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Historia zatrudnienia

1999 -dodzis adiunkt, Uniwersytet w Biatymstoku, Wydziat Fizyki
1990 - 1999 asystent, Uniwersytet w Bialymstoku, Wydziat Fizyki
1989 - 1990 stanowisko techniczne, Uniwersytet w Bialymstoku, Wydziat Fizyki

Staze i praca naukowa za granica oraz wspolpraca migdzynarodowa

2005 - 2009 - wspolpraca z Politechnikg Darmstadt, Niemcy

2004 - wspolpraca z Freie Universitate Berlin — badania czastek magnetytu

2001 - 2004 - liczne wyjazdy zwiazane z badaniami synchrotronowymi w DESY, Hamburg,
Niemcy

1999 - pigciomiesieczne stypendium na Uppsala University, Szwecja

Wyrdznienia w pracy naukowej i dzialalnosci organizacyjnej

Nagroda Rektora Uniwersytetu w Biatymstoku za pracg naukowa

Biatystok 2010
Nagroda Rektora Uniwersytetu w Biatymstoku za pracg¢ naukowa

Biatystok 2009
Nagroda Rektora Uniwersytetu w Biatymstoku za pracg naukowa

Biatystok 2008
Nagroda Rektora Uniwersytetu w Bialymstoku za dziatalno$¢ organizacyjna

Biatystok 2007
Nagroda Rektora Uniwersytetu w Biatymstoku za pracg naukowa

Biatystok 2005
Nagroda Rektora Uniwersytetu w Biatymstoku za pracg naukowa

Biatystok 2003
Nagroda Rektora Uniwersytetu w Biatymstoku za pracg naukowa

Biatystok 2000
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Realizowane granty krajowe i zagraniczne:

1) gtéwny wykonawca grantu MNiSW (N N202 172335) pt. ,Metoda niezmiennikow
w spektroskopii mossbauerowskiej i zastosowanie do mikroskopowych badan
wybranych ukladéow magnetycznych”, 2008-2011,

2) wykonawca projektu 1-20060174 EC, DESY, Hamburg, pt. “EXAFS investigation
of Cr;.4Co,Si alloys”,

3) wykonawca projektu badawczego 1-01-042 09.05.2001-31.12.2002, DESY,
Hamburg, pt. “Investigation of directions of the hyperfine fields in Er-Fe-B”,

4) gtéwny wykonawca grantu KBN 2P03B 115 16, 1.03.1999-1.03.2001, pt. ,,Badanie
wlasnosci  magnetycznych  ukladow  nieuporzadkowanych  technikami
spolaryzowanego zrodla mdossbauerowskiego, magnetometrii, transportu
i rozpraszania komptonowskiego”,

5) wykonawca projektu klasy AB (II-03-003) DESY, Hamburg, pt. "Circularly

Polarized Beam for Nuclear Resonant Scattering' (IHP-Contract HPRI-CT-1999-
00040/2001-00140),

6) wykonawca grantu 2P03B03610, 01.01.1996-30.06.1998, pt. ,,Badanie struktury
elektronowej i wlasnosci magnetycznych niektorych stopow d-elektronowych”.

Dorobek naukowy

Jestem wspotautorem 69 oryginalnych prac naukowych w recenzowanych czasopismach

o mi¢dzynarodowej renomie (wykaz w zalaczniku 1). Do najwazniejszych czasopism naleza:

Physical Review B - 2 prace
Journal of Physics C - 5 prac

Journal of the Physical Society of Japan - 2 prace
Journal of Alloys and Compouds - 3 prace
Superconductor Science and Technology - 1 praca
Journal of Applied Physics - 1 praca
International Journal of Modern Physics B - 1 praca
Acta Physica Polonica A - 10 prac

D Sehde



Journal of Magnetism and Magnetic Materials - 13 prac

Hyperfine Interaction - 10 prac
Nuclear Instruments and Methods in Physics Research B - 3 prace
Nukleonica - 5 prac

Journal Applied Physics - 1 praca
Physica B - 3 prace

Wedlug Web of Science prace te byty cytowane 263 razy
Indeks H -9.0

Oprocz regularnych publikacji, uzyskane wyniki naukowe przedstawione byty przeze mnie
w postaci 9 plakatow na migdzynarodowych konferencjach naukowych i opublikowane

zostaly w wydaniach konferencyjnych.
Sposrod prac naukowych 54 opublikowane zostaly w latach 1999-2011 tj. po obronie pracy

doktorskiej. W tym okresie przedstawilem 4 wyktady na migdzynarodowych i1 krajowych

konferencjach.
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Przebieg pracy naukowej

- przed doktoratem

Prace naukowa rozpoczatem bedac na piatym roku studiow fizyki, na stanowisku
technicznym, w Filii Uniwersytetu Warszawskiego w Bialtymstoku (obecnie Uniwersytet
w Biatymstoku) w Pracowni Metod Jadrowych Fizyki Ciata Statego - pod kierownictwem
prof. Ludwika Dobrzynskiego. W tym okresie zajmowatem si¢ poszerzeniem bazy badawczej
pracowni. Pracowatlem nad uruchomieniem 1 przetestowaniem uktadéow chlodzacych
stosowanych w spektroskopii mdssbauerowskiej 1 zapewnieniem stabilizacji temperatury
wtych  ukladach. Jednoczesnie  prowadzilem  badania  stopdw  amorficznych
Co70xNixFesSi 5By technikg spektroskopii mossbauerowskiej, bedacych przedmiotem mojej
pracy magisterskiej, zatytutlowanej ,,Badania oddzialywan nadsubtelnych w stopach
amorficznych Co.Ni7<FesSiisBip technika efektu Mdassbauera”. Promotorem pracy
magisterskiej byt prof. Ludwik Dobrzynski. Pracg obronitem w roku 1989, a uzyskane wyniki
zostaly opublikowane w regularnym czasopismie o zasi¢ggu mi¢gdzynarodowym [1].

Od 01.10.1990 roku zostalem zatrudniony na stanowisku asystenta Filii Uniwersytetu
Warszawskiego w Bialymstoku, w Pracowni Metod Jadrowych Fizyki Ciata Stalego. Moja
praca naukowa zwigzana byta bezposrednio z badaniami oddziatywan nadsubtelnych technika
efektu Mossbauera. Podstawowym obszarem mojej dziatalnosci byly badania stopow
Fe; xCriSi 1 FesCryAl, ktore ze wzgledu na swoja strukturg krystaliczng jak 1 wlasnosé¢
selektywnego podstawiania atoméw domieszki, stanowia atrakcyjny obiekt badan fizyki
magnetyzmu pasmowego. Najwazniejsze cechy badanych stopéw to mozliwos¢ lokowania sig¢
atomow zelaza w nierownowazne podsieci struktury krystalicznej i zwigzane z tym réznice
w najblizszym otoczeniu zelaza, wplywajace w istotny sposob na lokalne momenty
magnetyczne 1 pola nadsubtelne. Podstawowymi technikami badawczymi jakie zostaty
zastosowane byty: dyfrakcja neutrondw, dyfrakcja promieniowania X, spektroskopia
mossbauerowska 1 pomiary magnetyczne. Wyniki badan opublikowane zostaty w 6 artykutach
wydanych w czasopismach o zasi¢ggu miedzynarodowym [2, 3, 4, 6, 7, 12]. Powyzsze prace
staty si¢ podstawa mojej rozprawy doktorskiej zatytutlowanej ,,Problem selektywnoSci
obsadzen, rozkladu momentow magnetycznych i pol nadsubtelnych na zelazie w stopach
Fe-Cr-Z (Z = Si, Al)”, ktérg obronitem na Wydziale Fizyki Uniwersytetu Warszawskiego
21.12.1998 r. Promotorem pracy doktorskiej byt prof. Ludwik Dobrzynski. W swojej
rozprawie wykazalem, ze istnieje zasadnicza roznica zachowania si¢ domieszki
Cr w izostrukturalnych stopach Fe; (CrySi 1 Fes<CriAl. W Fe;CrSi brak jest preferencji
obsadzen atomow Cr w odpowiednie wezly struktury krystalicznej i1 jednoczesnie
obserwowany jest ujemny moment magnetyczny na atomach Cr. W stopach Fe; (CriAl atomy
Cr lokuja si¢ preferencyjnie w pozycje B 1 w granicach niepewnosci pomiarowej nie niosg
momentu magnetycznego. Mozna zatem wnioskowaé, ze struktury elektronowe obu badanych
stopow nie sg tak bardzo podobne, jak donosi literatura, a wptyw atomow metaloidu na
wlasno$ci magnetyczne i strukturalne jest bardzo istotny.
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W tym czasie nie ograniczatem si¢ jedynie do badan bezposrednio zwiazanych z praca
doktorska. W pracowni, z moim udzialem, prowadzone byly ponadto badania materiatow
otrzymywanych metoda mechanicznego stapiania Fe-N, magnetycznych wlasnosci stopdéw
UFesAlj»x, Pd,TiAl domieszkowanego izotopem TFe 1 innych. Efektem byto opublikowanie
8 artykutow w czasopismach o zasiggu mig¢dzynarodowym, ktérych bylem wspotautorem
[5,8,9,10,11,13,14,16]. W tym okresie, uczestniczytem réwniez w dwoch stazach
naukowych w Uppsala University (Szwecja). Pobyt ten zaowocowal wspdtpraca
mi¢dzynarodowa pomig¢dzy oboma osrodkami. Rezultatem wspdlnych prac badawczych byto
opublikowanie 3 artykuldéw w wydawnictwach o zasiggu miedzynarodowym [27, 28, 30].
Bardzo waznym osiggnigciem w tym czasie bylo opracowanie metody analizy danych
mossbauerowskich uzyskanych z uzyciem monochromatycznej wiazki spolaryzowanej
kolowo [16]. Zastosowanie promieniowania spolaryzowanego kotowo w przypadku badan
stopdw UFe,Al;,«x pozwolilo na stwierdzenie, ze tylko okolo %4 z momentu magnetycznego
atoméw Fe wnosi wkiad do namagnesowania [18]. Badania mdssbauerowskie i dyfrake;ji
neutronéw pozwolily stwierdzié, iz sktadowa ferromagnetyczna atoméw Fe wynosi 0.3up.
Z punktu widzenia rozwoju technicznego Pracowni bardzo waznym elementem byto
skonstruowanie i uruchomienie miyna do tzw. stapiania mechanicznego. Konstrukcja miyna
pozwalata na przeprowadzanie procesu mechanicznego stapiania z zastosowaniem réznych
atmosfer gazowych [5].

- po doktoracie

Od 01.09.1999 roku zostalem zatrudniony na stanowisku adiunkta Uniwersytetu
w Bialymstoku w Zaktadzie Fizyki Ciala Statego. Gléwnym celem mojej dziatalnosci
naukowej staty si¢ badania wlasnosci ukladow nieuporzadkowanych magnetycznie,
materiatdw z istnieniem konkurencyjnych oddziatywan wymiennych oraz materiatow
niskowymiarowych. Jednym z powodoéw zainteresowania si¢ tego typu materialami bylo
skonstruowanie w naszej Pracowni unikatowego w skali $wiatowej ukladu do pomiarow
mossbauerowskich z wykorzystaniem promieniowania spolaryzowanego kotowo. Metoda ta,
w odroznieniu od klasycznej spektroskopii mossbauerowskiej, pozwala na obserwacj¢ zwrotu
pola nadsubtelnego. Pierwsze prace polegaly na rozwinigciu metodologii opracowania
wynikdw pomiarowych otrzymanych metoda polarymetrii mossbauerowskiej w szczegolnosci
w przypadkach probek, w ktorych wystepuja szerokie rozktady pdl nadsubtelnych. Jak si¢
okazato, bardzo efektywna metoda opracowania danych mossbauerowskich jest jednoczesne
opracowywanie wynikow otrzymanych z uzyciem promieniowania niespolaryzowanego jak
i spolaryzowanego. Takie postgpowanie powoduje, ze otrzymywane rekonstrukcje rozktadéw
pol nadsubtelnych sa bardziej wiarygodne. Efektem prac badawczych w tym zakresie jest
14 artykutow wydanych w recenzowanych czasopismach o zasiggu migdzynarodowym,
ktérych jestem wspotautorem [16, 17, 22, 23, 24, 27, 28, 31, 32, 34, 40, 42, 45, 52].
Roéwnolegle rozwinigta zostata polarymetria CEMS bardzo wazna z punktu widzenia badan
magnetyzmu cienkich warstw [47, 52]. Kolejnym elementem zwigzanym z polarymetrig
mossbauerowska bylo opracowanie metody otrzymywania synchrotronowej wiazki
spolaryzowanej kotowo. Okreslono parametry wiazki synchrotronowej, dla ktérej pomiary
takie bylyby efektywne [38]. Naturalnym rozszerzeniem bazy eksperymentalnej naszej
pracowni bylo skonstruowanie uktadu do otrzymywania wiazki spolaryzowanej liniowo.
W pracy [65] prezentowany jest zrealizowany przeze mnie uklad do otrzymywania
monochromatycznej wiazki spolaryzowanej liniowo. Opracowana zostala takze metoda
analizy tak mierzonych widm mossbauerowskich oraz przedstawiono wyniki pierwszych

pomiardw.
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Aktualnie jedna z moich tematyk badawczych jest problematyka zwiazana z badaniem
stopow typu inwar. Sam problem ma juz bardzo dtluga histori¢, lecz do tej pory Sciste
wytlumaczenie braku rozszerzalno$ci objgtosciowej stopow inwarowych, obserwowanych
w szerokim zakresie temperatur, jest nieznane. Jedna z hipotez wiaze to zjawisko z istnieniem
atoméw zelaza w dwdch konfiguracjach elektronowych tzw. konfiguracji wysoko i nisko
spinowej. Ze wzgledu na mikroskopowy charakter zjawiska i przewidywanych teoretycznie
réznych katowych rozkladow momentow magnetycznych w obu konfiguracjach zelaza
polarymetria mossbauerowska jest technikg idealng do badania takich wiasnosci. W moich
pracach [31, 34] wykazatem, ze rozktady katowe magnetycznych pdl nadsubtelnych na
Fe w stopach inwarowych Fe-Ni sa niezalezne od wartosci pola nadsubtelnego. Analizg
przeprowadzitem dwiema metodami. Jedna polegata na dopasowaniu widm zakladajac
rozklad pola nadsubtelnego jako superpozycj¢ trzech rozktadow gaussowskich o réznych
parametrach nadsubtelnych (B, IS, o5) gdzie B- magnetyczne pole nadsubtelne,
IS - przesunigcie izomeryczne, oz — odchylenie standardowe rozktadu B. Analizowane byty
widma uzyskane z pomiarow z uzyciem monochromatycznej wiazki spolaryzowanej kotowo
jak 1 wiazki niespolaryzowanej. Drugie podejscie zrealizowane zostalo z wykorzystaniem
metody maksymalnej entropii, ktéra nie wymaga formulowania zatozen co do ksztattu
rozktadu pola nadsubtelnego jak 1 zatozenia korelacji pomig¢dzy polami nadsubtelnym,
a pozwala na rekonstrukcj¢ rozktadow P(B, 1S, z) gdzie, z — parametr tekstury magnetycznej.
Oba podejscia nie pokazaty roznych rozktadéw katowych magnetycznych pol nadsubtelnych
na atomach zelaza w stopach inwarowych Fe-Ni.

Kolejnym polem moich ostatnich zainteresowan naukowych jest badanie uktadow
o rozmiarach nanometrow. Zwiazane jest to ze wspotpraca z osrodkiem Freie Universitit
Berlin i1 Instytutem Chemii Uniwersytetu w Biatymstoku. Mnogos¢ 1 réznorodnos¢ nowych
zjawisk wystepujacych w uktadach nanometrowych, w szczegdlnosci wptyw powierzchni na
wlasnosci magnetyczne substancji jest bardzo interesujaca tematyka. Dotychczasowa
wspolpraca zaowocowata czterema publikacjami w  wydawnictwach o zasiggu
migdzynarodowym [36, 44, 49, 64]. Cennym wynikiem jest zbadanie wptywu $rodowiska,
w ktorym zachodzi stracanie nanoczastek na rozklady ich wielkos$ci. Okazato si¢ np. iz
stracenie nanoczastek magnetytu w s$rodowisku wodnym prowadzi do otrzymywania
nanoczastek o wigkszych rozmiarach w poréwnaniu do wielkosci otrzymanych w procedurze
przeprowadzonej w srodowisku alkoholowym. Istotnym wynikiem jest rOwniez obserwowany
w pracy [49] bardzo duzy wptyw mikrostruktury nanoczastek na ich wtasnosci magnetyczne.
Zmiana mikrostruktury powoduje zmiang wtasnosci magnetycznych samych nanoczastek jak
1 oddziatywan kolektywnych pomig¢dzy zbiorem nanoczastek.

Opis  otrzymywanych  wynikow  doswiadczalnych  uktadéw  magnetycznie
nieuporzadkowanych nie posiadajacych tekstury krystalicznej wymagat nowego podejscia do
analizy wynikoéw. W pracach [50, 54, 61] przedstawiona zostala metoda tzw.
,hiezmiennikow” bardzo istotna w przypadkach gdy w badanych materiatach mamy do
czynienia z jednoczesnie wystgpujacymi oddzialywaniami dipolowymi magnetycznymi
1 kwadrupolowymi elektrycznymi, uznawanymi za najtrudniejsze do interpretacji. Problem
niejednoznacznosci rozwigzan pojawia si¢ wowczas wskutek braku kompletnej informacji o
uktadzie. Metoda niezmiennikdw polega na konstrukcji odpowiedniej bazy funkcji, ktorej
zastosowanie umozliwia jednoznaczny opis widm mossbauerowskich. Dzigki tej metodzie
udato si¢ zaobserwowal rozne zachowanie si¢ lokalnych momentow magnetycznych
zwiagzanych z czterema réznymi lokalnymi pozycjami atomow Fe w stopie UFesSn. Okazato
si¢, ze obserwowane dla tego zwiazku dwa przejscia magnetyczne w pomiarach

D Suakdo



namagnesowania w funkcji temperatury zwiazane sa z pojawieniem si¢ uporzadkowania
ferromagnetycznego momentow magnetycznych na atomach Fe, oraz z reorientacja momentu
magnetycznego jednej z pozycji krystalograficznej atomdéw Fe wzgledem osi gtownych
tensora gradientu pola elektrycznego.

W przypadkach analizy ukladow charakteryzujacych si¢ istnieniem rozktadow pol
nadsubtelnych, w dostepnej literaturze istnieje wiele metod matematycznych rekonstrukcji
rozktadow pdl nadsubtelnych. W znakomitej wiekszosci dotycza one jednowymiarowych
rozktaddw magnetycznych pol nadsubtelnych P(B). Zwykle metody te opierajq si¢ na analizie
rozktadu »°. Oryginalna metoda oparta na analizie bayesowskiej, ktora jest bardzo uzyteczna
do opisu danych doswiadczalnych jest tzw. METODA MAKSYMALNEJ ENTROPII (MEM,).
W literaturze dotyczacej spektroskopii mossbauerowskiej metode MEM stosowano bardzo
rzadko 1 jedynie do otrzymywania rozktaddw jednowymiarowych P(B). W pracach [37, 43,
58, 60, 62] rozwinglismy 1 przetestowaliSmy t¢ metod¢ do rekonstrukcji dwuwymiarowych
rozktaddw pol nadsubtelnych P(B, IS) 1 P(B, OS), a nastgpnie tréjwymiarowych rozktadéw
P(B, IS, OS), gdzie QS jest rozszczepieniem kwadrupolowym. Kolejnym rozwinigciem
metody MEM, uzytecznym w ukladach magnetycznie nieuporzadkowanych, jest mozliwos¢
rekonstrukcji rozktadow P(B, IS, z) (z parametr tekstury magnetycznej). Dzigki temu
podejéciu pokazalem brak istnienia réznych rozkladéw katowych magnetycznych pol
nadsubtelnych w stopach inwarowych Fe-Ni bez odwolywania si¢ do zatozen dotyczacych
rozktadéw pol nadsubtelnych.

Bardzo czgsto w przypadku analizy pomiarow mossbauerowskich stosowane jest
przyblizenie cienkiego absorbenta. W tym przyblizeniu ze wzgledu na nieliniowy wplyw
parametru grubosci, wzgledne natgzenia linii jak i wzgledne natgzenia widm sktadowych sg
zaburzone. W pracy [60] opisalismy nowa metod¢ otrzymywania przekroju czynnego
1 zastosowalismy ja do analizy widm stopu inwarowego Fe-Ni. Nowoscia jest tu zastosowanie
MEM do dekonwolucji widma ze wzglgdu na zdolnos$¢ rozdzielcza spektrometru i1 nastgpnie
zastosowanie opracowanego algorytmu do otrzymywania przekroju czynnego na absorpcje.

Rozwinigte przeze mnie nowe metody analizy danych mdssbauerowskich, metoda
niezmiennikdw, metoda maksymalnej entropii i metoda otrzymywania przekroju czynnego,
stanowia element metodologiczny, ktéry razem z polarymetria mossbauerowska stanowia
nowy wklad do rozwoju spektroskopii mossbauerowskiej. Metody te okazaty si¢ niezbgdne
w mozliwie $cistej analizie stopdw magnetycznie nieuporzadkowanych i zaowocowaly serig
prac bedacych podstawa prezentowanej rozprawy habilitacyjne;j.

