in progress where a brilliance increase of
10° is planned for beam time structure suitable to NFS. This
will lead to collection of NFS spectra faster several orders of
magnitude more quickly than at PETRAIIL Significantly, this
will allow in situ monitoring of reactions over a second time
scale by the NFS technique demonstrated herein.

Conclusions

This study provides the first experimental evidence of the
formation of Fe(iv) and Fe(v) intermediate phases of low con-
centrations during the reduction of Fe(vi) to Fe(ui). This ground-
breaking contribution of high-valent states of iron will advance
knowledge on intermediate iron species in chemical and bio-
logical processes.
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>TFe-enriched solid K,FeO, sample

A two-step process was used to prepare an aqueous solution of Fe(NOs);-9H,0 enriched by *’Fe
isotope, which served as a precursor for the ferrate(VI) synthesis. The enrichment is labelled as 3’Fe in
the following text. Firstly, 3’Fe ferric chloride was prepared by dissolution of 3’Fe hematite in a
stoichiometric amount of hydrochloric acid. In the second step, >’Fe ferric chloride was combined with
silver nitrate in an aqueous metathesis reaction. The precipitate of silver chloride was filtered out from
the solution. The excess liquid was evaporated by a dry nitrogen flow at room temperature due to the
low thermal stability of ferric nitrate solution.

A powdered (*’Fe) K,FeO, sample was prepared according to the method of Thompson et al.!
Briefly, oxidation of (’Fe) Fe(NOj3);-9H,O by hypochlorite in a 14 M NaOH solution resulted in
sodium ferrate(VI) (NayFeQ,), which was then precipitated as (*’Fe) K,FeO, by adding solid KOH. The
prepared crystals were then dried in ethanol and stored in a vacuum desiccator.

The powdered K,FeO,4 had a grain size in the range of 1-100 pm (Fig. Sla). The purity of the
sample was tested using ’Fe NFS at room temperature (Fig. S1b). The sample contained 98 % Fe(VI)
and the remaining 2 % was Fe(Ill), corresponding to ferric hydroxide. The series of NFS time spectra of
a powdered K,FeO, were collected at the Dynamics Beam line at PETRAIIL,?> DESY, Hamburg,
Germany. The K;FeO, was introduced into a glass capillary with a diameter of 1.2 mm before it was

placed into the furnace (Linkam THMS600).
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Fig. S1. a) Scanning electron microscope (SEM) image of (°’Fe) K,FeO, powder; b) Nuclear forward
scattering time spectrum of (*’Fe) K,FeO, sample fitted by a major singlet component (98 % Fe)

corresponding to K,FeO,4 and a minor component (2 % Fe) related to ferric hydroxide.
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Synchrotron experiments

Nuclear forward scattering (NFS) belongs to the family of hyperfine methods based on the
nuclear level excitation and Mossbauer effect.? All resonant nuclei in the sample are coherently excited
by a beam of synchrotron radiation and followed by a coherent deexcitation connected with gamma-
quanta emission. This results in a time spectrum, where information about the hyperfine structure of the
sample is encoded. Due to the high brilliancy of synchrotron radiation, which induces the excitation of
the nuclei, together with the usage of samples enriched by *’Fe isotope, the time needed for the
detection of one relevant time spectrum* of a sufficient quality is reduced to approximately one minute.
This makes the NFS an excellent tool with good time resolution of the chemical state for a thorough in-
situ study of the mechanism and kinetics of the thermal decomposition process of potassium ferrate(VI).
Monochromated linearly polarized radiation with energy of 14.4 keV and energy resolution of 1 meV

was applied to the sample in a spot of 1x2 mm. The photon flux was 7 *10'3 ph s

Evaluation of NFS spectra

Each NFS time spectrum was accumulated and recorded within the time interval of one minute,
with repeated NFS time spectra collected (a few seconds between two successive records were
consumed follow for memory storing and software/hardware processing). Thus, in total 173 time spectra
were acquired during a time period of 210 min including the heating from room temperature to 235 °C
and isothermal heating at 235 °C. The acquired time spectra were analyzed by the CONUSS software. 3
The detection limit of the NFS technique is approximately one percent. Since contents of the
intermediate species were only a few percent above this limit, special attention was paid to the data
analysis procedure. A number of theoretical models for reconstruction of the time spectra were proposed
and tested in order to identify the most relevant one. A model with initial values of hyperfine parameters
already known for K;FeO, and KFeO, was used to calculate the theoretical time spectrum, which was
compared with the experimental one. Next, the hyperfine parameters were varied in order to obtain the
best fit of the theoretical curve to the experimental data. The chi-square test was used as a criterion for
fitting the curve. In some general cases, a reduced chi-square is reliable for comparing the applicability
of different models. However, this was not relevant for our study because all points obtained in the time
spectra were supposed to be independent and also experimental points in one time spectrum were high.

Initially, the simple two-component model was applied to analyze the data. The chi-square
parameter exceeded certain values depending on the annealing time. This indicated the presence of other
phases in the sample. This analysis was followed by testing of additional fitted models having three,

four, and five different spectral components. The incorporation of additional components into the fitted
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models significantly improved statistical quality of the fits. However, the improvements were hardly
seen visually since the data were presented in a log scale and thus enhanced observations of lower
intensities. This was in contrast to the fitting procedure which was more sensitive to higher intensities
than lower intensities. Therefore, the quantum beats that exhibit proper oscillations in the log plots were
controlled. Simultaneously, we monitored the decrease of the chi-square parameter, which quantitatively

reflected the integral improvement of the fit. Fig. S2 compares the fits using models with two and five

components.
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Fig. S2. Comparison of two-component and five-component fitted models for the experiment at the 50t

minute of annealing.