Wybrane publikacje razem z przewodnikiem pod tytulem ,,Spektroskopia
mossbauerowska ukladéow magnetycznie nieuporzadkowanych - polarymetria
mossbauerowska oraz nowe metody analizy danych” stanowa material rozprawy

habilitacyjne;.
D ekl
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1. Wstep

Mingto juz ponad pot wieku od odkrycia przez R. Mossbauera (1958 r.) bezodrzutowe;j
emisji 1 absorpcji promieniowania gamma i opartej na tym efekcie metody badawczej zwanej
spektroskopia mossbauerowska. Przezyta juz ona okres swojego najwigkszego rozkwitu.
Mingely czasy, gdy wiele renomowanych czasopism poswieconych fizyce zawierato artykuty,
w ktorych spektroskopia mossbauerowska byta podstawowa metoda badawcza. Spektroskopia
mossbauerowska w chwili obecnej stata si¢ instrumentem, ktory liczne laboratoria Swiatowe
wykorzystuja jako jedng z wielu technik pozwalajacych na petna charakteryzacj¢ badanego
materialu. Jak kazda, spektroskopia mossbauerowska posiada swoje ograniczenia, wsrod
ktorych jednym =z najwazniejszych jest wystgpujacy problem niejednoznacznosci
interpretacyjnych mierzonych widm. Wymusza to tworzenie zaréwno nowych technik

badawczych jak i nowych metod analizy danych doswiadczalnych.

1.1 Zasadnicze elementy rozprawy habilitacyjne;j

Bardzo istotnym ograniczeniem klasycznej spektroskopii mdossbauerowskiej, w ktorej
uzywane jest promieniowanie niespolaryzowane jest problem wyznaczania zwrotu lokalnych
magnetycznych pdl nadsubtelnych oraz opis istniejacych w badanym materiale rozktadow
tych pdl, zwanych tekstura magnetyczng. Klasyczna spektroskopia mossbauerowska pozwala
na wyznaczenie jedynie $redniej wartosci <cos’0>, gdzie 6 — jest katem pomiedzy lokalnym
magnetycznym polem nadsubtelnym 1 kierunkiem wektora falowego promieniowania gamma.
Informacje dotyczace znaku lokalnego pola nadsubtelnego oraz petniejszy opis rozktadu
katowego magnetycznych pol nadsubtelnych w badanych materiatach mozna uzyskaé przy
uzyciu promieniowania spolaryzowanego. W tym wypadku istnieje mozliwos¢ wyznaczenia
nastepujacych parametrow opisujacych tekstur¢ magnetyczna: <cos@> w przypadku
promieniowania spolaryzowanego kotowo i <sin’@ cos’¢> w przypadku polaryzacji liniowej,
gdzie 61 ¢ sa katami polarnym i azymutalnym wektora nadsubtelnego pola magnetycznego
w uktadzie zwigzanym z wektorem falowym promieniowania gamma i ptaszczyzna probki
(rysunek 1.1.1). Jednoczesna analiza rezultatow otrzymanych zarowno klasyczng technika
spektroskopii mossbauerowskiej jak 1 polarymetrii mossbauerowskiej pozwala na pelniejsza
analiz¢ uzyskanych rezultatéw, w szczegdlnosci w odniesieniu do badan ukladéw

magnetycznie nieuporzadkowanych. W pracy habilitacyjnej przedstawiam swoj wkiad
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w rozwoju metodologii analizy widm mossbauerowskich otrzymywanych przy uzyciu
promieniowania gamma spolaryzowanego kotowo [P2, P3, P4, P5, P8, P9, P10] oraz
pomiary na uruchomionym przeze mnie nowym stanowisku korzystajacym
z monochromatycznej wiazki spolaryzowanej liniowo. W ramach rozprawy habilitacyjnej
prezentowany jest opis konstrukcji takiego zrodia, wyznaczanie stopnia polaryzacji liniowo
spolaryzowanej wiazki oraz metody analizy otrzymywanych widm [P19]. Uzycie
w badaniach monochromatycznych wigzek spolaryzowanych kotowo i liniowo umozliwia
pehiejszg analize uktadow magnetycznie nieuporzadkowanych. Ponadto, w ramach prac
zwigzanych z zastosowaniem polarymetrii mossbauerowskiej skonstruowano polaryzator
kotowy dla wiazki synchrotronowej w technice rozpraszania rezonansowego do przodu [P7].
Umozliwia on pomiary polarymetryczne uktadow, w przypadku ktérych niezbedne sa silne
zrodla promieniowania. Okreslono parametry wiazki synchrotronowej, w szczegdlnosci
okreslono rozbiezno$¢ wiazki dla ktérej zaproponowany polaryzator kolowy pracowalby

poprawnie.

BZSW
X
i mag.pole nadsubtelne
0
z
kierunek promieniowania gamma
y

Rys.1.1.1. Definicje kqtow polarnego 6 i azymutalnego ¢ pomiedzy wektorem
nadsubtelnego pola magnetycznego, kierunkiem wektora falowego
promieniowania gamma i plaszczyznq probki x, y.

Niejednoznacznos$ci interpretacyjne w spektroskopii mossbauerowskiej sa dwojakiego
rodzaju. Pierwszy rodzaj niejednoznacznosci jest zwigzany z nakladaniem na siebie
sktadowych o niewiele rozniacych si¢ oddziatywaniach nadsubtelnych, co prowadzi do
poszerzen linii absorpcyjnych 1 stopniowego zatarcia szczegdéldéw w widmie. W istocie mamy
do czynienia z rozktadami oddzialywan nadsubtelnych. Istnieje wiele réznorodnych metod
wyznaczania powyzszych rozktadow. W wigkszosci z nich stosowane sa silne zatozenia
dotyczace korelacji pomigdzy polami nadsubtelnymi B, IS i OS. Najczesciej spotykane

w literaturze dotycza liniowej relacji pomigdzy oddzialywaniami dipolowymi magnetycznymi
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1 monopolowymi elektrycznymi. Ponadto spotykane w literaturze rekonstrukcje dotycza
rozkltaddw jednowymiarowych P(B) dla ukladow magnetycznych lub P(QS) dla uktadéow
w stanie paramagnetycznym. Zgodnie z moja wiedza nie istnieje procedura pozwalajaca na

rekonstrukcje rozktadéw trojwymiarowych P(B, IS, OS).

W ramach przedstawianej rozprawy habilitacyjnej opracowano i1 rozwini¢to metode
analizy rozktadow pdl nadsubtelnych oparta na metodzie maksymalnej entropii, ktora nie
wymaga stosowania powyzszych zatozen [P6, P11, P16, P18]. W szczegdlnosci opracowano
1 przetestowano mozliwos$¢ rekonstrukcji tréjwymiarowych rozktadow pdl nadsubtelnych
P(B, IS, OS) lub P(B, IS, z) (z parametr tekstury magnetycznej) w przypadku uktadéw
regularnych (OS = 0 mm/s). Metoda maksymalnej entropii zostata rowniez z powodzeniem
zastosowana do dekonwolucji widm mossbauerowskich ze wzgledu na zdolnos$¢ rozdzielcza

spektrometru.

Drugi aspekt niejednoznacznosci interpretacyjnych widm mossbauerowskich dotyczy
przejs$¢ jadrowych w uktadach ze spinem jadrowym wigkszym niz 1/2 w przypadku istnienia
oddziatywan nadsubtelnych mieszanych, tzn. dipolowych magnetycznych i kwadrupolowych
elektrycznych. Jesli prébka nie posiada tekstury magnetycznej wowczas ten sam ksztalt
widma absorpcyjnego mozna otrzymac¢ dla kontinuum roéznych wartosci  parametréw
oddzialywan nadsubtelnych. Przyczyna takiego stanu rzeczy tkwi w tym, ze mieszane
oddzialywania nadsubtelne w przypadku spinu 3/2 okreslone sa przez dwie niezalezne
sktadowe tensora gradientu pola elektrycznego oraz przez pseudowektor nadsubtelnego pola
magnetycznego (trzy sktadowe) co razem daje pi¢¢ niezaleznych parametrow. Tymczasem
prawdopodobienstwa przejs¢ oraz potozenia linii absorpcyjnych sa catkowicie okreslone
przez cztery mierzalne parametry. Prowadzi to w oczywisty sposéb do niejednoznacznosci
interpretacyjnych mierzonych widm absorpcyjnych. W ramach przedstawianej rozprawy
opracowano 1 zastosowano nowg metod¢ tzw. metod¢ niezmiennikdw, ktéra pozwala na

jednoznaczng parametryzacj¢ mierzonych widm mossbauerowskich [P14, P15, P17].

Kolejnym elementem dotyczacym metodologii spektroskopii mdssbauerowskiej, jest
wprowadzona w pracy [P16] metoda wyznaczania przekroju czynnego na absorpcje.
Mozliwo$¢ otrzymywania przekroju czynnego pozwala na analize mierzonych widm dla
dowolnej grubosci efektywnej ¢ uzytych w eksperymencie absorbentow. Powszechnie
stosowane w analizie widm mossbauerowskich przyblizenie cienkiego absorbenta prowadzi

w przypadku grubych probek do zaburzenia relacji natgzen mierzonych widm absorpcyjnych,
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co moze skutkowa¢ pojawianiem si¢ artefaktow w rekonstruowanych rozktadach pol

nadsubtelnych.

Wprowadzone przeze mnie nowe metody analizy danych jak i zastosowanie metod
polarymetrycznych pozwolito na ujawnienie istotnych cech fizycznych i weryfikacj¢ modeli
opisujacych materialty magnetycznie rozporzadkowane, zarowno lite jak i nanokrystaliczne.

W pracy habilitacyjnej przedstawione zostang wyniki badan dotyczace:

1) uktadéw litych Fe-Cr-Mn z konkurencyjnymi oddzialywaniami wymiennymi [P1, P2,
P3|,

2) ukladu Fe-Ni w obszarze koncentracji wystgpowania zjawiska invaru wiazanego
z postulowanym w teorii istnieniem dwoch standw atomoéw Fe o réznych rozktadach
katowych momentoéw magnetycznych atomow zelaza [P4, PS5, P16],

3) zwiazku metalicznego UFesSn, w ktorym obserwuje si¢ wystepowanie
magnetycznych przej$¢ fazowych zwiazanych z reorientacja lokalnych momentow
magnetycznych atoméw Fe [P12, P14, P15],

4) ukladéw nanowymiarowych Fe-Al otrzymywanych metoda mielenia mechanicznego
[P8, P9, P10],

5) nanoczastek magnetytu otrzymanych metodami chemicznymi [P13].

Krétkie streszczenia otrzymanych rezultatéw przedstawione jest w rozdziale 4.

Reasumujac, przedktadana rozprawa habilitacyjna dzieli si¢ na dwie zasadnicze czg¢sci:
1) metodologiczng, obejmujacy:

- konstrukcj¢ monochromatycznego zrédta spolaryzowanego liniowo oraz sposobu analizy

widm doswiadczalnych mierzonych z uzyciem takiego promieniowania,

- opracowanie 1 przetestowanie metody maksymalnej entropii  w  spektroskopii
mossbauerowskiej w celu rekonstrukcji trojwymiarowych rozktadow pol nadsubtelnych

P(x, y, z), gdzie x, y, z — s dowolnymi polami nadsubtelnymi,

- opracowanie metody niezmiennikdw, umozliwiajacej jednoznaczny opis widm
absorpcyjnych bez tekstury przy mieszanych oddzialywaniach nadsubtelnych dipolowych

magnetycznych 1 kwadrupolowych elektrycznych,
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- opracowanie metody otrzymywania przekroju czynnego z widm mossbauerowskich,

w ktorych parametr grubosci efektywnej  ma dowolng wartos¢.
2) badawcza, obejmujaca zastosowanie wyzej wymienionych metod do:
- badania litych uktadow Fe-Cr-Mn, Fe-Ni, UFesSn nieuporzadkowanych magnetycznie,

- badania uktadéw nanometrowych Fe-Al oraz nanoczastek magnetytu.
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2. Polarymetria mossbauerowska

Wzgledne natezenia linii w widmie mossbauerowskim niosg informacj¢ o katowym
rozkladzie wektoréw magnetycznego pola nadsubtelnego tzw. teksturze magnetycznej.
Wykorzystujac promieniowanie niespolaryzowane mozliwe jest otrzymanie pewnych
uzytecznych, lecz ograniczonych informacji o wielkosciach $rednich po rozktadzie,
mianowicie <cos’6>. Polarymetria mossbauerowska zasadniczo zwigksza dostgpng
informacj¢. W przypadku stosowania wigzki spolaryzowanej kotowo otrzymujemy parametr
<cos@>, ktory pozwala na okreslenie zwrotu wektora lokalnego magnetycznego pola
nadsubtelnego. W przypadku polaryzacji liniowej mamy dodatkowy parametr opisujacy
teksture magnetyczna, mianowicie <sin’@ cos’p>. Wszystkie powyzsze mozliwosci badawcze
nadaja si¢ szczegdlnie do badan uktadow nieuporzadkowanych magnetycznie. Ponadto,
uzycie monochromatycznej wigzki spolaryzowanej upraszcza widma absorpcyjne i mozliwa

jest separacja poszczego6lnych przej$¢ jadrowych.

Korzysci plynace z wykorzystania wiazki spolaryzowanej w  spektroskopii
mossbauerowskiej zostaty zauwazone zaraz po odkryciu efektu Mossbauera [Han, Frau]
1 wykorzystane do pomiaréw dotyczacych gradientu pola elektrycznego [John], okreslania
kierunku wektora magnetycznego pola nadsubtelnego [Blu] i struktury magnetycznej
monokrysztaléw [Gon]. Wiele réznych metod zostato zastosowanych w celu otrzymana
wigzki spolaryzowanej. Wigkszos$¢ z nich byta jednak nieefektywna i zbyt skomplikowana do
regularnych zastosowan. Z jednej strony otrzymywane zrodita byly polichromatyczne co
bardzo komplikuje analiz¢ mierzonych widm, z drugiej strony wymagaty skomplikowanej
aparatury utrzymujacej lini¢ emisyjng niespolaryzowanego zrddla promieniowania gamma
w rezonansie z odpowiednia spolaryzowang linia filtra [Frau, Sht, Sta, Jis]. W celu
wyeliminowania powyzszych trudnosci kluczowa kwestia byt dobor filtra, ktory pracuje
z dostgpnym komercyjnie zrodtem promieniowania na standardowym ukladzie pomiarowym

1jest w rezonansie z linig zrodta przy zerowej predkosci.

W roku 1995 w Pracowni Metod Jadrowych Uniwersytetu w Bialymstoku
skonstruowano, w oparciu o metode filtra, monochromatyczne zrdédto promieniowania
spolaryzowanego kolowo pracujace z wykorzystaniem komercyjnego zrédta ”’Co w matrycy
chromowej z filtrem Fe-Si. Szczegotowy opis doboru filtra i metodologia analizy danych

dostepne sa w pracach [Szyl, Szy2, Szy3, Szy4]. Schemat uktadu uzytego do otrzymywania
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wigzki spolaryzowanej kolowo przedstawiony jest na rysunku 2.1.a. Pomiary na prébkach
proszkowych zazwyczaj przeprowadza si¢ na absorbencie umieszczonym w zewngtrznym
polu magnetycznym rownoleglym do kierunku propagacji promieniowania gamma.
W ramach prezentowanej rozprawy habilitacyjnej pomiary 1 analiza wynikow
doswiadczalnych, otrzymanych z zastosowaniem spektroskopii mossbauerowskiej z uzyciem
wiazki spolaryzowanej kolowo, zostaty przedstawione w pracach [P2, P3, P4, P5, P8, P9,
P10].

Naturalnym uzupelnieniem bazy badawczej pracowni bylo uruchomienie uktadu
pracujacego z monochromatyczna wiazka spolaryzowana liniowo. Moje prace badawcze
w latach 2010-2011 doprowadzily do uruchomienia takich pomiaréw [P19]. Schemat budowy
monochromatycznego zrodla spolaryzowanego liniowo przedstawiony jest na rysunku 2.1.b.
W tym przypadku zazwyczaj pomiary przeprowadza si¢ na absorbencie umieszczonym
w zewngtrznym polu magnetycznym prostopadlym do kierunku propagacji promieniowania

gamma.

schemat uktadu do otrzymywania monochromatycznej schemat uktadu do otrzymywania monochromatycznej
wiazki spolaryzowanej kotowo wigzki spolaryzowanej liniowo
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Rys.2.1. Schemat konstrukcji zrodla spolaryzowanego a) kolowo i b) liniowo.

Na rysunku2.2. przedstawione sa wyniki pomiaréw o-Fe z uzyciem
monochromatycznego promieniowania spolaryzowanego kotowo (rysunek 2.2.a) i liniowo
(rysunek 2.2.b). Charakterystyczng cecha pomiaréw przeprowadzonych przy uzyciu
promieniowania spolaryzowanego kotowo, w przypadku momentéw magnetycznych atoméw
Fe rownolegtych do kierunku promieniowania gamma, jest wystgpowanie asymetrii widm
mierzonych dla obu stanéw polaryzacji wiazki, symbolicznie oznaczonych na rysunku T4,
TT. W przypadku calkowitej polaryzacji wiazki i ustawieniu momentéw magnetycznych
rownolegle do zewngtrznego pola magnetycznego rownolegtego do kierunku wiazki gamma

widma powinny sktada¢ sie jedynie z dwoch linii odpowiednio nr 1, 4 dla polaryzacji Td
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i3,6 dla polaryzacji TT. Szczatkowe wystepowanie linii nr. 2, 3, 5 i 6 dla polaryzacji
Tlinr. 1, 2, 4, 5 dla polaryzacji TT jest zwiazane z niecalkowita polaryzacja wiazki
(zmierzona warto$¢ stopnia polaryzacji p = 0.8 £ 0.1) oraz niecatkowitym uporzadkowaniem
momentow magnetycznych Fe w kierunku zewnetrznego pola magnetycznego B =1 T.
W szczegdlnym przypadku izotropowego rozktadu momentow magnetycznych, ewentualnie
uporzadkowania antyferromagnetycznego brak jest jakiejkolwiek asymetrii. W przypadku
wiazki spolaryzowanej liniowo (rysunek 2.2.b) dla jednego stanu polaryzacji oznaczonej
symbolicznie S obserwowane sq linie 2, 5, a w przypadku drugiej polaryzacji S linie
1, 3,4, 6. Podobnie jak w wypadku polaryzacji kotowej linie o bardzo matej intensywnosci
nr. 1, 3, 4, 6 dla S7 i 2, 5 dla S zwigzane sa z niecatkowita polaryzacja wiazki
1 niecatkowitym uporzadkowaniem momentéw magnetycznych Fe w kierunku zewnetrznego

pola magnetycznego B =1 T.
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Rys.2.2. Widma o-Fe mierzone z uzyciem wiqzki spolaryzowanej w zewnetrznym
polu magnetycznym 1 T rownoleglym i prostopadlym do wektora falowego
promieniowania gamma odpowiednio dla polaryzacji, a) kolowej,
b) liniowej.

Doskonatym przykladem uzytecznosci pomiarow z uzyciem wiazki spolaryzowanej
kolowo jest pomiar magnetytu Fe;Os przedstawiony na rysunku2.3. Magnetyt jest
ferrimagnetykiem o dwoéch nierownowaznych pozycjach chemicznych atoméw Fe,
tetraedrycznej Fe, 1 oktaedrycznej Feg. Obserwowana asymetria na obu pozycjach zelaza jest
przeciwna co $wiadczy, ze momenty magnetyczne pozycji Feg sa ustawiane réwnolegle do

zewnetrznego pola magnetycznego (asymetrie takie same jak w przypadku orFe), natomiast
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momenty magnetyczne Fe, sa ustawione antyrownolegle do zewnetrznego pola
magnetycznego (obserwowane asymetrie przeciwne niz obserwowane w o-Fe). Drugim
przyktadem jest zwigzek amorficzny Feg ¢6Ero19Bo.15 (rysunek 2.4.), w ktérym widaé¢ zmiang
asymetrii wraz ze wzrostem temperatury, co $wiadczy o zmianie orientacji momentéw

magnetycznych Fe.

transmisja [arb.unit]

1 . 1 . 1 . . 1 . 1 . 1 .
-10 -5 0 5 10 -5 0 5 10

predkosé [mmy/s] prdkos¢ [mm/s]

Rys.2.3. Widma mdssbauerowskie magnetytu mierzone z uzyciem promieniowania
niespolaryzowanego, a) bez zewnetrznego pola magnetycznego, b) w B..,
rownoleglym do promieniowania gamma, c¢) i d) wiqzki spolaryzowanej
kolowo. Czerwona linia ciqgla przestawia najlepsze dopasowanie, zielona
i niebieska odpowiednio skiadowe Fe, i Fep.

transmisja [jed.dowolne]

6 4 2 0 2 4 6 6 4 2 0 2 4 6
predkos¢ [mm/s] predkos¢ [mm/s]

Rys.2.4. Widma méssbauerowskie stopu amorficznego Feg ssEr 19By 13-
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2.1. Polarymetria z uzyciem promieniowania spolaryzowanego liniowo

[P19]

W przypadku uzycia promieniowania spolaryzowanego liniowo mozliwy jest dost¢gp do
dodatkowej informacji o katowym rozkladzie momentéw magnetycznych, w postaci sredniej
wartosci parametru <0052¢) sin@ gdzie 0 i ¢ sa odpowiednio katami polarnym
iazymutalnym w ukladzie zwigzanym z wektorem falowym k promieniowania gamma
i kierunkiem zewngtrznego pola magnetycznego prostopadlego do wektora k.
W szczego6lnosei, gdy 6 = m/2 otrzymujemy informacj¢ o katowym rozktadzie wektorow pola
nadsubtelnego w plaszczyznie probki. Ponadto widmo absorpcyjne staje si¢ znacznie

prostsze. Sytuacja, gdy 8 = /2 i ¢ = 0 prezentowana jest schematycznie na rysunku 2.1.1.

W przypadku catkowicie spolaryzowanej liniowo monochromatycznej wiazki
promieniowania i magnetycznego pola nadsubtelnego zorientowanego pod katami 6 1 ¢
widmo méssbauerowskie sklada si¢ z szesciu linii o natezeniach I7”; (i=1, 2, 3, 4, 5, 6)

wyrazonych relacjami [Bra]:

511~ 20-s0) i 4] o0 L)
[1(’;1) :]éjsl) :[3(:41) :(z a —cs)):(czsj:(:g a —CS)] (2.1.2)

gdzie ss= sin’ [0 sin’@ oraz cs=cos’ ) sin’@, a wartosci p=-1 1 p =1 oznaczaja odpowiednio

dwie ortogonalne polaryzacje wiazki.

T T T T T
— -1
3 gty
g
3
= 6=mn/2
z 2 5 -
g 9=0
g
£
E| 0
g 3‘ 4 ‘ S

1 6
1 1 1 1 1

predkosé [jednostki dowolne]

Rys.2.1.1. Schematyczne przedstawienie widm mdssbauerowskich
monochromatycznej liniowo spolaryzowanej wiqzki
promieniowania gamma.
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W przypadku niecatkowitej polaryzacji wiazki sytuacja si¢ komplikuje. W pracy [P19]
zostalo pokazane, ze w takim wypadku natgzenia poszczegdlnych linii absorpcyjnych mozna
wyrazi¢ wzorami:

I 117, =

3(p+), 3. (D) e\ ((pDh, 1 (2.1.3)
( T (cs ss)+8(1 cs)j.(—4 (ss cs)+2j.(—l6 (cs ss)+8(1 cs)j

W wypadku wiazki niespolaryzowanej (p = 0) otrzymujemy relacjg
I’ D) 1), = i(1+cc) : l(1—cc) : i(1+cc) (2.1.4)
16 ~L25 434 16 "\ 2 116 N

gdzie cc=cos’ 6.
W tym przypadku natezenia linii 2 1 5 wyrazaja si¢ nastepujaco:

41} =cs+ss=1-cc (2.1.5)

W rzeczywistos$ci najczgs$ciej mamy do czynienia z pewnymi rozktadami katowymi
magnetycznego pola nadsubtelnego, tzw. tekstury magnetycznej P(6, ¢). Liniowo
spolaryzowane promieniowanie gamma o stopniu polaryzacji p pozwala na wyznaczenie

parametru <cs> . Relacje (2.1.3) 1 (2.1.5) prowadza do wzoru :

20351+ p)- 1)
p

<cs > (2.1.6)

Opierajac si¢ na relacji 2.1.6 mozna oszacowac stopien polaryzacji wiazki, ktory jest zalezny
od zastosowanego filtra. Niecalkowita polaryzacja wiazki moze by¢ spowodowana trzema
efektami: 1) nieidealnym namagnesowaniem polaryzatora, 2) zbyt mata gruboscia materiatu
filtra, 3) brakiem homogenicznosci polaryzatora. Brak idealnej homogenicznosci filtra
powoduje, ze czgs¢ niespolaryzowanej wiagzki nie oddziatuje z polaryzujacym materiatem.
Przetestowano rozne ggstosci materiatu zastosowanego w preparatyce filtra jak rowniez rdzne
sposoby preparatyki filtrow (tabela 1). Okreslone ilosci materiatu polaryzatora °'Fe, ¢5Si; ;5
byly mieszane z Zzywica i1 poddawane polimeryzacji zywicy w réznych warunkach.
Przyktadane zewngtrzne pole magnetyczne podczas zastygania zywicy mialo na celu

orientacj¢ ziaren materialu polaryzatora. Wyniki pomiaréw przeprowadzone w zewngtrznym
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polu magnetycznym réwnoleglym do ptaszczyzny folii o~Fe otrzymane dla réznych filtrow

prezentowane sa na rysunku 2.1.2.

Tabla 2.1.1.Rézne sposoby preparatyki polaryzatorow Fe, s5Sis s -

symbol 2estos¢ pow. opis

materiatu [mg/cm’]

A 20 Wiazanie w zewngtrznym polu

magnetycznym rownolegtym do pow.
polaryzatora

B 30 Wigzanie w zewngtrznym polu

magnetycznym rownoleglym do pow.
polaryzatora

C 40 Wigzanie w zewngtrznym polu

magnetycznym rownoleglym do pow.
polaryzatora

D 34 Wigzanie w zewngtrznym polu

magnetycznym rownolegtym do pow.

polaryzatora. Inna granulacja ziaren

polaryzatora

E 40 Wiazanie bez zewngtrznego pola

magnetycznego

N
1 ia S"
A polaryzacja A

A A MR AL

-5 0 5 -5 0 5
predkosé [mm/s] predkosé [mmy/s]

T T T T
polaryzacja S

transmisja [jedn.dowolne]

Rys.2.1.2. Widma o+Fe otrzymane z zastosowaniem roznych sposobow preparatyki
filtrow polaryzacyjnych.

Jak wida¢, nat¢zenie niepozadanych linii zmienia si¢ w zaleznosci od preparatyki

filtrow. Wystgpowanie tych linii absorpcyjnych zwiazane jest z niecatkowita polaryzacja
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wigzki promieniowania gamma oraz brakiem nasycenia momentow magnetycznych atomdéw
Fe w kierunku zewngtrznego pola magnetycznego. Oszacowane warto$ci stopnia polaryzacji
w funkcji gestosci Fe-Si zastosowanego w polaryzatorze przedstawione sa na rysunku 2.1.3.a.
Obserwowany brak monotonicznej zaleznosci stopnia polaryzacji wynika z efektow
zwigzanych z niehomogenicznoscia filtra. Inng reprezentacja jest przedstawienie stopnia
polaryzacji w funkcji ilorazu pola powierzchni pod widmem i wielkos$ci tta (ARE/BAS). Taka
reprezentacja uwzglednia ewentualng nichomogeniczno$¢ polaryzatora rys.2.1.3.b. Jak widaé,
najbardziej efektywny polaryzator oznaczony jest symbolem D (patrz tabela 2.1.1). Jak
pokazaly badania jedna z kluczowych kwestii w przypadku preparatyki polaryzatorow jest ich
homogenicznos¢ - ta stabo zalezy od zewnetrznych warunkow preparatyki (wiazanie
w zewnetrznym polu czy bez pola), a istotnie zalezy od granulacji materiatu polaryzujacego
(patrz rysunek 2.1.3 polaryzator D, C). W celu doktadniejszego zbadania wystgpujacych

w tym problemie zjawisk planowane sa dalsze badania.

T T T T T T T
1.0 b
09 -
C
5 08| B e
<
N
5
g 07} -
=
]
g
% ooel A .
04 | IR SR N T I T— | | IR (U NI NI [T T T T |
20 25 30 35 40 04 06 0.8 1.0 1.2 14 16 1.8 2.0 2.2
gestosé filtra [mg/em’] ARE/BAS

Rys.2.1.3 Oszacowane stopnie polaryzacji dla testowanych polaryzatorow a) jako funkcja
gestosci filtra, b) jak funkcja parametru ARE/BAS.

Na rysunku 2.1.4. przedstawione sa pomiary FessNizs z wykorzystaniem zrddla
promieniowania spolaryzowanego liniowo. Analiza zestawu danych polarymetrii
mossbauerowskiej 1 klasycznej spektroskopii mossbauerowskiej z wykorzystaniem
promieniowania spolaryzowanego pozwoli na bardziej wiarygodna rekonstrukcj¢ istniejacego

rozktadu pola nadsubtelnego P(B).
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transmisja [jedn.dowolne]
Q
°
°
0;
LT
Q
%
°

predkos¢ [mmy/s]

Rys.2.1.4. Widma mdssbauerowskie stopu FegsNizs mierzone z uzyciem
monochromatycznego promieniowania spolaryzowanego liniowo
i niespolaryzowanego.
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3. Nowe metody analizy danych doswiadczalnych

W spektroskopii mossbauerowskiej znanych jest wiele algorytméw pozwalajacych na
interpretacj¢ fizyczng mierzonych widm. Wiele nowych idei prowadzacych do coraz lepszego
opisu wynikéw doswiadczalnych mozna byto zastosowa¢ wraz z pojawieniem si¢ duzych
mocy obliczeniowych zwiazanych z rozwojem techniki komputerowej. Pojawiajace si¢
w analizie danych trudno$ci zwigzane sa migdzy innymi z:

- rekonstrukcja rozktadow podl nadsubtelnych bez odwotywania si¢ do zatozonego

modelu,

- rekonstrukcja przekroju czynnego na absorpcje,

- interpretacja widm przy mieszanych oddziatywaniach dipolowych magnetycznych

1 kwadrupolowych elektrycznych.
W nastgpnych podrozdziatach opisz¢ trzy nowe metody opracowania danych bedace

przedmiotem przedktadanej rozprawy habilitacyjne;.

3.1. Metoda maksymalnej entropii w spektroskopii mossbauerowskiej [P6,

P11, P16, P18]

Jednym z wazniejszych problemow w spektroskopii mossbauerowskiej jest
wyznaczanie rozktadow pdl nadsubtelnych. W sytuacji braku efektéw dynamicznych

mierzone widmo absorpcyjne mozna opisa¢ w nastgpujacy sposob:
MWV)=BG-SV)= _[E(x, v,z,V)P(x,y,z)dxdydz + N(V') (3.1.1)

gdzie: BG — tho,
S(V) — mierzone widmo absorpcyjne,
E(x,y,z,V) — elementarny ksztalt linii dla danej wartosci pola nadsubtelnego,
P(x,y,z) — funkcja rozktadu dla danych pol nadsubtelnych,
N(V) — szum eksperymentalny.
Powstato wiele algorytméw pozwalajacych na obliczanie rozktadow pol
nadsubtelnych [Var, Hes, Win]. Metody te zazwyczaj pozwalajg obliczy¢ funkcj¢ rozktadu
poprzez minimalizacje statystycznego odchylenia, jak np. w tescie y°. Metoda

Hesse - Riibartsch daje proste rozwiazanie tego problemu, opierajace si¢ na znalezieniu
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macierzy odwrotnej. Wiadomo, iz poszukiwania macierzy odwrotnej w przypadku danych
obarczonych statystycznym szumem daja wyniki numerycznie niestabilne. Nawet mate szumy
moga prowadzi¢ do istotnie rézniacych si¢ rezultatow. Problem ten staje si¢ bardziej stabilny
w przypadku, gdy wlaczone sa pewne fizyczne zalozenia, ktdre ograniczajq przestrzen
rozwigzan np. czgsto czynione zalozenie liniowej korelacji magnetycznego pola
nadsubtelnego 1 przesunigcia izomerycznego itp. Takie zalozone korelacje byly czesto
stosowane do rekonstrukcji jednowymiarowych funkceji rozktadu, najczesciej magnetycznego
pola nadsubtelnego, podczas gdy dla pozostalych parametréw (przesunigcie izomeryczne,
rozszczepienie kwadrupolowe) przyjmowano najlepsze wartosci srednie.

Inne podejscie - znalezienia funkcji P(B), B —jest magnetycznym polem
nadsubtelnym, w spektroskopii mdssbauerowskiej, opierajace si¢ na metodzie maksymalnej
entropii zaproponowali Brandt i Le Caer [Bra]. Metoda ta bazuje na entropii informacyjne;j
1tzw. wnioskowaniu Bayesowskim [Jay]. Algorytm wnioskowania, na ktérym opiera si¢
MEM wykorzystuje wytacznie obiektywna wiedze¢ poczatkowa (tzw. prior) dostgpna
eksperymentatorowi. Metoda ta byla czgsto z powodzeniem stosowana w przypadku analizy
danych spektroskopowych [Dob, Ger, Buc], a bardzo rzadko w przypadku analizy danych
mossbauerowskich.

Obecnos¢ rozktadéw pol nadsubtelnych prowadzi do komplikacji mierzonych widm,
ktérych interpretacja staje si¢ zalezna od zatozen poczynionych w celu rekonstrukcji
szukanych funkcji rozktadu. Metoda MEM, jako niezalezna od zalozen powinna utatwié
interpretacje widm mdossbauerowskich, charakteryzujacych si¢ wystepowaniem rozktadéw pol
nadsubtelnych.

Jednym z osiagni¢¢ przedstawianych w tej rozprawie habilitacyjnej jest rozwinigcie
1 zastosowanie metody maksymalnej entropii do poszukiwania rozktadow, w ogolnosci
w trojwymiarowej przestrzeni pol nadsubtelnych P(B, IS, OS).

W przypadku analizy widm mossbauerowskich z zastosowaniem metody maksymalnej
entropii nalezy podzieli¢ trojwymiarowa przestrzen pdl nadsubtelnych na piksele
1 wprowadzi¢ wektor p; oznaczajacy prawdopodobiefistwo wybranych trzech parametréw
nadsubtelnych w j-tym pikselu. Poniewaz intensywnosci linii w widmie absorpcyjnym sa
liniowa funkcja prawdopodobienstwa, mierzone intensywnosci 7; z niepewnosciami

statystycznymi o; W k-tym kanale widma sa dane suma:
N i
T,=>r,-p,,  gdzie k=12,..,N (3.1.2)
j=1

gdzie ry; jest macierza transformacji.
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W metodzie zazwyczaj maksymalizuje si¢ Lagrangian w postaci
1,
L:wS‘—E;( (3.1.3)

gdzie S jest entropig informacyjna opisang nastgpujacym wyrazeniem

Np[x

S=->p, ln(& (3.2.4)
J=l poj
gdzie p; 1 p,; sa rekonstruowanym 1 poczatkowym rozktadem.

W celu rekonstrukcji zadanego rozktadu nalezy rozwiazac nastgpujace rownanie:

p,= ! (3.1.5)

W praktyce istotnym problemem w zastosowaniu maksymalnej entropii jest wybor
rozktadu poczatkowego, opartego na obiektywnej wiedzy o badanym uktadzie, ktory moze
wpltywaé na odpowiedZ metody, a tym samym na rekonstruowane rozklady pdl
nadsubtelnych.

W pracy [P6] wprowadziliSmy i przetestowaliSmy algorytm maksymalnej entropii
w przypadku jednowymiarowego P(B) i dwuwymiarowego P(B, IS). Algorytm testowany byt
na symulowanych widmach. Otrzymane rezultaty pokazaly bardzo dobra zgodnosé
symulowanych 1 rekonstruowanych rozktadéow. Nalezy podkresli¢, ze w procedurze
zastosowane] w tej pracy do rekonstrukcji rozktadow pdl nadsubtelnych, jako wiedzg
poczatkowa o uktadzie, tzw. ,,prior”, zaktadano ptaski rozktad pol nadsubtelnych, co oznacza
brak jakiejkolwiek wiedzy poczatkowej o badanym uktadzie. Pomimo tak prostego podejscia
zgodnos¢ rekonstrukcji 1 symulacji byty bardzo dobre.

W pracy [P11] analizowany byl przypadek rozktadu P(QS, IS) charakterystyczny dla
probek paramagnetycznych. Testowana byla odpowiedz procedury MEM w przypadku,
w ktorym mozna spodziewa¢ si¢ duzych trudno$ci ze znanym w spektroskopii
mossbauerowskim problemem niejednoznacznosci rozwiazan tzw. ambiguity problems [Wil,
Dab, Ito, LeC]. Testy wykazaty, ze w takim przypadku bardzo wazne jest zastosowanie
wiedzy poczatkowej w miejsce ptaskiego rozktadu parametréw poczatkowych. Wykazalismy
réwniez mozliwos¢ rekonstrukeji tréjwymiarowego rozktadu pol nadsubtelnych P(B, OS, IS).

Istotne jest, ze w przypadku skomplikowanego widma niezbg¢dne jest stosowanie wiedzy
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poczatkowej o uktadzie. Wiedza ta moze pochodzi¢ w najprostszym przypadku z ogladu
charakterystycznych cech mierzonych widm.

Praca [P16, P18] opisuje kolejne rozszerzenie zakresu stosowalnosci MEM do analizy
widm mossbauerowskich, mianowicie poszukiwanie rozkladu P(B, IS, z), gdzie z — jest
parametrem tekstury magnetycznej. Testy przeprowadzono na bardzo skomplikowanym,
symulowanym widmie, w ktérym zatozono istnienie tekstury magnetycznej zaleznej od
wartosci nadsubtelnego pola magnetycznego. Na rysunku 3.1.1 (ptaski prior) i 3.1.2 (prior
w ksztatcie Gaussa) przedstawiono zasadnicze wyniki otrzymane w tej pracy, ktére pokazuja

zarowno zalety jaki 1 problemy w rekonstrukcji rozktadow pél nadsubtelnych metoda MEM.
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Rys.3.1.1. Rezultaty MEM otrzymane przy zastosowaniu plaskiego rozkladu
poczqtkowego a) symulowane widmo (punkty) z najlepszq rekonstrukcjq
(linia ciqgla), b) zrekonstruowany rozkiad P(B, 1S), c) symulowany (linia
ciqgta) izrekonstruowany (punkty) rozklad P(B) d) symulowana zaleznosé¢
z(B) (linia ciqgla) i zrekonstruowana z(B) (punkty).

Jak wida¢, zastosowanie ptaskiego rozktadu (zupelny brak wiedzy poczatkowej
o uktadzie) do skomplikowanego widma (linie bardzo mocno nachodza na siebie (rysunek
3.1.1.a)) odtwarza poprawnie rekonstruowany rozktad P(B), chociaz wida¢ wyrazna

rozbieznos¢ w szczegodlnosci dla piku o mniejszym polu nadsubtelnym. Otrzymane z(B)
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pokazuje wyrazng zalezno$¢ parametru z od wartosci magnetycznego pola nadsubtelnego,
jednak symulowany ksztalt nie jest odtwarzany w sposob doskonaty. W przypadku P(B, IS)
rozktad w parametrze IS jest znacznie poszerzony. W symulacji zatozono dyskretna wartos$é
przesunigcia izomerycznego. Niemniej jednak, jesli wezmie si¢ pod uwage, ze dane
eksperymentalne to tylko jednowymiarowy rozktad sktadajacy si¢ z zaledwie 256 punktow
oraz przyjety w analizie zupelny brak wiedzy poczatkowej o ukladzie, rekonstrukcja jest
wrecz znakomita. Zastosowanie rozktadu Gaussa jako wiedzy poczatkowej (najprostsze
zatozenie wynikajace z ksztattu widma) o uktadzie daja znacznie lepsze rezultaty. Jednakze,

szeroko$¢ w parametrze 1S jest w dalszym ciagu widoczna (rysunek 3.1.2).
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Rys.3.1.2. Rezultaty MEM otrzymane przy zastosowaniu gaussowskiego rozkladu
poczatkowego a) zastosowany prior, b) rozklad zrekonstruowany, c) P(B)
zalozony (linia ciqgla) izrekonstruowany (punkty) d) zaleznosé¢ z(B)
symulowana (linia ciqgla) i zrekonstruowana (punkty).

W pracy [P16], w ktérej wprowadzitem procedurg otrzymywania przekroju czynnego
na absorpcj¢ o(E) niezbednym elementem jest procedura dekonwolucji widma

mossbauerowskiego z szumem eksperymentalnym ze wzgledu na zdolno$¢ rozdzielcza
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aparatury. W procesie tym doskonalym narzedziem okazuje si¢ ponownie metoda
maksymalnej entropii.