Fig. S3 presents the evolution of the chi-square parameter for all the fitted models during the
annealing process. The individual components are marked as A, B, C, D, and E. During the fitting of
four components, we observed that there were two ranges: a higher amount of the fourth component,
separated by a minimum where the amount of the component decreased below 1 %. The first maximum
corresponded to an isomer shift of —0.55 mm/s; the second maximum exhibited an isomer shift of —0.3
mm/s. Because there was no significant overlap between these two entities, two ranges were interpreted
as two separate components with fixed values of isomer shift, which were precisely determined from the
corresponding NFS time spectra. Consequently, we present the two four-component models, where
component (B) or (D) is missing. These models are labeled as $4B and $4D while other models are

labeled by symbols $2, $3 and $5 (Fig. S3).
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Fig. S3 clearly shows that the five-component fitted model fit the experimental data better than the other
tested models over the entire period of the annealing process. However, values of chi-square were
strongly affected by the intensity of the synchrotron radiation, which oscillated due to monochromator
instabilities. Higher intensity of the incident radiation caused higher intensity of the scattered radiation
and consequently higher relative accuracy of the measurement. Therefore, the chi-square increased
when the intensity of the beam increased. In order to avoid this effect in comparison of two models, it
was better to calculate the ratios of the chi-squares corresponding to two given fitted models.

In Fig. S4, the chi-square values corresponding to the two-, three-, and four-component models
are compared with the chi-square values obtained using the five-component model within the period
between 20% and 100" minute of the experiment. In this time range, the majority of the transformations
were observed. Fig. S4 shows that the models with three, four and five components satisfied the
experimental data at the beginning of the decomposition. The chi-square for the two- component model
$2 is significantly 30% higher over the entire period of time. Up to minute 40 of the decomposition
process, models $3, $4B, $4D, and $5 were in good agreement with the experimental data and the chi-
square values differed less than by 10 %. Beginning minute at 40, the chi-square increased by
approximately 20 % for models $3 and $4D in relation to the $5 model. The chi-square for the $4B
model was still just 5 % above the chi-square for the $5 model. In the period from the 40% to the 60™
minute, component (B) ascribed to iron(V) was observed. When the (C) component occurred at ~ 50
min, the chi-square increased slightly. When the amount of component (D) increased after 70 minutes,
the chi-square became higher with respect to the $5 model. In contrast, the chi-square for the $4D model
decreased after 70 minutes. This occurred because component (B) was almost non-existent before the
70™ minute, but increased after minute 70. Therefore, the $4D model was selected over the $4B model.
The chi-square of the 4D$ model approached the chi-square of the $5 model after minute 90 because
component (B) disappeared and therefore did not affect the fit of the model.

These data clearly demonstrate that the five-component model could be easily replaced by the
model containing only four components since the overlap of the ranges with significant amounts of
components (B) and (D) were rather small. It would be the most appropriate for the interpretation to use
the five-components model which was physically equivalent with that containing four components. In
order to exclude any correlations between the fitting parameters, a set of fittings was also performed
where different parameters were fixed and released. All the results were compared and the best were
selected, based on a satisfactory agreement in the quality and quantity of the parameter. Overall, the in-

depth precise evaluation procedure used in this research was reasonable and the amounts of
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intermediates slightly above the resolution limit were true representatives of the transformation

reactions.
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Fig. S3. The chi-square parameter for two, three four and five-component models for the full time span

of the measurement.
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Fig. S4. The chi-square for different fitting models normalized to the 5-component model.
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Tab. S1. Maximum relative amounts and hyperfine parameters of spectral components as

derived from the NFS time spectra.

Component | [ron oxidation state | Max amount IS 0 B

(%) (mm/s) (mm/s) (T)
A Fe(VI) 98+ 1 —0.90 (fixed) 0 0
E Fe(11I) 90+ 1 (0.10-0.15) £ 0.02|0.09 £ 0.01 | (45.0-45.3) £ 0.3
C Fe(11I) 9+2 0.30 +£0.03 0.15+0.05|(43.8-44.8) £ 0.5
D Fe(IV) 5+£1 -0.30 £ 0.03 0.37+0.03|0
B Fe(V) 4+1 -0.55+0.04 0.15+£0.02|0

IS...isomer shift related to o-Fe at room temperature; Q...quadrupole splitting/shift; B...hyperfine magnetic field;
* Isomer shift values are related to room temperature, so they are not affected by the second order Doppler shift
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Tab. S2. Proposed transformations from Fe(VI) to Fe(Ill) via Fe(V) and Fe(IV) in the thermal

decomposition process at 235 °C.

Transformations Time span (min)
K,FeVIO, — KFe"O, + 1/3(K,0 + KO,) + 1/2 O, 0-110
2K,FeVl0, — KFeVO; + Ks3Fe"O5+ O, 0-110
KFeVO; — KFe"O, + 1/2 O, 50 - 100%*
K;3Fe"O; — KFe!'O, + K,0 80— 110**
Ky,FeV0, — KyoFeVO;+ 1/2 O, 0-110
KyFeVO; — KFe"O, + 1/3(K,0 + KO,) *** | 110 —200
K,FeVO, — K3Fe"O; + KFe"O, + 3/2 O, 0-110
KsFeO; — KFeO, + K,0 80—-110

*  the beginning corresponds to the change of trend of (E) at 50 min
** the beginning corresponds to the change of trend of (E) at 80 min

*** this process is very slow (observable after 110 min)
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