W celu przetestowania przydatnosci MEM w procesie dekonwolucji metoda ta zostata
przetestowana na symulowanych widmach z narzuconym gaussowskim rozktadem szumu.
Ksztatt symulowanych widm byt splotem funkcji Lorentza i sekstetu z réznymi szerokos$ciami
poltéwkowymi, I, = 0.15 mm/s (wielkosci typowej dla zrédta °’Co) traktowany jako funkcja
aparaturowa i I, zmieniajacej si¢ w zakresie 0.1 mm/s do 0.85 mm/s. I, w tym wypadku
odpowiada mozliwemu poszerzeniu linii absorpcyjnych. Wielkos¢ I, = 0.1mm/s odpowiada
widmu folii Fe uzywanemu najczesciej do kalibracji spektrometru. Rezultaty przykiladowe;j
dekonwolucji dla 7,=04 mm/s i I,,=0.1 mm/s sa przedstawione na rysunku 3.1.3. Jak
wida¢ dla wigkszej szerokosci widma I, = 0.4 mm/s dekonwolucja przebiega prawidtowo,
podczas gdy dla 7, =0.1 mm/s dekonwolucja nie odwzorowuje ksztatltu Lorentza. Jest to

przedstawione na wstawce rysunek 3.1.3.b.
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Rys.3.1.3. Przykiad  dekonwolucji  dla  symulowanych widm z  parametrami
I=0.15mm/s i a) I ,= 0.4 mm/s b) I',= 0.1 mm/s. Linia ciqgla reprezentuje
najlepsze dopasowanie otrzymane w przyblizeniu cienkiego absorbenta.

Poréwnanie symulowanych 77, i szeroko$ci potowkowych otrzymanych z analizy
widm po procesie dekonwolucji w przyblizeniu cienkiego absorbenta prezentowane sa na

rysunku 3.1.4.
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Rys.3.1.4. Zaleznos¢ a) I', uzytego w symulacjach i uzyskanego po dekonwolucji,
b) parametru x° otrzymanego z dopasowania, w funkcji liczby kanaléw
przypadajqcych na szerokosé polowkowq.

Istotnym parametrem, od ktdrego zalezy jakos$¢ przeprowadzanych dekonwolucji jest
liczba kanatow przypadajaca na szerokos¢ poléwkowa. Podstawowym wnioskiem
wynikajacym z powyzszej analizy jest to, ze procedura dekonwolucji przeprowadzona na
dyskretnym, symulowanym widmie z narzuconym szumem, poprawnie reprodukuje ksztatt
w przypadku, gdy I" = [, + I jest okoto 2.5 razy wigksza niz szerokos$¢ I's. W przypadku
naszej symulacji wynika, ze procedura pracuje poprawnie gdy na szerokos$¢ potdowkowa
widma przypada co najmniej pi¢¢ kanatow. Oznacza to, ze procedura MEM pracuje wlasciwie

dla probek ze wzglednie szerokimi rozktadami pol nadsubtelnych.

3.2. Metoda niezmiennikow [P14, P15, P17]

Juz w pierwszych latach spektroskopii mossbauerowskiej stwierdzono, iz szczegoty
struktury nadsubtelnej nie moga by¢ jednoznacznie okreslone na podstawie widm
mossbauerowskich probek nie posiadajacych tekstury krystalicznej [Kar]. Niejednoznacznos¢
istnieje nawet w najprostszym przypadku widma z pojedyncza pozycja krystalograficzna
bioraca udzial w efekcie Mossbauera [Wil, Dabl, Dab2, Don]. Do wyznaczenie oddziatywan
nadsubtelnych pomocne sa pomiary w zewngtrznych polach magnetycznych [Spi],
wykorzystanie monokrysztatow [Wer], ewentualnie metod polarymetrycznych [Bar, Szy5].

Jeszcze wigksze problemy pojawiaja si¢, gdy mamy do czynienia z rozkladami pdl
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nadsubtelnych powodujacymi naktadanie si¢ linii absorpcyjnych [Cae]. Nie ma do tej pory
opublikowanych sposobow umozliwiajacych opracowanie w $cisty sposob wynikéw takich
eksperymentdw mossbauerowskich. W celu jednoznacznej analizy wynikow otrzymywanych
z pomiarOw mdossbauerowskich opracowana zastala w naszym zakladzie tzw. metoda
niezmiennikdw. Metoda ta polega na konstrukcji odpowiedniej bazy funkcji, ktorej
zastosowanie umozliwia jednoznaczne opracowanie wynikow takiego eksperymentu
mossbauerowskiego.

Pozycje linii absorpcyjnych widma mossbauerowskiego sa obliczane poprzez
diagonalizacj¢ Hamiltonianu spinowego, podczas gdy amplitudy sa dane poprzez wartosci
wlasne [Gib]. Jak zostato pokazane w pracy [Szy6] koncepcja tensora natezen [Zor, Ing, Zim,
Ziml] prowadzi do opisu nate¢zen linii poprzez nastgpujace niezmienniki skonstruowane

z tensora gradientu pola elektrycznego V' i pseudowektora magnetycznego pola nadsubtelnego

—

B:
S =aW
S, =am" -V -m (3.2.1)
S, =am

gdzie

a=eQc/E, (3.2.2)

jest stala proporcjonalnosci pomigdzy gradientem pola elektrycznego 1 powyzszymi
niezmiennikami wyrazonymi w jednostkach mm/s, Q jest momentem kwadrupolowym,

e fadunkiem elementarnym, ¢ predkoscia swiatta, £, energia pomigdzy stanem podstawowym

i wzbudzonym, m = B/B (B jest modutem B) wektorem jednostkowym rownolegtym do B.
Wprowadzone niezmienniki S, S;, S> posiadaja jasna interpretacj¢ fizyczna.
Niezmiennik 6 So jest réwny wyrazeniu:
aVv_(1+n*/3)/2 (3.2.3)
1 okresla odlegtos¢ pomigdzy poziomami jadrowymi I, = 3/2 w przypadku, gdy magnetyczne
pole nadsubtelne jest rowne zero. Niezmiennik S; jest sktadowq tensora V' gradientu pola
elektrycznego w kierunku magnetycznego pola nadsubtelnego. Znak tego niezmiennika moze
by¢ zaréwno dodatni jak i ujemny. Niezmiennik S, jest proporcjonalny do przesunigcia linii
absorpcyjnych numer 2, 3, 4, 5 wzglgdem linii numer /, 6 w sekstecie zeemanowskim.

W przypadku gdy wektor m jest przypadkowo zorientowany w uktadzie osi gtownych tensora
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V' $rednia wartos¢ niezmiennika jest rdwna zero. Kwadrat niezmiennika S jest sktadowa
tensora 1> w kierunku nadsubtelnego pola magnetycznego.
Réwnanie wlasne na energie stanu wzbudzonego /. = 3/2 ma postaé:
A+ pA+qgl+r=0

324
A=2E/v, ( )

gdzie v, =g;,UyBc/E, jest rozszczepieniem Zemana pomigdzy podpoziomami stanu

I, =3/2 wyrazonymi w mm/s, (v magnetonem jadrowym, g3, jest jadrowym czynnikiem
g stanu wzbudzonego.
Wspdtezynniki  powyzszego rdwnania mozna przedstawi¢ w  zaleznosci od

wprowadzonych niezmiennikow nast¢pujaco:
p =—10—%(S0 /vy ),
q =-38S, /vy, (3.2.5)
r=(p+ 4 -4 (5,v, )"
Natezenia linii  absorpcyjnych dla przypadkowo zorientowanego absorbenta

w przypadku magnetycznego dipolowego przejscia 3/2—1/2 jest proporcjonalne do sladu

tensora natgzen co wyrazamy w postaci:

2 - p—
Tr 1, =34 p 20— 4% *;(P+4)(p+16) 4r
8 16(422 +2pA, +4)

(3.2.6)

Indeks f = 1 odpowiada dwom stanom podstawowym a cztery wartosci wlasne A, sa
pierwiastkami réwnania wlasnego. Ostatecznie relacja na pozycje linii absorpcyjnych wyraza
si¢ wzorem:

Vs =Ry =081,/ 852)V5 /2 (3.2.7)

Zaleznosci (3.2.1), (3.2.6) 1 (3.2.7) w pelni okres$laja pozycje linii absorpcyjnych oraz
ich natezenia i zaleza jedynie od czterech niezmiennikéw: B, S, S; i S, , podczas gdy
niezaleznych parametrow nadsubtelnych jest pigé: B, 6, ¢, V.. 1 n. Zatem tylko powyzsze
niezmienniki mogg jednoznacznie by¢ wyznaczone z widm dla przypadkowo zorientowanych
absorbentow.

W praktyce procedura dopasowania polega na wykorzystaniu dowolnego pakietu
oprogramowania posiadajacego opcj¢ liczenia pelnego Hamiltonianu, dopasowujac
nastgpujace swobodne parametry B, 6, ¢, V.., n z wiezami: ¢ = /2, lub ¢ =0, lub 6= 1/2.

Tak wybrane wigzy sa rownowazne stwierdzeniu, ze B jest prostopadty do jednej z osi
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gléwnych gradientu pola elektrycznego. Parametry 6 ¢, V., 7 stosujemy do obliczenia

niezmiennikdw wyrazonych réwnaniami (3.2.1) wyrazonymi w bezposredniej formie

S —aVZZ,/1+1 :
o % 377 )

nastgpujaco:

S, = an”(3 cos’ @ —1+1cos2@sin’ 0), (3.2.8)
aVv._ T
S, = \J4—(3-2n7¢c0s2¢+1*)sin® 6

Powyzsze trzy niezmienniki oraz nadsubtelne pole magnetyczne moga by¢
wyznaczone z widm mdssbauerowskich bez tekstury magnetyczne;.

W celu ilustracji problemu niejednoznacznosci na rysunku 3.2.1 a przedstawione jest
widmo symulowane na podstawie okreslonych wartosci niezmiennikéw B, S,, S; i S>. Na
rysunkach 3.2.1 b, ¢ w postaci ciagtych linii przedstawione sg wartosci parametrow V., 7, 6,

¢, dla ktérych niezmienniki, a zatem 1 widmo nie zmieniaja sig.

a b

N
.| ||| Z I
24 01 2

predkos$é [mm/s]

Hroooo

transmisja [jedn.dowolne]

Rys.3.2.1. a) Symulowane widmo mdssbauerowskie dla magnetycznego pola nadsubtelnego
B=1eQV../(4g3/211y) | (=7.3641 T), i niezmiennikéw Sy, S;, S» réwnych (57/8)1/2, —5/4,
(217/64)1/2 (wszystkie w jednostkach mm/s). Kolorowe linie na wycinku sfery pokazujq
mozliwe wartosci kqtow polarnego 6 i azymutalnego ¢ wektora B w ukladzie osi glownych
tensora gradientu pola elektrycznego V. Nalezy zwroci¢ uwage, ze linie zmieniajq kolory
zgodnie ze zmianq b) parametru asymetrii 1 i c) glownej skladowej tensora gradientu pola
elektrycznego V., podczas gdy wartosci niezmiennikow nie zmieniajq sie. Oznacza to, ze
widmo mdssbauerowskie pokazane w czesci a) pozostaje niezmienione.

Powyzej opisana procedura zastosowana zostala do opracowania pomiarow dla stopu

UFesSn, UFe4Aly oraz y- FeMn. Szczegoétowe wyniki uzyskane ta metoda dla zwiazku
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mi¢dzymetalicznego  UFesSn  wykazujacego  reorientacj¢  lokalnych ~ momentow

magnetycznych w funkcji temperatury przedstawione sa w paragrafie 4.1.3.

3.3. Metoda otrzymywania przekroju czynnego [P16]

Najczesciej stosowanym sposobem analizy widm mdssbauerowskich jest ich opis jako
superpozycji loretzowskich linii absorpcyjnych lub zbioru sekstetéw. Wigkszos¢ stosowanych
metod pracuje w tzw. przyblizeniu cienkiego absorbenta i dobrze pracuje w przypadku gdy
interesujemy si¢ informacjami zwigzanymi ze skala predkosci. Informacje o natgzeniach
sktadowych opisujacych widmo absorpcyjne sa obarczone systematycznymi bledami jesli
grubos¢ efektywna absorbenta przekracza ¢ > 1. Jest to spowodowane nieliniowa zalezno$cia
obserwowanych natgzen sktadowych od efektywnego parametru grubosci 7. Stosowanie zatem
przyblizenia cienkiego absorbenta bedzie prowadzito do systematycznych bledow
rekonstruowanych pél nadsubtelnych i ewentualnie pojawiania si¢ niefizycznych rozwigzan.
Z tych powoddéw wygodniej bytoby pracowac na przekroju czynnym na absorpcij¢ o(E), ktory
wolny jest od wptywu skonczonej grubosci absorbenta jak i wpltywu funkcji aparaturowej na
mierzone widma.

Metodg obliczania przekroju czynnego na podstawie mierzonych widm absorpcyjnych
opublikowatem w pracy [P16]. Widma mdssbauerowskie mierzone w geometrii transmisyjne;j

przy zalozeniu cienkiego zrodta mozna przedstawi¢ w postaci [Mar]:

r 1
S)=cl1-f +f = e ""PldE (3.3.1)
( 2nE°(E—V)2+rj/4
gdzie
C stata zalezna od geometrii eksperymentu, absorpcji elektronowej probki, aktywnosci
uzytego zrodla,
fs wspotczynnik emisji bezodrzutowej zrodta,
I, szeroko$¢ potowkowa zrddta,
V przesuniecie Dopplera pomi¢dzy zrédlem i absorbentem,
o(E) przekrdj czynny na rozpraszanie,
t efektywny parametr grubosci absorbenta:
t=o0,fn, (3.3.2)

gdzie
o przekrdj czynny na absorpcje,
fa wspotczynnik emisji bezodrzutowej *’Fe w absorbencie,
n liczba atoméw "Fe na jednostke powierzchni absorbenta.
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Przekrdj czynny na rozpraszanie jest proporcjonalny do sumy linii Lorenzowskich

z warunkiem normalizacji natgzen w postaci:

w  al,Ty/4 .
=2 (E-E,) =, 2! (3:33)

W przypadku ciaglych rozktadéw pél nadsubtelnych powyzsze wzory wyraza sie przez catki

a(x)r,r, /4
E)= a dx, dx =1 3.3.4
o(&) Jj;(E—x)2+rj/4 JLat) (334

gdzie I'y — szeroko$¢ naturalna linii rowna 0.097 mm/s,
I, - szeroko$¢ potowkowa linii absorpcyjnych, ktéra zawiera ewentualne poszerzenia
linii.

Ze wzgledu na warunek normalizacji amplitud linii, normalizacja na przekrdj czynny

przedstawia si¢ w postaci

[ o(E)E = —’IZFO (3.3.5)

Celem calej procedury jest obliczenie przekroju czynnego o(E) z mierzonego widma
absorpcyjnego S(V) wyrazonego rownaniem 3.3.1. Efektywna grubos$¢ uzytego absorbenta
mozna obliczy¢ ze sktadu probki i1 ilosci atomow Fe przypadajacych na jednostke
powierzchni probki. Wielko$¢ C wyznaczamy z widma absorpcyjnego daleko od rezonansu.
Parametr f; wystepujacy w réwnaniu 3.3.1 z powoddéw skonczonej zdolnosci rozdzielczej
detektora jak i istnienia nierezonansowego tta jest mniejszy niz czynnik Lamba-Mdssbauera.
W praktyce zatem f; zalezy od warunkéw eksperymentu i musi by¢ wyznaczony dla kazdego
pomiaru.

Zdefiniujmy funkcj¢ Y *(x,F) jako dekonwolucj¢ Y(V) z funkcja Lorenza

I 1

)=, L. V—xf+I/4

Y (x, I )dx, (3.3.7)

Funkcje Y (x,I)) uzyskuje si¢ poprzez dekonwolucje Y(v) i mozna wyrazi¢ w postaci operatora

Fr dziatajacego na Y-

Y (x,I)=F.[Y](x) (3.3.8)
Zdefiniujmy znormalizowane widmo absorpcyjne s(¥V) jako:
s(V)=1—Sg/) (3.3.9)

Tak opisane widmo jest dodatnio okreslone 1 moze by¢ przedstawione w postaci:
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r

s(V)=f, = fm(E_V)l (1—e® ME (3.3.10)

‘2m 4T /4

Na takim widmie mozna przeprowadzi¢ procedur¢ dekonwolucji otrzymujac rdwnanie:

1—e ) = fiFr [s](E) (3.3.11)

s

Zatem przekrdj czynny wyraza si¢ wzorem:

o(E)= _7111{1 —fLFFS [s](E)] (3.3.12)

Korzystajac z warunku normalizacyjne na przekroj czynny otrzymujemy rownanie w postaci:

alt

[ 11{1 - 11«} [s](E)jdE =— (3.3.13)
. i

W celu otrzymania przekroju czynnego nalezy:

- wyznaczy¢ warto$¢ Iy z niezaleznego eksperymentu kalibracji a-Fe. Analiz¢ kalibracji
przeprowadzamy stosujac catke transmisji przy zalozeniu, ze I, = I'y. Otrzymywane
wartosci ['s sa zwykle wigksze niz 'y z powodu poszerzen wystepujacych w zrddle,

- przeprowadzi¢ dekonwolucje¢ funkcji aparaturowej na mierzonym widmie absorpcyjnym,

- uzyskac f; = x poprzez rozwigzanie numeryczne rownania (3.3.13),

- obliczy¢ przekroj czynny na podstawie rownania (3.3.12).

W pracy [P16] zastosowano 1 przetestowano metod¢ otrzymywania przekroju
czynnego dla symulowanych widm o parametrze grubosci ¢ w granicach 5 do 50. Na
rysunku 3.3.1. przedstawiono wynik catej analizy dla zatozonych parametrow ¢ = 10,
I,=0.30mm/s, I';=0.15 mm/s. Linia ciagta oznacza najlepsze dopasowanie w przyblizeniu
cienkiego absorbenta. Jak wida¢ istnieja wyrazne niedopasowania na liniach 3, 4 dla widma
symulowanego jak i po dekonwolucji (rysunek 3.3.1.b, c). Jest to widoczny wptyw parametru
grubosci na wzgledne natezenia linii. Po zastosowaniu procedury otrzymywania przekroju
czynnego ten efekt jest niewidoczny. Swiadczy to o poprawnosci zastosowanej procedury. Na
rysunku 3.3.2. przedstawione sq wzgledne stosunki natezen Iy ;/I,; w funkcji parametru
grubosci otrzymane przy zastosowaniu przyblizenia cienkiego absorbenta dla symulowanych
widm 1 analizy rekonstruowanych przekrojow czynnych. Widaé, ze efekty zwigzane
z parametrem grubosci sa bardzo istotne dla widm symulowanych z t > 5 podczas gdy dla
wszystkich rekonstruowanych o(E) stosunek /g ;/143 jest w granicach btedu réwny 3, jak

przewiduje teoria.
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Rys.3.3.1. a) Symulowany przekroj czynny,

b) widmo mdssbauerowskie,

c) jego

dekonwolucja i d) wynik rekonstrukcji. Linia ciqgla reprezentuje najlepsze
dopasowanie w przyblizeniu cienkiego absorbenta.
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Rys.3.3.2. Wzgledne natezenia I, ¢/15,, przed i po procedurze otrzymywania przekroju czynnego.

Wyzej opisana procedura zastosowana zostata do rekonstrukcji o(E) z widm stopow
inwarowych Fe-Ni mierzonych bez zewngtrznego pola magnetycznego jak 1 mierzonego
w zewngtrznym polu magnetycznym réwnoleglym do kierunku propagacji promieniowania

gamma (rysunek 3.3.3.). Tak otrzymane o(E) zostaly nastepnie uzyte do rekonstrukcji

rozktadu  P(B, IS, z). Wyniki

w paragrafie 4.1.2.
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Rys.3.3.3. a) Widma mdssbauerowskie, b) przekroje czynne stopu Fe-Ni mierzonego bez

zewnetrznego pola i w zewnetrznym polu magnetycznym rownoleglym do kierunku
promieniowania gamma.
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4. Zastosowanie polarymetrii mossbauerowskiej oraz nowych

metod analizy danych

Wszystkie wyzej opisane metody analizy danych jak i1 polarymetria mossbauerowska
zostaty wykorzystane do opisu uktadow nieuporzadkowanych magnetycznie. Ze wzgledu na
0g6lnos¢ wprowadzonych metod zostaly one zastosowane zaréwno do uktadéw litych jak

1 nanomaterialow.

4.1. Materialy lite

4.1.1. Uklad Cr-Fe-Mn [P1, P2, P3]

Uktady trojsktadnikowe Cr-Fe-Mn ze wzgledu na wlasnosci elektronowe
wystepujacych pierwiastkéw powinny charakteryzowac si¢ wystgpowaniem konkurencyjnych
oddziatywan wymiennych [Das], a tym samym wspdtistnieniem réznych faz uporzadkowania
magnetycznego oraz duzym magnetooporem [Xu, Wu]. Materialy wykazujace duzy
magnetoopdr stanowia interesujacy przedmiot badan z uwagi na ich potencjalne
wykorzystanie w dziedzinie zapisu informacji. Trojsktadnikowe stopy Cr-Fe-Mn wykazuja
bardzo skomplikowane wtasnos$ci magnetyczne, ktdre nie sa do konca poznane [Ace, Acel,
Xul, Tsu].

Wykonano dwie serie probek: CrysixFeisMng.oy oraz CrssiyFejs.yMng. Pierwsza seria
obejmuje probki o statej koncentracji elektrondw 3d+4s (6.41elektronow/atom), przy ktorej
zaobserwowano zjawisko gigantycznego magnetooporu w stopach Cr;s(FexMn;y)7s. Druga
seria charakteryzuje si¢ maksymalng, w ramach uktadu tréjsktadnikowego Cr-Fe-Mn, zmiana
koncentracji elektronow 3d+4s: dnig+as/dy=-0.02. W pierwszej serii probek zmiany
koncentracji Mn skorelowane sg ze zmiang koncentracji elektrondw, natomiast druga seria
probek charakteryzuje si¢ stalg koncentracja Mn. Celem badan uktadéw Cr-Fe-Mn bylo
zbadanie czy niejednorodnosci namagnesowania zwigzane sa ze struktura elektronowa
1 oddziatywaniami wymiennymi, czy tez raczej z niejednorodnosciami sktadu lub efektami
bliskiego zasiggu. Na rysunku4.1.1.1 prezentowane sa polozenia wybranych do badan

koncentracji stopow na trojsktadnikowym diagramie Fe, Cr, Mn.

44



Fe

Crgs Fe 35

CFe

Cr Mn Cr Cl‘65 Mn 35

Rys.4.1.1.1. Koncentracje tréjskiadnikowych prébek Cr;sy e s Mno.oc i CrysyFes, Mngna
trojskiadnikowym diagramie.

Wyniki badan przedstawione sa w publikacjach [P1, P2, P3], bedacych czgscig
prezentowanej rozprawy habilitacyjnej. Badania mossbauerowskie wykonane w temperaturze
pokojowej wykazaly istnienie w widmach poszerzonej pojedynczej linii absorpcyjnej. Analiza
wynikéw pokazata, iz omawiane poszerzenie da si¢ iloSciowo wyjasni¢ dla wszystkich
badanych sktadow przy zatozeniu, ze atomy Cr i Mn sg zrodlem stalego, niezaleznego od
koncentracji wktadu do zmiany przesunigcia izomerycznego jak 1 rozszczepienia
kwadrupolowego. Badania z uzyciem zewngtrznego pola magnetycznego pokazaty, ze probki
z najmniejszg koncentracjg zelaza (y = 6, x = -4) wykazujq dodatkowe poszerzenie bedace
wynikiem stanu antyferromagnetycznego, charakterystycznego dla stopow o strukturze bcc
bogatych w Cr.

Najistotniejsza odpowiedZ na temat uporzadkowania magnetycznego i1 wplywu
atoméw Fe 1 Mn w zaburzeniu antyferromagnetycznego uporzadkowania Cr daty pomiary
mossbauerowskie przeprowadzone w niskich temperaturach oraz badania z uzyciem
promieniowania spolaryzowanego kotowo. Badania te wykazaly, ze w temperaturze 12 K
(ponizej T. lub Ty ) na czgsci atomoéw Fe tworzy si¢ lokalny moment magnetyczny o wielkosci
1 ug. Moment ten wykazuje wyrazna reakcje na przylozone zewngtrzne pole magnetyczne.
Wyznaczono ilosciowy wklad momentéw magnetycznych Fe do namagnesowania.
W prébkach o niskiej koncentracji Fe rozktad katowy zblizony jest do rozktadu izotropowego.

Efekt ten widoczny jest na rysunku 4.1.1.2.
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Rys.4.1.1.2. Wybrane widma mossbauerowskie stopow Cr-Fe-Mn mierzone w T=12 K
w zewnetrznym polu magnetycznym rownoleglym do kierunku promieniowania
gamma dla wiqzki niespolaryzowanej i spolaryzowanej kolowo.

W miarg¢ zblizania si¢ do probek o duzej koncentracji Fe obserwowany jest coraz wigkszy
wpltyw zewngtrznego pola magnetycznego na uporzadkowanie momentéw Fe, a wiec ich
wigkszy wktad do namagnesowania. Pomiary z uzyciem promieniowania spolaryzowanego
kotowo wykazaty istnienie okoto 10% Fe z matym momentem magnetycznym (0.1 x5-0.3 up).
Widma mossbauerowskie otrzymane z uzyciem promieniowania spolaryzowanego kolowo
odpowiadajace tym atomom, wykazuja brak asymetrii charakterystycznej dla pomiaréw Fe
uporzadkowanych ferromagnetycznie. Oznacza to, ze momenty te sa albo roztozone
izotropowo albo tworza strukture antyferromagnetyczna i tym samym nie daja wkladu do
namagnesowania. Zostalo pokazane, ze atomy Fe niosace maty moment magnetyczny
zawieraja w swoim otoczeniu jedynie atomy chromu. Pojawienie si¢ w najblizszym otoczeniu
innego atomu Fe lub Mn prowadzi do powstania duzego lokalnego momentu magnetycznego.
Ten bardzo wazny wniosek wskazuje na istotne réznice we wptywie Mn i Cr na tworzenie si¢
momentu magnetycznego na zelazie. Kolejnym wnioskiem wynikajacym z pomiarow
mossbauerowskich 1 namagnesowania jest fakt, iz w niskich temperaturach 1 w zewngtrznym
polu magnetycznym 1 T atomy Cr i Mn daja wklad do namagnesowania wielkosci okoto
0.3 do 0.2 up. Prawdopodobnie jest to spowodowane tym, ze atomy Fe polaryzuja elektrony

przewodnictwa najblizszego otoczenia — czyli antyferromagnetyczna matryce.
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4.1.2. Stop Fe-Ni [P4, P5, P16]

Problem zjawiska inwaru, wyst¢pujacego migdzy innymi w stopach Fe-Ni dla
koncentracji w poblizu przejscia strukturalnego fcc <> bcc ma juz bardzo dhuga historig lecz
w dalszym ciagu brak jest pelnego zrozumienia tego zjawiska. Istnieja w literaturze wyniki
badan Fe-Ni przeprowadzone w wysokich cisnieniach [Ruf] potwierdzajace najbardziej
popularny model przewidujacy istnienie dwoch stanéw atomdéw Fe w stopach Fe-Ni (2-ystate
model) zaproponowany przez Weissa [Wei]. Z drugiej strony, mozna znalez¢ wyniki [Dub]
potwierdzajace istnienie nisko spinowego, niekolinearnego uporzadkowania momentéw
magnetycznych atomow Fe zaproponowanego w pracy [Sch]. Badania neutronowe
prezentowane w pracy [Bro] pokazaty z kolei silne sprz¢zenie pomigdzy siecig krystaliczng
1 magnetycznymi wtasno$ciami stopow Fe-Ni w obszarze inwaru.

W pracach [P4, PS] zastosowana zostata polarymetria mossbauerowska z uzyciem
promieniowania spolaryzowanego kotowo w celu zbadania istnienia nisko spinowe;j
niekolinearnej struktury magnetycznej zwiazanej z atomami Fe w stopach Fe-Ni w obszarze
wystgpowania zjawisk inwarowych. Zmierzone widma stopu FegNiss W temperaturze
pokojowej w zewnetrznym polu magnetycznym réwnoleglym do kierunku promieniowania
gamma przedstawione sa na rysunku4.1.2.1. Dopasowania uzyskano zakladajac trzy
gaussowskie rozktady pola (patrz wstawka na rysunku 4.1.2.1). Linia ciagla oznacza najlepsze
dopasowanie. Najistotniejszym rezultatem otrzymanym z opracowania jest fakt, ze najlepsze
dopasowanie uzyskano dla tych samych warto$ci parametrow tekstury magnetycznej <cos’ 6>
1 nieznacznie rézniacych si¢ wartosci parametru <cos@>. Najmniejsza wartos¢ parametru
<cos@> uzyskano dla sktadowej o najmniejszym polu nadsubtelnym. Analiza wynikow
pokazata, ze sktadowa zwigzania z najmniejszymi warto§ciami pdl nadsubtelnych nie jest
uporzadkowana antyferromagnetycznie, jak postuluje model Weissa, ani nie wykazata
przypadkowego rozporzadkowania momentéw magnetycznych atoméw Fe jak postulowano

w pracy [Sch].
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Rys.4.1.2.1. Widma mdssbauerowskie stopu inwarowego FessNiz, mierzone przy uzyciu
spolaryzowanego kolowo promieniowania gamma.

W omawianej analizie rozklad pola nadsubtelnego stopu Fe-Ni modelowany byt jako
superpozycja trzech rozktadow Gaussowskich co mogto mie¢ wptyw na otrzymane rezultaty.
W pracy [P16] analiza stopu Fe-Ni polegata na zastosowaniu metody maksymalnej entropii
do rekonstrukcji rozktadu P(B, IS, z), metody niezaleznej od zastosowanego modelu. W celu
wyeliminowania ewentualnego wplywu parametru grubosci na rekonstruowane rozklady, do
analizy wykorzystano przekroje czynne otrzymane metoda opisana w paragrafie 3.3. Wyniki
rekonstrukcji P(B, IS) otrzymane dla o(E) w zewngtrznym polu magnetycznym B=1T
réwnolegtlym do kierunku promieniowania gamma jak i pomiaréw bez zastosowania
zewngtrznego pola magnetycznego oraz zaleznosci parametru tekstury magnetycznej

prezentowane sg na rysunkach 4.1.2.214.1.2.3.
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Rys.4.1.2.2. Rozklady prawdopodobienstwa P(B, IS) i ich rzuty na plaszczyzne B, IS otrzymane
metodq MEM dla pomiarow Fe-Ni w zewnetrznym polu magnetycznym i bez
zewnetrznego pola magnetycznego.
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Rys.4.1.2.3.a) Rozklady prawdopodobienstwa P(B) uzyskane metodq MEM dla pomiaréw w polu
i bez pola magnetycznego, b) zaleznosci z(B).

Otrzymana zalezno$¢ z(B) nie wykazala istotnych zmian parametru tekstury od
wartosci magnetycznego pola nadsubtelnego. Oznacza to, ze nie obserwujemy roznych

katowych rozktadéw momentdw magnetycznych w stopach inwarowych Fe-Ni.

4.1.3. Zwiazek migdzymetaliczny UFesSn [P12, P14, P15]

Zwiazek miedzymetaliczny UFesSn krystalizuje w strukturze ortorombowej typu
CeCusAu (grupa przestrzenna Pnma) [Gon]. Komorka elementarna zawiera 4 atomy U

w pozycjach 4c, 4 atomy Sn w pozycjach 4c, 8 atomow Fe (Fel) w pozycjach 841 12 atomdéw
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Fe w pozycjach 4c (Fe2, Fe3, Fe4). Badania namagnesowania przeprowadzone na prébce
proszkowej pokazaty, ze zwiazek ten jest stabym ferromagnetykiem w temperaturze
pokojowej i wykazuje dwa przejscia odpowiednio w temperaturach 248 K i 180 K. Pomiary
wykonane na monokrysztale pokazaly, ze przejscie obserwowane w 248K zwigzane jest
z ferromagnetycznym uporzadkowaniem momentdw magnetycznych atoméw Fe wzdhuz osi
¢, podczas gdy przejscie obserwowane w temperaturze 180K prawdopodobnie zwigzane jest
z reorientacja momentéw magnetycznych Fe w kierunku osi . Badania mossbauerowskie
tego zwigzku przedstawione w pracy [Gonl] wykonane byly na probce proszkowej,
a przeprowadzona analiza polegata na zastosowaniu rachunku zaburzen pierwszego rzedu.
Poniewaz w badanym zwigzku oddzialywania kwadrupolowe nie sa mate w stosunku do
oddziatywan dipolowych magnetycznych konieczne jest w tym wypadku uzycie pelnego
Hamiltonianu jako wtasciwego podejscia do opisu mierzonych widm. Jak juz wspomniatem
w paragrafie 3.2 nie jest mozliwe jednoznaczne wyznaczenie pol nadsubtelnych. Z tego
powodu widma analizowali$my przy uzyciu metody niezmiennikéw opisanej w paragrafie 3.2
dajacej jednoznaczny opis widm mdossbauerowskich.

Pomiary temperaturowe przeprowadzone na probce proszkowej przedstawione sa na
rysunku 4.1.3.1. Zastosowana metoda niezmiennikéw pozwolita na dobry opis mierzonych
widm. Procedura dopasowania polegala na jednoczesnym dopasowaniu wszystkich widm
przy nastgpujacych zalozeniach:

- wzgledne natezenia sekstetow skladowych trzymane byly takie same dla wszystkich
mierzonych widm,

- przesunigcie izomeryczne drugiego rzedu bylo przyblizone przy zatozeniu modelu
Debye’a sieci krystalicznej przy tej samej charakterystycznej temperaturze dla
wszystkich pozycji zelaza,

- zalozono zalezno$¢ temperaturowq gradientu pola elektrycznego zgodna z prawem 7° 2

Poniewaz w temperaturze okoto 180 K mozliwe jest przejscie fazowe i zwiazana z tym
zmiana struktury magnetycznej, podczas dopasowania dopuszczona zostala mozliwos¢
skokowej zmiany przesunigcia izomerycznego jak 1 wartosci  rozszczepienia
kwadrupolowego. Otrzymane wyniki parametréw nadsubtelnych jak 1 niezmiennikdéw

przedstawione sa na rysunku 4.1.3.2.
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Rys.4.1.3.1. Widma mdssbauerowskie UFesSn mierzone w roznych temperaturach. Linia ciqgla
przedstawia najlepsze dopasowanie za pomocq niezmiennikow.
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Wyniki analizy pokazaty, ze:

- nadsubtelne pole magnetyczne zwiazane z pozycja Fe3 maleje ze wzrostem
temperatury znacznie szybciej niz pole dla pozostatych atoméw Fe. Najwigksze
zmiany obserwowane sq w temperaturach okoto 170 K,

- obserwowany jest brak ciagltosci zmian niezmiennikéw S; 1 S, w funkcji
temperatury dla atomow Fe3. Oznacza to zmiany orientacji momentu
magnetycznego Fe3 w stosunku do osi gléwnych tensora gradientu pola
elektrycznego,

-niezmiennik S, wykazuje wyrazna nieciagtos¢ w poblizu temperatury 170K co

mozna wigzaé ze zmiang struktury elektronowej badanego zwigzku.

4.2. Materialy nanometrowe

4.2.1. Stop Fe-Al [PS8, P9, P10]

Stopy miedzymetaliczne Fe-Al sa w dalszym ciagu bardzo interesujagcym obiektem
badan z punktu widzenia podstawowych badan magnetyzmu. Dostgpna literatura dotyczaca
tych stopow jest petna kontrowersji dotyczacych uporzadkowania magnetycznego, lokalnych
momentow magnetycznych 1 dynamiki spinow, w szczegolnosci dla koncentracji Al
w okolicach FegsAlps [Shi]. W przypadku Fe-Al $redni moment magnetyczny stopu
gwaltownie maleje dla koncentracji Al wigkszych od 20% at., a ekstrapolowana wartos¢
osigga zero w okolicach 34% at. W obszarze 35% at. do 43% at. stop wykazuje stan
antyferromagnetyczny [Sat, Huf]. Inne prace pokazuja, ze dla sktadu w okolicach FejsAly s
w dalszym ciagu stop wykazuje zachowanie ferromagnetyczne. W przypadku stopdw
rozporzadkowanych stan ferromagnetyczny obserwowany jest do koncentracji 70% at. Al
[Bes, Shil, Kul]. Pomiary dyfrakcji neutronow pokazaty dla koncentracji 50% at. Al istnienie
niewspotmiernych z siecig fal ggstosci spinowych [Noa]. W pracach [Arz, Arzl] autorzy
pokazali, ze momenty magnetyczne atomow Fe otoczonych przez duza liczbe atomow Al
(szes¢ 1 wiecej) moga wykazywac frustracje.

Kontrowersje wystgpujace w literaturze oraz wyrazny wptyw uporzadkowania jak
1 homogenicznosci stopow Fe-Al na makroskopowe jak i lokalne wtasnosci magnetyczne
sktonity nas do badan nanokrystalicznego stopu FessAls;. Doskonatla metoda z punktu

widzenia lokalnego magnetyzmu badanych stopéw jest polarymetria mossbauerowska. Jest
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ona czula na znak nadsubtelnego pola magnetycznego atomoéw Fe 1 pozwala na okreslenie
rozkladu momentéw magnetycznych oraz obliczenie wkladu lokalnego momentu
magnetycznego do namagnesowania.

W pracach [P8, P9, P10] przedstawione zostaty wyniki pomiaréw nanokrystalicznego
stopu FesgAls,. Widma mossbauerowskie mierzone w temperaturze 13 K z uzyciem wiazki
promieniowania gamma spolaryzowanej 1 niespolaryzowanej dla dwoch wartosci
zastosowanego zewngtrznego pola magnetycznego 1.1 T i 0.2 T przedstawione sa na

rysunku 4.2.1.1.

transmisja [jedn.dowolne]

-2 0 2
predkosc [mm/s]

Rys.4.2.1.1. Widma mdssbauerowskie uzyskane przy uzyciu  spolaryzowanego i
niespolaryzowanego promieniowania gamma w osiowym zewnetrznym polu
magnetycznym. Linia ciqgla oznacza najlepsze jednoczesne dopasowanie
przy tych samych wartosciach IS, OS.

transmisja [jedn.dowolne]

predkos¢ [mm/s]

Rys.4.2.1.2. Widma mdssbauerowskie mierzone z wuzyciem promieniowania
spolaryzowanego kolowo. Linia ciqgla oznacza najlepsze dopasowanie
przy zalozeniu, zZe kqtowy rozklad wektora B nie zalezy od jego
wartosci.
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Jak pokazala przeprowadzona analiza nie mozna poprawnie dopasowa¢ widm przy
zalozeniu, Ze ¢; = <cos@> i ¢, = <cos’ @> maja te same wartosci dla catego rozktadu pola P(B).
Na rysunku 4.2.1.2. przedstawione sa widma z dopasowaniem przy powyzszym zatozeniu.
Jak wida¢ linia najlepszego dopasowania nie pasuje do wynikéow doswiadczalnych.
Dopuszczenie zaleznosci ¢;(B) pozwolito na dobre dopasowanie. Otrzymane rozktady P(B)
ic;(B) przedstawione sa na rysunku4.2.1.3. Kluczowym wnioskiem wynikajagcym
z przeprowadzonej analizy danych widm mierzonych z uzyciem wiazki promieniowania
gamma spolaryzowanej kotowo jest otrzymana zaleznos$¢ c;(B) czyli wyrazna zaleznos$¢
katowych rozktadéw magnetycznych pdl nadsubtelnych od ich wartosci a wigc 1 skladu
najblizszego otoczenia. Nalezy podkresli¢, ze wynik ten bardzo trudno byloby otrzymaé
innymi metodami. Parametr ¢;(B) odpowiadajacy polom nadsubtelnym wigkszym od 5 T ma
wartosci ujemne (tak jak w przypadku o-Fe) podczas gdy dla p6l mniejszych od 5T
przyjmuje wartosci dodatnie, co oznacza lokalnie rézny rozktad momentéw magnetycznych
atomow Fe.

Otrzymane rozktady pdl nadsubtelnych opisane zostaty w jezyku modelu lokalnego
otoczenia. Przyporzadkowanie najblizszego otoczenia jest wzglednie proste, gdy atomy Fe
otoczone przez (n-k) atomdw Fe 1 k innych atoméw charakteryzuje dobra separacja rozktadow
ich pol P(B). Niestety nie jest to regula i tak w przypadku stopéw Fe-Al dobrze rozdzielone

piki w P(B) odpowiadajace lokalnym otoczeniom nie sa widoczne.

T=13 K

pB)

p®B,)

pB.)

01(BM)
s 3
)> / -
=
>;\I
a4
«

B,=0.2T i

C1(Bhf)

10 15 20
B [T]

Rys.4.2.1.3. Rozkilady pol nadsubtelnych otrzymanych z widm mierzonych dla roznych
zewnetrznych pol magnetycznych.
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W celu podzialu P(B) na wklady zwiazane z najblizszym otoczeniem zalozyliSmy, ze
pole nadsubtelne rosnie ze wzrostem liczby Fe w pierwszych dwdch strefach
koordynacyjnych. Jak pokazaty wyniki EXAFS prawdopodobienstwa znalezienia atomu Fe
w pierwszej 1 drugiej strefie koordynacyjnej jest okreslone przez x; = 0.8/8 1 x; = 5.3/6.
Zaktadajac przypadkowy rozktad Fe w strefach koordynacyjnych, prawdopodobienstwo P(k),
ze atom Fe jest otoczony przez (14 - k) atoméw Fe 1 k atomoéw Al w dwoch pierwszych
strefach jest opisane rownaniem:

P(k)y= Y, [8}(?}6?’"(1—xl)-sz_i(l—xH)i (4.2.1.1)

i,j,i+j=k

Zalozenie to pozwolito rozdzieli¢ P(B) na kilka sekcji, kazda o polu powierzchni
proporcjonalnym do prawdopodobienstwa P(k). Tak okreslone sekcje sa przedstawione na
rysunku 4.2.1.3 przez pionowe linie dla odpowiednich ilosci atomow Al bgdacych w obu
strefach. Zrobiony podziat pozwala na wyznaczenie Srednich wartosci pola nadsubtelnego
Bygk) jak 1Srednich wartosci skladowych pola nadsubtelnego B.(k) w kierunku
zastosowanego zewnetrznego pola magnetycznego. Wyniki przedstawione sa na
rysunku 4.2.1.4.
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Rys.4.2.1.4. Zaleznos¢ Sredniego  magnetycznego pola nadsubtelnego (symbole peine) i
skiadowej na kierunek magnetyzacji (symbole puste) w funkcji liczby atomow Al w
pierwszych dwoch strefach koordynacyjnych.
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4.2.2. Nanoczastki magnetytu [P13]

Magnetyczne nanoczastki ciesza si¢ duzym zainteresowaniem ze wzgledu na
niespotykane wczesniej wilasnosci, rozne od obserwowanych w cialach litych [Dor].
W przypadku obiektéw o nanometrowych rozmiarach istotne staja si¢ efekty powierzchniowe,
ktére bardzo silnie zmieniajq ich wlasno$ci magnetyczne. Fundamentalne mechanizmy, ktére
rzadza zachowaniem si¢ nanoczastek sa zwigzane z wlasnosciami samych nanoczastek, takimi
jak defekty i mikrostruktura oraz kolektywnymi oddzialywaniami pomig¢dzy zespotami
nanoczastek. Bardzo czgsto prowadzi to do rozporzadkowania momentow magnetycznych na
powierzchni nanoczastek [Coe, Mor]. Oddziatywania obecne w zespole nanoczastek
prowadza z kolei do wygaszania relaksacji superparamagnetycznych 1 moga prowadzi¢ do
uporzadkowania typu szkta spinowego w niskich temperaturach [Mor1, Sun].

W pracy [P13] badany byt wptyw mikrostruktury na wtasnosci magnetyczne nanoczastek
magnetytu od temperatury 7=13 K do temperatury pokojowej oraz wplyw na wtasnosci
magnetyczne 1 mikrostruktur¢ wygrzewania nanoczastek w powietrzu. Wygrzewanie
nanoczastek magnetytu prowadzone w powietrzu powinno prowadzi¢ do transformacji
magnetyt-maghemit-hematyt, co prowadzi do stopniowej zmiany mikrostruktury badanych
nanoczastek, a tym samym zmiany ich wlasnosci magnetycznych. Badane nanoczastki
magnetytu syntetyzowane byty chemicznie w oparciu o metod¢ Massarta [Mas].

Na rysunku 4.2.2.1 przedstawione sa wyniki otrzymane przy uzyciu transmisyjnego
mikroskopu elektronowego (TEM). Oszacowana s$rednia warto$¢ rozmiaru nanoczastek

wynosita (12.8£1.5) nm.

liczba nanoczastek

$rednica [nm]

Rys.4.2.2.1 Obraz TEM badanych nanoczqstek i rozklad ich rozmiarow.
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Na rysunku 4.2.2.2 przedstawione sa widma mossbauerowskie nanoczastek magnetytu
mierzone w funkcji temperatury i w zewngtrznym polu magnetycznym rownolegtym do
kierunku promieniowania gamma. Analiza widm mierzonych w pokojowej temperaturze
pokazata istnienie szerokiej sktadowej magnetycznej i dubletu kwadrupolowego. Pomiar
w zewngtrznym polu magnetycznym powoduje wyostrzenie linii w sktadowej magnetyczne;.
Mozliwe staje si¢ identyfikacja lokalnych otoczen atomow Fe. Dublet kwadrupolowy
praktycznie nie ulegl zmianie. Wraz ze zmniejszaniem si¢ temperatury wktad dubletu
kwadrupolowego stopniowo zmniejsza si¢, a w skladowej magnetycznej pojawiajg si¢
wyrazne linie 2, 5 $wiadczace o istnieniu rozporzadkowanych momentéw magnetycznych Fe.
Zachowanie takie interpretujemy jako stopniowe tlumienie relaksacji  super-

paramagnetycznych i jednoczesne formowanie si¢ rozporzadkowanej struktury magnetyczne;.

T=295K B=0T

T=295K B=1.3T

transmisja [jedn. dowolne]

predkos¢ [mm/s]

Rys.4.2.2.2. Widma mossbauerowskie nanoczqstek magnetytu w funkcji temperatury mierzone w
zewnetrznym polu magnetyczny rownoleglym do kierunku promieniowania gamma.

Na rysunku 4.2.2.3 przedstawione sa widma nanoczastek magnetytu mierzone po
zastosowaniu réznych procedur wygrzewania w powietrzu. Rezultaty pokazuja zmniejszanie
si¢ wktadu zwiazanego z dubletem co $wiadczy o zmianie mikrostruktury nanoczastek jak

1 0 zmianie oddziatywan pomi¢dzy nanoczastkami.
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transmisja [jedn.dowolne]

predkosé [mmy/s]

Rys.4.2.2.3. Widma mossbauerowskie mierzone w temperaturze pokojowej dla roznych procedur
wygrzewania przeprowadzonych w powietrzu.
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5. Podsumowanie

W niniejszej pracy przedstawione zostaly moje podstawowe osiagni¢cia w obszarze
metodologii zwigzanej z rozwojem nowych metod analizy danych doswiadczalnych
w spektroskopii  mossbauerowskiej jak 1 rozwoju polarymetrii  mossbauerowskiej.
Wprowadzone nowe metody analizy danych 1 metoda polarymetrii mossbauerowskiej zostaly
z powodzeniem zastosowane do uktadéw magnetycznie nieuporzadkowanych.

W pracy pokazana zostala uzytecznos¢ polarymetrii mossbauerowskiej, dzigki ktorej
zbadalismy wiele aspektow zwigzanych z lokalnymi wlasnosciami magnetycznymi badanych
uktadéw. Wymagato to bardzo rzetelnej analizy danych i zastosowania algorytméw,
w ktorych zmierzone widma analizowane byty jednoczesnie. Taka analiza danych
otrzymywanych z wykorzystaniem polarymetrii mossbauerowskiej, klasycznej spektroskopii
mossbauerowskiej, pomiaréw w zewnetrznym polu magnetycznym 1 pomiardw
temperaturowych pozwolita na mozliwie jednoznaczna interpretacj¢ wynikow.

Wprowadzona przeze mnie metoda niezmiennikOw pozwala na interpretacj¢ wynikow
otrzymanych dla ukladow, w ktorych wystepuja mieszane oddzialywania kwadrupolowe
elektryczne i dipolowe magnetyczne uznawane za bardzo trudne do interpretacji. Ponadto,
0g6lnos¢ metody niezmiennikow pozwala na ewentualne poréwnywanie wynikow
eksperymentalnych i tych wynikajacych z obliczen teoretycznych.

Kolejnym bardzo waznym elementem metodologicznym wprowadzonym przeze mnie
jest zastosowanie metody maksymalnej entropii w spektroskopii mossbauerowskiej do
bezmodelowej rekonstrukcji rozktadéw pol nadsubtelnych. W szczegdélnosci, mozliwa stata
si¢ rekonstrukcja dwuwymiarowych 1 tréjwymiarowych rozktadéw pdl nadsubtelnych
P(x, y,z) gdzie x,y,z — dowolne pola nadsubtelne. Testy MEM pokazaty, ze w celu
otrzymania poprawnej odpowiedzi metody, bardzo istotng kwestig jest wykorzystanie wiedzy
poczatkowej o badanym uktadzie.

Kolejnym waznym moim wkitadem w rozwd] metodologii spektroskopii
mossbauerowskiej jest wprowadzona i przetestowana przeze mnie metoda otrzymywania
przekrojow czynnych na absorpcje pozwalajaca na analiz¢ wynikdéw dla probek o duzym
efektywnym parametrze grubosci 7. Pozwala ona unikna¢ ewentualnych niefizycznych

rozwigzan, ktore pojawiac si¢ moga przy zastosowaniu przyblizenia cienkiego absorbenta.
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Innym bardzo waznym moim osiggnigciem  jest zbudowanie, przetestowanie
i przeprowadzenie pierwszych pomiardw z zastosowaniem monochromatycznego
spolaryzowanego liniowo zrodta promieniowania gamma. Istotne jest wprowadzenie przeze
mnie metodologii opracowywania tak mierzonych widm. Mozliwos¢ korzystania z wynikow
pomiardw z uzyciem wiazki spolaryzowanej kotowo jak i liniowo oraz pomiard6w na wiazce
niespolaryzowanej stanowi kompletny zestaw wynikow umozliwiajacy analiz¢ uktadow
charakteryzujacych si¢ skomplikowanymi widmami absorpcyjnymi.

Bardzo waznym wynikiem prowadzonych przez mnie prac metodologicznych jest to, ze
wszystkie nowe metody analizy danych zostaly z powodzeniem zastosowane do badan

uktadéw magnetycznie nieuporzadkowanych.
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Abstract: Massbauer and X-ray diffraction measurements were carried oul on two series of
Crys+ ,Fe 16, Mng_ 5, (-4 < x < 4) and Crys, Feyg . Mny (-6 < y < 6) disordered alloys at room tempe-
rature. The concentration dependence of lattice parameter is compared with the Vegard law. Room tem-
perature Mossbauer spectra consist of a single, symmetric, broadened line only. The isomer shift distribution
and its influence on spectra broadenning was explained in the framework of a model of the nearest neighbor,
Cr or Mn, contributions to the parameters of interest. The contribution of the quadrupole splitting to the
spectra broadening was estimated. Measurements in homogeneous external magnetic field show splitting
of the spectra due to a hyperfine magnetic field distribution whose origin is discussed,

1. INTRODUCTION

Magnetic and transport propetties of bee, Cr-rich, ternary Cr-Mn-Fe alloys were published
in [1-6]. The system exhibits a complex magnetic phase diagram. The chemical short-range order
plays an important role in magnetic properties of these alloys since miscibility gap of the ternary
Fe-Cr-Mn alloys with low Mn concentration is similar to those of binary Fe-Cr [7]. The alloys
exhibit giant magnetoresistance, which is important for technological reasons. It was recently
shown that conditions necessary for occurrence of maximum magnetoresistance are correlated
with temperature 7, [8]. Ternary Cr-Fe-Mn alloys offer possibility of changing magnetic and
transport properties within the same bee crystal structure. The goal of present studies was to
investigate the Mdssbauer effect and concentration dependence of the lattice parameter of two
series of alloys: in one of them the electron concentration is kept constant, Crys, Feg, Mng 5,
(-4 < x < 4), while in the second one, Crys, ,Fe,s_ ,Mng (-6 < y < 6), the electron concentration
is maximally varied. Note that the samples for x = 0 and y = 0 correspond to the same
compaosition.

2. SAMPLE PREPARATION AND X-RAY MEASUREMENTS

The samples were prepared by mixing of the Cr, Fe and Mn powders. Because of expected
vaporation of Mn and Cr during arc melting, 3% wt. of Cr and 3% wt. of Mn were added to
the nominal composition. Next the samples were pressed into discs, melted and remelted a few
times under an argon atmosphere. After powdering, the X-ray diffraction measurements with K
radiation of Mo showed that the samples contain two bec phases with a slightly different lattice
parameters, Subsequent pressing and melkting of the samples resulted in arriving at a single phase
alloys with the bec structure. Some of the samples were annealed (900°C, 2h, cooled with
furnace) for easier detection of eventual second crystallographical phase. As expected, diffraction
peaks became narrower in comparison with non-annealed samples but only single phase was
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found. The measured lattice parameters are listed in Table 1. All further measurements were
performed on non-annealed samples.

Part of each sample was used for chemical analysis by optical emission spectroscopy (OES-
ICP, ARL 3520 spectrometer). Resulting compositions are listed in the Table 1. Because sample
preparation involved complex technological process, the upper limits of the concentration of
impurities have been measured. We found the following concentrations: C 0.04, Ni 0.02,
Si0.02 wt. %. In spite of the heavy loss of manganese (on the average 27 at.%), the compositions
obtained, see Fig. |, form systems fulfilling our basic intentions: x-series corresponds to
the largest variations of the electron concentration while the y-series corresponds to a constant
electron concentration.

Table 1. Compeosition and lattice parameter
of the cl";s ,,chw ‘,ang - and Cr?s .'_)Felﬁ —)"‘Mn9 8||0ys

nominal, measured concentrations lattice parameter
xory (%] [A]
Cr Fe Mn non-ann. annecaled

x==4 74.68 13.27 12.05 2.880
x=-2 75.62 13.92 10.46 2.880 =

== 78.75 15.35 590 2.879 2.882
x=2 78.67 17.60 3.73 2.879 -
x=4 80.73 18.37 0.9 2.880 =
y=-4 73.00 20.47 6.53 2.878 2.880
y=-3 74.17 19.23 6.60 2.879 -
y=3 80.47 13.46 6.06 2.880 *
y=6 84.15 9.24 6.61 2.881 2.883

Fig. 1. Nominal and measured concentrations of
the Crys . [Feig . ,Mng_ 5, and Cryg. Fe,q . Mng
series
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3. MOSSBAUER MEASUREMENTS

Mdssbauer measurements were carried out in transmission geometry, in constant acceleration
mode. “’Co in Cr matrix was used as a source, width of calibration lines was 0.235(5) mm/s.
An external magnetic field of 1 T, parallel to the beam direction, was produced by a permanent
magnet. Spectra were analysed using commercially available “Normos™ package. Because
absorbers were thin, dimensionless thickness parameter + = 0.70 = 1.5 depending on con-
centration, the thickness effects cause only small Lorentzian broadening, ranging from 0.017 to
0.038 mm/s [9], and were neglected.

Mossbauer spectra measured at room temperature and in zero applied field consist of single,
symmetric, broadened peak, see examples in Fig. 2 a, b. Its FWHM is constant in certain
concentration region where it is equal to 0.32(1) mm/s. However, the FWHM increases strongly
with decreasing x for x < 0 and with increasing y for y > 3, see Fig. 3.
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Fig. 2. Representative examples of the spectra Fig. 3. FHWM of the spectra

measured in zero (a. b) and in external field
of 1 T(c.d)

Three mechanisms should be considered as responsible for the broadening: (i) distribution
of the isomer shift connected with the existence of different local surroundings of iron atoms,
(i) non-zero quadrupole interaction due to breaking of cubic symmetry of iron atoms and
(iii) small hyperfine magnetic field (static and (or) dynamic).
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In order to select the samples for which a small magnetic contribution to the broadening can
be expected, we note that when Mn is added to Cr, the Neel temperature of the bec alloy [10]
increases at the rate dT/dey, = 4.6-10° K. When iron is added, Ty decreases at the rate
e B 10° K [11]. Assuming additivity of the effects, which may be rather poor
assumption, we can roughly expect d7}/dx = - 11 K for the x-series and d7,/dy = +15 K for the y-
series. Thus one expect low 7} at large x and at small y. Indeed, within these range of con-
centrations, the FWHMSs of the spectra exhibit pleateau and no apparent broadening is observed.

The closer look into the spectra measured with the magnetic field applied to the samples
shows that these spectra become asymmetric, see Figs. 2¢, d. We tried to perform simultaneous
fits to the in-field and zero-field spectra by adopting the simplest models widely used in literature.
Thus, the presence of hyperfine magnetic field and quadrupole splitting only, or the presence of
correlations in 2. m. fand isomer shift distributions were considered. However, these models did
not lead to satisfactory fits: the obtained width of the /S distribution or the value of the quadru-
pole splitting were inconsistent (too large) with those observed in zero-field measurements. We
conclude that both effects must simultaneously be present.

Let us estimate the effects of the isomer shift distribution and apply quite popular model in
which a change of the local isomer shift AIS depends only on the chemical composition of
the first coordination sphere:

AIS = nAg, + mby,,, (1)

where n and m are number of Cr and Mn atoms, respectively, and A, and Ay, denote changes
of the isomer shifts due to one given atom in the first coordination shell. Next, we assume that
atoms are distributed randomly, so the probability of finding Fe atom surrounded by »n Cr and
m Mn atoms is equal to;

K!
alm (K- n- m)

P(n,mgk}: C(;rc;\:i"n(l = Wi~ cMn}K."-mr 2

where ¢, and ¢y, are concentrations of the elements and K is the coordination number equal to
8 in our case. Calculating the first and second moments of (1) with the probability (2), one obtains
the following formulas for the average value of the isomer shift <A IS> and its standard deviation
Oy

(A!S) = K( CCrACr ¥ CMnAMn) . (3)

Gis‘ " (A!S‘Q)' (AIS) = K(CCrAi‘r o CMnAi—Tn) - Kleg A, CMnAMn)z v 4

Assuming that A¢, and Ay, are constant within the whole concentration range of ¢, and ¢y,
covered by our experiment, the measured isomer shift (see Fig. 4) could be fitted by Eq. (4) with

Ag = -0017mmfs, A, = -0.008 mm/s . %)

Next we performed fitting of the spectra in which broadening resulting from A. m. £ may be
expected to be small (x = -2,0,2,4, y= -6, -3, 3). We fitted a doublet with a quadrupole
splitting and Lorentzian line width being free parameters, and with the distribution of the isomer
shift as given by Eqs. (4) and (5). The results of the fit, shown in the Table 2 and in Fig. 2, lead
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to the conclusion that a small quadrupole splitting, on the average equal to 0.08 + 0.01 mm/s,
must be present in our samples.
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Fig. 4. Measured isomer shift (full symbols) and values obtained in the model, see text
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Table 2. The Mossbauer parameters obtained from fitting procedures. I'* and 15 are obtained from
the measurements in an external magnetic field while * indicates parameters which were taken as averages

from other measurements

15"

T s |0s] B 7
[mm/s] [mm/s] [mm/s] [mm/s] [mm/s] [T]
4 069 066 -0113 -0.116 009 15 035
-2 034 031 -0113 -0112 009 12 045
x 0 029 026 -0113 -0.112 008 LI 050
2 028 024 -0.113 -0.116 0094 1.1 065
028 026 -0115 -0.115 0084 11 060
-6 028 028 -0.106 -0.107 0098 15 035
3 029 027 -0110 -0.111 0084 12 065
’ 3 027 024 -0116 -0.118 0084 1.1 065
049 042 0126 -0.125 009 11 065

The spectra measured in external magnetic field were analysed using Blaes et al. procedure
[12]. Because a single value of the hyperfine magnetic field turned out to be insufficient for
description of the measured spectra, it was assumed that A m.f is described by a Gaussian
distribution with certain variance oy Respective fitted values can be found in the Table 2.
The best fits were obtained when correlation between A m. f. and isomer shift was introduced.
The correlation coefficient was found to be equal to =30 % 15 T-s/mm. It has been checked that
when the opposite sign of the dB/dLS is assumed, the observed spectra asymmetries cannot be
explained. The shape of the spectra was insensitive to the change of sign of the electric field
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gradient, so this parameter was not determined. The fitted parameters for all measured spectra,
with and without the applied magnetic field, are given in the Table 2. The quality of fits can be
infered from examples presented in Fig. 2.

4. DISCUSSION

Within accuracy of our data, the lattice parameters depend linearly on concentration of Mn
and Cr, which calls for the Vegard's law. Following this law one expects that the lattice parameter
a should depend linearly on the atomic fraction ¢, of the elements:

azX’:c;A,, (6)

where A, are constants characteristic for an i-th element. Both, iron and chromium, form bec type
of structure with lattice parameters, A, and A, equal at room temperature to 2.885 A and
2.866 A, respectively. These two values describe correctly the lattice parameter variation of Fe-Cr
bee alloys in the concentration range 30-100% at Cr [13]. Since there is no stable bcc Mn phase
at room temperature, Ay, can be estimated from the lattice parameter measurements for bec Cr-
rich Cr-Mn alloys [10, 13] as 4y, = 2.896 A. The lattice parameters expected from Eq. (6) are
compared with the measured ones in Fig. 5.
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Fig. 5. Lattice parameter and comparison with the Vegard law, see text

The estimated changes of the isomer shift per atom given by Eq. (5) are slightly smaller in
absolute value from the ones reported previously in different systems: -0.02 [14], -0.020(2) [15],
-0.024 [16], -0.03(1) [17] for Crand -0.016(2) [15], -0.02 [16] for Mn, (all values in mm/s, rel.
to a-Fe). The experimental errors are not permitting for drawing definite conclusions, neverthe-
less if our values were truly smaller than the respective ones in other quoted systems, this could
indicate some chemical segregation of elements.
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We have shown that in order to explain the shape of the in-field measured spectra, the h m f
distribution has to be introduced. There are two mechanisms responsible for existence of A m.fd
The first is the sensitivity of iron magnetic moment to its chemical environment. When external
homogeneous field is applied, an induced hyperfine field appears and its value depends on the
local environment. The second mechanism can be thought of being the result of antiferromagnetic
correlations present in this class of alloys. If two magnetic moments are oriented antiparallel and
placed in an external field, one expects, basing on the vector model [18], that hyperfine fields
acting on atoms will differ both in the value and the direction. This will result in creation of
a h.m.f disiribution. Obtained correlation between the hyperfine magnetic field and the isomer
shift is smaller than reported for ferromagnets. For example, the coefficient of interest is -64 for
Fe-Al [19] and -2.1- 10° for amorphous Fe-Ni-Si-B [20] (in T-s/mm). This effect is due to
the fact that in the present studies the system is investigated in the vicinity of transition
temperature.

The width of the Lorentzian line was fitted as a free parameter. Its value, see Table 2, is
(i) systematically larger than the width of the calibration line, and (ii) correlated with FWHM of
the spectra, see Fig. 3. This indicate that Lorentzian broadening is observed in all the spectra. It
is particulary large in the samples with highest temperatures Ty, (x = -4 and y = 6). Lorentzian
line broadening can be explained in the limit of fast relaxation [20] by dynamic behaviour of
the hyperfine magnetic field. The effects of fluctuations are expected to be particularly important
in the vicinity of the transition temperature and are consistent with reported magnetic inhomo-
geneity [8] in the Cr-Fe-Mn system.

In summary, concentration dependence of the lattice parameters of investigated alloys foliow
the Vegard law within the experimental accuracy. The isomer shift and its contribution to the line
broadening (in the range 0.01+0.02 mm/s) was explained quantitatively by a simple model.
The quadrupole splitting of 0.08 mm/s was found. The spectra measured in the field of 1 T
indicate the presence of h.m. f* distribution with the width ranging from 0.3 to 0.6 T. The spectra
asymmetry measured in magnetic field has been explained quantitatively as resulting from
quadrupole splitting and correlation between the isomer shift and 4. m. 1 distribution.
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Abstract

Magnetic properties of the Cr-rich BCC Cr-Mn-Fe system are reported. Mdssbauer spectroscopy with circularly
polarised source allowed one to determine the Fe magnetic moment’s component parallel to the applied field. These
measurements combined with magnetisation measurements and standard Mossbauer spectroscopy reveal that the main
contribution to the magnetisation at low temperature is due to the Fe moments. Their values vary from about 0.7 pug to
about 1 pg. The directions of iron moments also vary in space even in an external field of 1 T. The angular disordering of
Fe magnetic moments increases with decreasing Fe concentration. A part of the Fe atoms, namely the ones surrounded
by eight Cr atoms as a nearest neighbours, exhibits a low magnetic moment. These moments are completely disordered
and do not contribute to the measured magnetisation. Cr and Mn atoms contribute to the net magnetisation (in the
applied field of 1T). This contribution amounts to 0.03 to 0.20 ug per atom. The value of the Cr and Mn total
contribution to the magnetisation depends linearly on the Fe concentration and is clearly uncorrelated with the
concentration of Mn, which shows that Cr and Mn give similar contributions to the magnetisation. © 2001 Elsevier
Science B.V. All rights reserved.

PACS: 76.80; 75.25; 75.50.B.; 75.50.L

Keywords: Chromium alloys; Reentrant spin glass; Mossbauer polarimetry; Ferromagnetism; Antiferromagnetism; Alloys

1. Introduction place and the Néel temperature decreases at the

rate d7n/dcge = —1.5 x 103K [2,3]. With increas-

The behaviour of impurities in the AF matrix of
Cr was a subject of numerous investigations [1 and
references therein]. In particular, when Fe is added
to Cr, a transition from incommensurate to
commensurate spin density wave (SDW) takes

*Corresponding author. Fax: +48-85-745-7223.
E-mail address: kszym@alpha.uwb.edu.pl (K. Szymanski).

ing iron concentration, the antiferromagnetism
disappears at the critical concentration cp, =
0.160+0.005 [2]. Although the value of the
magnetic moment of an isolated Fe atom in the
Cr matrix was studied by many investigators, the
situation is still far from being well understood.
Magnetic susceptibility measurements indicated
that the localised moment is about 2 g [4,5]. In

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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accordance with the band structure calculations
[6], if an iron atom is surrounded by eight Cr
atoms, its magnetic moment should be reduced by
46% and its hyperfine field by 67% as compared to
the values known for pure Fe. Kulikov [7] showed
by means of self-consistent spin polarised KKR-
CPA calculations that for 10% Fe in Cr, the iron
has a moment of about 2 pg. The author pointed
out, however, that more precise calculations are
necessary for a discussion on AF Cr with iron
impurities. On the experimental side, the hyperfine
magnetic field (h.m.f.) identified as due to an
isolated iron atom in the Cr matrix (B=5T at
T=5K [8], 3T at 0.1K [9]), turned out to be
weakly dependent on concentration and inter-
preted as representing a small or zero moment.
Thus, the quoted experiments disproved the
theoretical findings. Determination of the sign of
the h.m.f. of Fe in Cr [l10] showed on the
conduction and not the core origin of h.m.f.

At Fe concentrations larger than c¢p =
0.190+0.005 [2] FM order sets in. The average
iron moment rises from about 1.8up (at
crpe = 0.25) to a small maximum pp, =2.3pug
(around cge = 0.85) and then decreases to 2.2 g
for pure iron [11].

In contrast to iron, when chromium is sub-
stituted by manganese, the Néel temperature and
the magnetic moment per atom increase with
increasing Mn concentration. Both values ap-
proach a saturation above 20% Mn and reach
about 750 K and 0.8 g, respectively [12]. One can
say that Mn enhances the effective antiferromag-
netic exchange interaction in the system. In this
situation, it is clear that the magnetism of
chromium alloyed simultaneously with iron and
manganese may show interesting properties due to
mixed interactions in the alloys.

Cr-rich Cr—Fe—Mn ternary BCC alloys exhibit
the interesting property of giant magnetoresistance
[13] in the vicinity of concentrations where ferro-
and antiferromagnetic [14] ordering coexist. It was
recently shown that the most favourable condi-
tions for a large magnetoresistance occur at
temperatures close to the Curie temperature [15].
In general, the ternary Cr—Fe-Mn system shows
complex magnetic behaviour [14-20] which is not
fully understood yet.

It is well known that the hyperfine magnetic field
depends strongly on the 3d magnetic moment
[21-23]. In the case of magnetically saturated
ordered ferromagnets, the hyperfine field intensity
and the saturation magnetisation, both values
easily accessible experimentally, are strongly cor-
related. The situation is more complicated in
disordered systems in which spin misalignment is
present. In systems in which the directions of
magnetic moments are somehow distributed, the
macroscopic magnetisation is determined by two
factors: the values of the individual magnetic
moments and their average z-component, where z
denotes the direction along the magnetisation. In
some systems as, e.g., Fe—Au [24], the transverse
spin component may become frozen below a
certain temperature. Such freezing can be seen in
the Mossbauer spectrum through the behaviour of
the intensity of lines 2 and 5. Systems in which
magnetic disorder is present exhibit hyperfine field
distributions which complicates the analysis of the
spectra. Le Caer et al. [25] showed that in order to
determine unambiguously the hyperfine field para-
meters in standard Mossbauer spectroscopy, the
ratio of the width of the distribution and to the
average hyperfine field intensity should not be too
large.

Mossbauer polarimetry with circularly polarised
radiation proved to be a useful tool in the
investigation of magnetic structures of disordered
materials, since it is sensitive to the sign of the
h.m.f. In particular, it was demonstrated that
monochromatic circularly polarised Mossbauer
spectroscopy (MCPMS) [26] gives important
information concerning h.m.f. distributions in the
case of poorly resolved spectra [27], and allows one
to determine the h.m.f. direction [26,28], the
magnetic remanence of iron [29] and the iron
moment contribution to the net magnetisation
[30].

In order to investigate the ternary Cr—Fe—Mn
system characterised by two independent para-
meters (for example, concentrations cp. and c¢yy),
two series, Crysy Fejg+ Mng_ >, and Crys.,.
Fe;_,Mno, called here as x- and y-series, respec-
tively, have been prepared. The x-series is
characterised by a constant electron density while
the electron concentration within the y-series is
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maximally varied. The compositions of these two
series form, on the so called Gibbs ternary
diagram, two straight lines which cross at the
point corresponding to Cr;sFe;sMng, the compo-
sition for which complex magnetic behaviour was
already observed [14-20].

We report here the results of measurements
performed on aforementioned BCC Cr—Fe-Mn
alloys. Investigation of the iron contribution to the
magnetisation using MCPMS is presented. The
spectroscopic results appear to be strongly corre-
lated with macroscopic magnetisation. There is
also clear evidence that the Cr and Mn atoms
contribute to the magnetisation.

2. Samples

The samples with nominal compositions
Crys+ Fejg+ Mng_p, (—4<x<4) and Crys+,.
Fejs_,Mng (—6<y<6) were prepared first by
mixing Cr, Fe and Mn powders. The samples
were next pressed into discs, melted and remelted a
few times under argon atmosphere. After powder-
ing, the X-ray diffraction measurements with K,
radiation of Mo showed that the samples con-
tained two BCC phases with slightly different
lattice parameters. Subsequent pressing and melt-
ing of the samples resulted in arriving at a single
phase with the BCC structure. A part of each
sample was used for chemical analysis by optical
emission spectroscopy. The first results on X-ray
diffraction, chemical analysis and room tempera-
ture Mossbauer examination were published in
Ref. [31].

3. Magnetisation measurements

The magnetisation measurements were carried
out by means of a vibrating sample magnetometer
on spherical bulk samples between 12 and 300 K in
magnetic fields up to +1.2T. The magnetic field
dependence of the magnetisation for both x- and
y-series at 12K is shown in Fig. 1. The values of
the spontaneous magnetisation gy were derived by

fitting the relation

a b

a:ao<l—ﬁ—m)+1H (1)
to the data. Here y describes the paramagnetic
contribution, while parameters « and b, character-
ise the non-linear magnetic field dependence of the
ferromagnetic part of magnetisation. The values of
the spontaneous magnetisation for all our samples
at 12K are collected in Table 1, together with
the magnetisation measured in an external field of
1 T. All samples exhibit a small coercive field, H,
listed in the Table 1. It is seen that the samples
which saturate easily have the smaller values
of H..

The magnetisation curves of all samples mea-
sured at room temperature consist of a linear,
paramagnetic-like contribution and a small
amount of contribution exhibiting a hysteresis
loop. The parameters of hysteresis loops do not
depend on the sample composition: the saturation
magnetisation amounts to 0.001-0.0025pg per
average atom of the sample and the coercive field
is 0.01-0.02T. These values of the coercive field
are apparently larger than the ones measured
at 12K for samples with large magnetisation
(x positive and y negative). One cannot exclude
that the samples are not completely homogeneous
and may contain small amount of soft FM Fe-rich
BCC phase. Assuming arbitrarily that the mag-
netic moment of the Fe atom in this phase is
2.2 ug, one can estimate that 0.04-0.09% of all
atoms should form the Fe-rich BCC phase. Such a
small amount of the extra phase can hardly be
detected by diffraction methods. We have at-
tempted to measure Mossbauer spectra in the
velocity range appropriate for the detection of the
o-Fe phase, however, the attained accuracy of the
measurements permits to determine 0.2% of FM
phase at best.

The Curie temperatures 7¢ were attempted to
be obtained from Arrot plots (after correction for
the aforementioned presence of small amount of
ferromagnetic phase), seen in Fig. 2. Doubtlessly,
the isotherms have non-linear shape. Similar
behaviour was observed in the Crys(Fe . Mnj_,)»s
system [17]. Nevertheless, one can find samples for
which the high field part of appropriate isotherms
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Fig. 1. Magnetisation per average atom at 7' = 12K vs. intensity of the external magnetic field for x-series (a) and y-series (b).

extrapolate to the axes origin. These are the FM phase, even at the lowest measured tempera-
samples with y = -6, y=-3, x=4 and x=2 tures (see the examples in Figs. 2b and 3).
(see the example in Fig. 2a). For all other samples, Because of the non-linearity of isotherms in

the Arrot plots indicate lack of the transition to Arrot plots, the estimation of the transition
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Table 1
Properties of Crys ,Fejs Mny_», and Crys ,Fes_,Mny*

B, T x=-4 x=-2 x=y=0 x=2 x=4 y=—6 y=-3 y=3 y==06
n. 1 OT, 12K 088(3) 089(3) 084(3) 083(3) 077(3) 089(3) 089(3) 083(3) 0.75(4)
n. 2 0T, 12K 0.12@3) 011 (3) 016(3) 017(3) 023(3) 0.11(3) 0.11(3) 0.17(3) 025(4)
B. (T) 3 0T, 12K 112(3) 11.8(3) 122(3) 122(3) 11.7(3) 1423) 1323) 98(G) 9.5
B_ (T) 4 0T, 12K 42° 42° 42 (3) 45 (3) 42 (3) 425(3 42° 46 (5 4205
n. 5 1T, 12K 089(3) 088(3) 086(3) 082(3) 081(3)  0.90(3) 0.83(3) 0.75(4)
n_ 6 1T,12K 0.11(3) 012(3) 0.14(3) 018(3) 0.19(3) 0.10(3) 0.17 (3) 025 (4)
B. (T) 7 1T, 12K 109(3) 116(3) 1203) 123(3) 11.13) 13.703) 1133) 9.5
B_ (T) 8§ IT,12K 4.4° 42° 42 (3) 4.6 (3) 42 (3) 4.6 (3) 4.6° 4.2 (5)
av. cos’ 9 1T,12K 035(5) 036(5) 042(5 051(6) 077(8) 0.61(10) 0.53(2) 0.37(7) 0.35(7)
av. cos 10 1T, 12K 0.13 (2) 0.30 (3) 0.57 (6)  0.47 (4) 0.15 (12)
T (K) 11 0.01T,— 40 (5 35 (5) 55 (5) 68 (15) 90 (15)  125(15) 103(5) 30(5)  30(5
Tarror (K) 2 - - 78 (15)  95(15)  155(15) 115 (15)
T, (K) 13 0.01T, - 40 (10) 100 (10) 80 (10) 30 (10)
H, (T) 14 — 12K  0.013(1) 0.008 (1) 0.001 (1) 0.001 (1) 0.001 (1) 0.003 (1) 0.001 (1) 0.009 (1) 0.008 (1)
oo (ug/atom) 15 0T, 12K 0.031 (6) 0.035(6) 0.087 (8) 0.144 (12) 0.213 (11) 0.237 (7) 0.188 (9) 0.036 (5) 0.013 (2)
o (ug/atom) 16 1T, 12K 0.066 (10) 0.068 (10) 0.116 (17) 0.166 (12) 0.228 (11) 0.255 (8) 0.187 (9) 0.066 (9) 0.037 (6)
Hre (up/atom) 17 1T, 12K 0.84(2) 089(2) 096(2) 095(2) 085(2) 1.05(2) 0.87 (2)  0.69 (4)
it (CrMn) 18 1T, 12K 0.06 (1) 0.09 (1) 0.18 (1) 0.20 (1) 0.032 (5)

(np/atom)

#The external magnetic field and temperature in the measurement is given in column 3. Rows 1-5 and 611 correspond to zero and
in-field Méssbauer measurement, while rows 12—17 correspond to magnetic measurements. 7. and B correspond to the fraction of Fe
and the intensity of the average field of high and low field components of iron in the Mdéssbauer spectra, respectively.

®Indicates that the parameter was fixed during the fitting procedure. Experimental uncertainties are given in parenthesis.

temperatures cannot be done with great precision.
Therefore, we also estimated complementary
temperatures 7" at which d*¢/dT? =0 at a low
field of 0.01 T. These temperatures, displayed in
Table 1, seem systematically to be slightly smaller
than the ones determined from the Arrot plots for
FM phase (see Fig. 4a).

Part of the samples exhibit magnetisation
depending on the scenario of measurements. The
T, temperatures at which zero field cooled and
field cooled magnetisation curves (in field of
0.01T) start to differ are given in Table 1.

4. h.m.f. Distribution

Mossbauer measurements were performed at
12K in zero field and in a B = 1T axially applied
external field (see Fig.5). Because of a broad
distribution of h.m.f., the absorption peaks are
poorly resolved. In our previous report [31], we
have shown that the distributions in the isomer
shift and the quadrupole splitting are not larger
than 0.08 mm/s, so these interactions were

neglected in actual treatment. We tried first to fit
the spectra with a single Zeeman component
having a Gaussian distribution of the h.m.f. The
fits were of insufficient quality indicating at least a
two peak structure of the h.m.f. This result is in
agreement with those of Refs. [17,20]. Then, all the
spectra were satisfactorily fitted with two Zeeman
components having Gaussian distribution of the
h.m.f. The widths of the Gaussian distributions for
dominating and low field components are
39+03T and 2.1+0.2T, respectively, and are
independent of the sample compositions under
study. Results of the fits are given in Table 1 and
can be summarised as follows. The average h.m.f.
can be expressed as a linear function of iron and
manganese concentrations. By the least square fit
it was found that the average h.m.f. B/[T]=
(2.11+0.02) + (68.7+0.4)¢, where & = (0.647cpe +
0.353¢mn) (see Fig. 6). Certain fraction of Fe
atoms (n_, given in Table 1), exhibits low field
with the average value equal to 4.5+04T,
independent of the sample composition. Within
the experimental accuracy the shapes of the h.m.f.
distributions measured with and without the field
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Fig. 2. An example of the Arrot plots

are the same, and only the relative line intensities
in the spectra depend on the applied magnetic
field. The latter conclusion is confirmed by model-
independent data treatment [32]. The exemplary
difference spectra are shown in Fig.7. The
difference spectrum for x = +4 and y = —6 has a

two peak shape. The peak amplitudes decrease
continuously to zero with x and y varying to x =
—4 and y = +6, respectively. The observed two
peaks are due to lines 2 and 5 only. The zero
difference for x = —4 and y = +6 indicates that
the spin structure in the considered samples is not
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Fig. 3. Isotherms at 7' = 12K of Arrot plots.

sensitive to the applied field of 1T, in which the
samples were cooled from room temperature. This
behaviour is studied quantitatively with the
polarised source.

5. MCPMS measurements

MCPMS measurements were performed at 12 K
in axially applied field of 1 T on the samples with
x=-4,0, +4 and y= -6, +6 (see Fig.38).
Details of the experimental set-up and the
methodology used in the data analysis are given
elsewhere [26-30]. The magnetic texture in a
sample can be extracted from the relative line
intensities in a standard Mossbauer spectrum:
W i3 tigiisiig=3:z:1:1:z:3,
where the z value allows one to estimate
((ympe)*)—the average square of the cosine
between the direction of the photon y and the
direction of the Fe hyperfine magnetic field mp.:

4—z

(Gmee)?) = @

The brackets denote an average over the hyperfine
field orientations in the sample, and y and my, are

unit vectors. For a fully isotropic orientation of
the Fe moments, z = 2. MCPMS spectra exhibit
characteristic asymmetry (see Figs. 6 and 3 of
Ref. [26]). Defining the asymmetry in intensities
for lines 3 and 4 (or 1 and 6) as

iz —ia] _ lir — il
= =", 3)
3+ 14 I+ s
one can express an average cosine {ympg.y (projec-
tion of the iron moment on the field direction) by

44
4+2p

where p is the degree of circular polarisation of the
beam. The spectra measured with the MCPMS
were fitted simultaneously with the spectra mea-
sured with the unpolarised source. The overall
shape of the spectra is preserved and only the line
intensities change, in comparison with the in-field,
unpolarised beam measurements. Correcting for
the degree of polarisation, {ymg.» were deter-
mined from MCPMS measurements. The average
cosine multiplied by the average magnetic moment
of iron is equal to the iron contribution to the
magnetisation. The magnetic moment of iron itself
was estimated from the average value of the

{ympey = 4)
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hyperfine field assuming the hyperfine constant
13T/ug [33].

The important result is that the observed
asymmetry A4 is non-zero for the high field
component only. The estimated average cosine of
the angle between the applied field and the large
component of the hyperfine magnetic field is given
in Table 1. Within an experimental accuracy, zero
asymmetry for the low field component is observed
(see fitted lines in Fig. 8). This indicates that the
iron moments exhibiting this field component do
not contribute to the magnetisation measured in
our experiment.

6. Discussion

As mentioned in the introduction, the average
h.m.f. of collinear ferromagnets is usually corre-
lated with the magnetisation. In Fig. 9, the
spontaneous magnetisation and the average
h.m.f. of iron are shown by squares. The
interrelation between these two values becomes
more clear when the hyperfine field is multiplied by
the average cosine. Fig. 9 shows that the average
z-component of the h.m.f. is proportional to the

B [Tesla]

7 L L L
0.07 0.08 0.09 0.10

0.1

g

0.12 0.13 0.14 0.15 0.16

Fig. 6. Average hyperfine field vs. £, where & = (0.647¢ge + 0.353¢pmn). The straight line is given by the relation B/[T] = 2.11 + 68.7 - .
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Fig. 7. Difference between the spectra measured in external
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average magnetic moment. This indicates to what
extent the spin misalignment in the 3d disordered
system under study reduces the average magneti-
sation. Certainly, such a conclusion could not be
inferred from the magnetisation and conventional
Mossbauer spectroscopy alone.

The transition temperatures to FM phase
depend smoothly on the Fe concentration (see
Fig. 4a). This result is in agreement with the
general trend observed in BCC Fe—Cr—Mn,
deduced from published results [2,3,13-18,20,
34-44] (Fig. 4b). The slope dT./dcp. in Fig. 4a is
close to the slope in Fig.4b and it seems that
the formation of FM phase is ruled by the
Fe concentration only. Our observation thus
agrees with the suggestion of Ref. [19] that
“ferromagnetism and re-entrant spin glass are
mainly due to Fe atoms”. In other words, Cr and
Mn atoms have, within given range of concentra-
tion, little influence, if any, on formation of FM
phase. It is believed that small hysteresis loops
observed at room temperature originate from
sample inhomogeneities. Fe-rich FM particles or

intensities [arb.units]

-6 -4 -2 0 2 4 6
velocity [mmy/s]
Fig. 8. Mossbauer spectra measured at 7'= 12K using po-

larised radiation. For each spectrum the low field component
and total fitted spectrum are shown by solid lines.

clusters in AF or PM matrices exhibit a coercive
field of the order of 0.01 T, most probably because
of shape and crystalline anisotropy. At low
temperatures when a FM or a SG state develops,
they interact with the magnetically ordered frame-
work. Consequently, this results in a decrease of
the coercive field due to the inhomogeneities and
thus of the overall coercivity.

Extrapolation of high field isotherms in Fig. 3
permits one to estimate that the onset of ferro-
magnetism takes place at points (¢c; = 0.79, cpe =
0.17, evn =0.04) and (ccr =0.76, cpe = 0.18,
cvn = 0.06). These two points, together with the
iron concentration c¢p. = 0.19 determined by
Burke [2] for the onset of ferromagnetism in Fe—
Cr, indicate that the presence of Mn only slightly
shifts the onset of ferrromagnetism, and the shift is
towards smaller Fe concentrations.

Magnetisation and Mdssbauer measurements
indicate that not only Fe moments contribute to



66 K. Szymanski et al. | Journal of Magnetism and Magnetic Materials 236 (2001) 56-70

B<cosB> [Tesla]
[o4]

B,

&

4

-

0.0 0.1

0.2 0.3

G [ug/atom]

Fig. 9. Correlation between magnetisation and h.m.f. (squares) and h.m.f. projected on magnetisation direction (diamonds),
respectively. Both measurements in external field of 1 T and 7'= 12K.

the magnetisation. Indeed, from the measured
intensity of h.m.f. and the already cited hyperfine
constant, one could estimate the magnetic mo-
ments of Fe corresponding to the high field
fraction. These moments are listed in Table 1.
Next, from measured average cosines, the iron
contribution to the magnetisation could be de-
duced. This contribution is definitely smaller than
the measured total magnetisation. We thus con-
clude, that Cr and Mn atoms must contribute to
the magnetisation; the respective values per atom
are given in Table 1 and shown in Fig. 10. One sees
a lack of direct correlation between Cr and Mn
contribution to magnetisation and Mn concentra-
tion. On the other hand, a smooth increase of Cr,
Mn contribution with increasing Fe concentration
is observed. This can be interpreted in terms of the
commonly used model of additive influence of high
iron moment, located in the nearest neighbour-
hood, on the moment formation. One can deduce
that a single Fe atom induces in its nearest (Cr,
Mn) vicinity a magnetic moment of 0.06 ug for
cre~0.1 to 0.12 ug for cp.~0.2, oriented parallel
to the iron magnetic moment.

The magnetic moment of the Cr—Mn matrix
estimated above depends sensitively on the value

of the phenomenological hyperfine constant. It
was considered in Ref. [19] that only the Fe
magnetic moment contributes to the magnetisation
in CrgsFesoMn; 5. If we assume that this is the case,
then using the measured value of average cosines
for fraction n - of Fe with high moment and taking
into account that 1—n, fraction of Fe with low
moment does not contribute to the magnetisation,
the magnetic moment of the former Fe atoms must
be
a

Hpe = < (5)

VmFe>CFen+,
where o is the magnetisation per average atom and
cre the total iron concentration. Using expression
(5) one obtains the average magnetic moment at
T = 12K and in an external field of 1 T to be more
than 3 pg. Such a high value is hard to reconcile
with h.m.f. in the range of 10T (see Table 1),
which supports our conclusion that Cr, Mn atoms
also contribute to the magnetisation, or at least,
they are significantly polarized by Fe atoms.

Quantitative results obtained for the hyperfine
magnetic field for both x and yp series show
different influence of Cr and Mn on the Fe
moment formation. An iron atom embedded in
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the Cr matrix is surrounded by eight Cr atoms
and, according to our results, exhibits a low
magnetic moment. Fig. 11a shows that the fraction
of Fe possessing a low field is directly correlated
with the Cr concentration. The solid line shows
calculated probabilities of finding Fe surrounded
by eight Cr in the first coordination shell. This
proves that Fe with low field must be connected
with Cr surrounding. Our result agrees well with
the result of Ref. [9] when the intensity of the
h.m.f. is concerned, however, it is still unclear
whether the Fe atoms in question have low or zero
magnetic moments. The zero asymmetry of the
low field part measured by MCPMS suggests that
only the directions of low fields are strongly
disordered. We thus conclude that irrespective of
whether the Fe surrounded by Cr has or has not
zero magnetic moment, such Fe atoms do not
contribute to the average magnetisation.

When one or more Fe or Mn atoms appear as
nearest neighbours of Fe, the latter atom acquires
a large magnetic moment, which contributes to the

average magnetisation. We tried to find the most
important mechanism responsible for a high iron
moment formation. The experiment demonstrates
that the average h.m.f is correlated with &, see
Fig. 6. The linear correlation between average field
and & can be interpreted in terms of a simple model
of additivity of hyperfine fields caused by nearest
neighbouring atoms. Indeed, the data shown in
Fig. 6 can be explained by the assumption that one
Mn atom substituting for one Cr in the first
coordination shell increases the h.m.f of the iron
atom by 3T, while one Fe atom replacing Cr
increases the h.m.f. in question by 5.5T. Thus, in
contrast to Cr atoms, the Fe and Mn atoms
enhance the formation of the large Fe moment.
The field extrapolated to ¢ =0 is about 2T and
may be interpreted as that of an isolated Fe in the
Cr matrix. This value corresponds well to the
measured low field component recognised as Fe
surrounded by eight Cr, equal on average 4.5T
(see 4th and 8th row of Table 1). Our result that
Mn acts similarly to Fe and in an opposite way
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respectively.

than Cr is consistent with the results of Ref. [18].
They observed an increase of magnetisation when
Cr was replaced by Mn in Crgo_,Fe,oMn, and
Crys5_Fe,sMn, in the range of not very large Mn
concentrations (x < 30).

The iron moments responsible for the formation
of the FM phase can be considered as being
embedded in AF Cr—Mn matrix. It is likely that
such moments (or clusters—we do not intend to
speculate on their size) interact with the nearest
surrounding via exchange interaction, and inter-
actions can effectively be described by an exchange
anisotropy term [45-47]. The energy of the Fe
moments in the AF matrix at 7 =0 may be
postulated to be described by the following
Hamiltonian:

H = ZJ sim; — K(r;m;)* — uBm;, (6)
i

where m; is a unit vector along the direction of the
Fe moment p, B the magnetic induction resulting
from the external magnetic field, magnetisation
and demagnetising field. It is assumed, for
simplicity, that the average exchange interaction,
J, with the surroundings (or molecular field) is
described by a single exchange integral (molecular
field intensity), while the direction of the molecular
field may vary from site to site. Thus, in the first
term the unit vectors s; intend to denote the
anisotropy of the distribution of effective exchange
interaction with local surroundings. The next term
intends to describe the consequences of variation
of local crystal fields. Unit vectors r; indicate easy
directions of the magnetic moments in their local
crystalline fields. Also, only one uniaxial aniso-
tropy K is assumed. It is reasonable to assume that
the external field does not modify the magnetic
structure of the AF phase and that the unit vectors
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r;and s; are randomly oriented in a polycrystalline
sample. Minimising Eq. (6) with respect to the m;
directions one can find dependencies between
{(ymre)*) and cosine (ymp.y when the intensity
of the external field interaction B is varied with
respect to J and K. Vectors B and y are parallel in
the considered case. In Fig. 12 two lines illustrate
two limiting cases of J =0 and K =0, respec-
tively. The experimental data shows that the
exchange anisotropy term plays an important role
in the ordering of Fe moments. The deviations
observed can most easily be interpreted as due to
the presence of some Fe moments oriented
on the average antiparallel to the resultant
magnetisation.

7. Conclusions

The formation of the FM phase in Cr-rich
ternary Cr—Fe—Mn alloys depends mainly on the
iron atoms. If they are surrounded by at least one
Fe or Mn atom, they acquire a magnetic moment
of about 1pg. Fe surrounded by eight Cr atoms
possesses zero or a very low magnetic moment.

However, even in this latter case, the directions of
low hyperfine magnetic field are strongly spatially
misaligned with respect to the direction of net
magnetisation, indicating that Fe surrounded by
Cr does not contribute to the magnetisation. The
Cr—Mn atoms form a matrix which in applied field
of 1T contributes from 0.03 to 0.20 pug per atom to
the average magnetisation. Our results do not
contradict the presence of AF order in Cr—Mn
matrix observed in neutron diffraction [14] and
resistivity measurements [16,48]. The transition
temperature to the ferromagnetic phase as well as
the onset of ferromagnetism depend mainly on the
iron concentration. MCPMS measurements reveal
that the net magnetisation is strongly influenced by
the misalignment of the 3d magnetic moments.
The mechanism responsible for strong misaligne-
ment seems to be predominately an exchange
anisotropy.
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Iron Atoms in Cr—Mn Antiferromagnetic Matrix
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Abstract. The results of the Mossbauer effect measurements on bec Cr rich Cr-Fe-Mn alloys in
temperature range 12-296 K in zero- and in applied magnetic fields are reported. Monochromatic,
circularly polarized radiation was used for investigation of iron moments alignment. Strong enhance-
ment of internal hyperfine magnetic field induced by the applied magnetic field was detected and
explained as due to dynamical effects. At high temperatures alignment of iron moments in antifer-
romagnetic phase is weakly magnetic field-dependent. At low temperatures the average hyperfine
magnetic field is antiparallel to the net magnetization showing that iron moments are partly ordered
by the applied field.

1. Introduction

Ternary Cr-rich Cr—Fe—Mn alloys with bce structure exhibit complex magnetic
behaviour [1, 2]. At certain composition ferro- and antiferromagnetic orders were
found to coexist [3, 4]. A giant magnetoresistance of these alloys [5, 6] make them
also attractive for applications.

We report investigations of the temperature dependence of magnetic hyperfine
field (hf) and reaction of the system to the applied external magnetic field. In
particular, the angular distribution of iron magnetic moments is studied by Moss-
bauer polarimetry with >’Fe as a probe. Determination of the sign of the magnetic
hf with monochromatic circularly polarized resonant radiation is very straightfor-
ward. L.e., in the case of pure Zeeman interactions, when direction of the magnetic
hf is parallel to the direction of radiation, one observes that outer line No 1 has
large intensity in comparison with the line intensity No 6. Reversing the hyperfine
field by 7 results in the reversal of intensities as well, i.e., intensities of lines 1 and
6 are small and large, respectively [7].

In the case of disordered systems, broad distributions of hyperfine parameters
are usually present. Wide hyperfine field distributions make it difficult to determine
the transitions uniquely as one cannot resolve the absorption lines whose intensities
have to be analysed.
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Within the scope of the intensity tensor formalism we have presented analytical
expressions for the absorption line intensities for / = 3/2 — [ = 1/2 nuclear
transitions [8]. These results allows one to define so-called nth velocity moment:

W =3 vigAasc [ 3 Auge, (1)
op ap

where v, is the Doppler velocity, A,g; is the area under absorption line for tran-
sition B and ¢ is polarization of the photon. The explicit formula for the first
velocity moment reads:

W, =6+ %yﬁf Py — g&(m —5y32)B - ¥, 2)
where ® is dimensionless EFG tensor [8], B = (fi . ﬁ)l/ 2 is the magnetic hf, § is
the isomer shift, 35, 1,2 are nuclear g-factors of the excited and ground nuclear
states, respectively and y is the unit vector indicating direction of the photon.

The result (2) depends explicitly on the hyperfine fields sensed by the nucleus.
Moreover, Equation (3) is valid irrespective of the strength of the quadrupole in-
teraction. The quantities defined by (1) are directly available in experiment: one
needs to sum up absorption line intensities multiplied by a power of the velocity.
Particularly useful is the difference of the first moments measured with two oppo-
site polarization, which is proportional to the product B - ¥, or z component of the
magnetic hf:

1 -
W; - Wl; = —IE()/l/z —5y32)B - y. 3)

2. Experiment and discussion

Two series, CrysqFei6:Mng_», and Crys.,Feis_,Mny, called here x- and y-, re-
spectively, were prepared [9]. Results of low temperature studies were reported
in [10]. We detected two kinds of Fe moments, large and small ones. The large
moments can be aligned by an external magnetic field while the small ones can
hardly be aligned and thus do not contribute to the net magnetization. Samples
with x = 4 and y = —6 exhibit ferromagnetic properties.

For x = —4 and y = 6 samples, characterised by low iron concentration, mag-
netization measurements indicate moment per average atom smaller than 0.07 ug
at T = 12 Kand B = 1.1 T. An inverse of DC susceptibility, measured at
B = 10 mT, extrapolated to zero value, crosses the temperature axis at negative
temperatures, which indicate presence of an antiferromagnetic ordering.

Results of a typical temperature scan of Mossbauer measurements for sample
with x = 4 are shown in Figure 1a. A sharp transition at T about 50 K to a state at
which magnetic hf is zero is observed, see the average field intensity in Figure 2a.
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Figure 1. Spectra of the x = 4 sample measured in zero applied field with unpolarized beam (a), and
in an applied field with two opposite circular polarizations (b), (c). Arrows 11 and 1| correspond
to two opposite polarizations (¢ and —¢). Sum of the normalized spectra corresponding to two
polarizations is equivalent to the measurement in the applied magnetic field of 1.1 T with unpolarized
radiation (d).

Similarly, FWHMs of the Lorentzian line obtained from fits at high temperatures,
indicate also sharp transition (Figure 2b).

Measurements with monochromatic, circularly polarized radiation were per-
formed in external magnetic field B = 1.1 T parallel to the direction of gamma
rays (Figures 1b,c). At T = 12 K the spectra show apparent asymmetries, namely
line No 1, located at v = —2 mm/s, is much deeper than the line No 6, located
at v = 2 mm/s in Figure 1b. The asymmetry is reversed in Figure 1c. The same
type of asymmetry characterises a-Fe sample [7]. We thus observe for x = 4
magnetic hf which is, on average, directed antiparallel to the magnetization. When
temperature increases, the spectra exhibit smaller asymmetry. At high temperature
spectra consist of a single, slightly asymmetric peak. Average position of the peak
measured at temperatures above 200 K for polarization shown in Figure 1b is larger
than measured with the polarization shown in Figure 1c. This indicates that at high
temperature °’Fe nucleus detects external magnetic field only. To analyse mea-
sured spectra quantitatively, we determined Wé, see Equation (1). The difference
of the first velocity moments (3) increases nearly linearly with temperature (see
Figure 2¢) and attains zero at T close to 150 K, three times larger than the onset
determined from zero-field experiment. Since the difference of the first velocity
moments is proportional to the average z component of the magnetic hf, a strong
enhancement of the internal field caused by applied magnetic field at 7 > 50 K
is observed. It is known, that sum of the normalised spectra measured with two
opposite polarizations is equivalent to the measurement with unpolarized radia-
tion [7, 8], in our case in the applied field. In Figure 1d the sums of the spectra are
shown, which were analysed (Figure 2a) in the same way as the zero field spectra.
One clearly observes that the difference between zero field and in-field average
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Figure 2. (a) Average value of magnetic hf intensity. (b) FWHM of the Lorentzian line fitted to
zero-field spectra. (c) Experimentally determined difference W} - Wl_ ¢» See Equation (3), measured
in external magnetic field B = 1.1 T.

magnetic hf at 7 = 50 K exceeds the applied field about 5 times. To our knowledge
this is the first report of such an enhancement of magnetic hf in Cr—Fe—Mn system.
A change of the shape of the spectra in temperature range between 7 = 70 K
and 50 K, see Figure 1d, suggests that dynamical effects should be considered.
Ferromagnetically coupled magnetic moments, forming clusters at these tempera-
tures, fluctuate with characteristic time shorter than Larmor period of the nucleus
in magnetic hf A single line observed in zero-field experiment (Figure 1a) suggests
that under applied external field an additional uniaxial anisotropy is introduced,
which slows down the fluctuations and allows observation of magnetic hf splitting.
Experiment with polarized radiation clearly demonstrate, that wings which appear
at 7 = 50 and 70 K (Figures lc,d) have the same type of asymmetry as spectra
measured at the lowest temperature. Polarized experiment shows also that projec-
tion of the average magnetic hf is antiparallel to the direction of magnetization
up to 7 = 150 K, Figure 2c. Thus the magnetic hf is likely to be of the core
origin. Besides, it must be concluded that localised iron moments are still present at
temperatures about three times larger than the temperature marking an onset of the
magnetic hf in zero-field Mossbauer experiment. Nearly linear decrease of average
magnetic hf (Figure 2a) with increasing temperature, accompanied by almost linear
increase of the difference of first moments (Figure 2c), both for in-field experi-
ments at 7 < 150 K, indicate, that the ratio of these values remains approximately
constant within wide (compared to 0 = 7;) temperature range. This indicates that
angular distribution of Fe magnetic moments does not change dramatically with
temperature.

Average magnetic hf measured in zero- and nonzero magnetic fields is shown
in Figure 2a for the x = —4 sample, containing AF phase. The temperature de-
pendence of magnetic hf is similar in both series of measurements, indicating
weak influence of external field on the iron moments. A characteristic feature of
the x = —4 and y = 6 sample is that the shape of the zero field spectra can
be described well by Lorentzian line in wide temperature range, see temperature
dependence of the linewidth in Figure 2b. Measurements with polarized radiation
show that at higher temperatures the average z component of the magnetic hf
corresponds to the applied external magnetic field (Figure 2c), while the average
magnetic hf (Figure 2a) definitely exceeds the applied field. This indicates that in
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the AF phase and at high temperature the iron moments form a structure which can
hardly be modified by application of external magnetic field. At low temperatures
this component is directed antiparallel to the magnetization, and its absolute value
is much smaller than that one in the ferromagnetic, x = 4, sample. However,
Fe magnetic moments can be partly aligned at low temperatures, with a clearly
antiparallel orientation of the z component of the magnetic hf.
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Introduction

The problem of the Invar effect in Fe-Ni alloys at the
concentrations close to the fcc <» bee transformation has
a long story but the full understanding of the phenomena
is still lacking. After discovery of the Invar effect in fcc
Fe-Ni alloys, a number of experimental studies were done
and theoretical models suggested. The most popular pheno-
menological model — so-called 2y state model — was intro-
duced by Weiss [9]. This model assumed the presence of
two electronic states of Fe atoms: high spin and high volume
(HS) ferromagnetic state and low spin and low volume (LS)
state with an antiferromagnetic order. In papers [4, 5] the
magnetic model proposed by the authors assumed local-
ized magnetic moments of Fe and Niwith a mixed exchange
coupling between them. This can lead to an antiparallel
orientation of iron magnetic moments with respect the net
magnetization for a certain amount of Fe neighbours. The
recent ab initio calculations of the volume dependences of
magnetic properties, so-called classical Invar (Fe 4sNij 55),
in which the non-collinear spin alignments were allowed,
gives a new impulse to the studies of this intriguing phe-
nomena [8]. In this calculations spins may be canted with
respect to the average magnetization direction. The results
show that the Invar properties could be explained by a con-
tinuous transition of Fe spins from nearly ferromagnetic
ordering at the large volume to an approximately uniform
spatial distribution of spins for small volume. The aim of
the presented work is to explore the spatial distributions
of the Fe magnetic hyperfine field vectors in fcc Fe-Ni
alloys. Because a standard Mossbauer spectroscopy is not
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sensitive to the sign of the hyperfine magnetic field, the
measurements with MCPMS have been used to get
information about the spatial distribution of the hyperfine
field vectors.

Experimental

The Fe, Ni, (x = 0.25, 0.30, 0.35) alloys were prepared by
melting in an arc furnace stoichiometric amounts of iron
and nickel elements under a protective argon atmosphere.
The ingots were powdered, and then the samples were
annealed at 600°C for 2 h and cooled at a rate of 300°C/h.
X-ray diffraction measurements were used for the determi-
nation of the crystalline structure as well as of the lattice
parameters. Standard *’Fe Mossbauer measurements in
constant acceleration mode with a commercial *’Co source
in the Cr matrix were performed. In the measurements,
powder samples of about 12 mg/cm? with random grain
orientation fixed by an epoxy glue were used. In order to
determine the spatial distribution of hyperfine magnetic
field of the sample in axial external field of 1.1 T, MOssbauer
spectroscopy with monochromatic, circularly polarized
radiation was used. Polarized beam was prepared by the
filter technique: resonant photons with one polarization
were absorbed by the filter. This technique is described in
greater detail in [6].

Results and disscusion

The X-ray diffraction measurements show that in the
sample with x = 0.25 there are two cubic phases, bcc and
fcc, while only the fce structure is present for x = 0.30 and
0.35. The measured lattices parameters are presented in
Table 1.

x=0.35 B=0T

x=0.30

transmission (arb. unit)

-10 -5 0 5 10
velocity (mm/s)

Table 1. Lattices parameters of Fe-Ni alloys.

Lattice . Fey 75N o5 Fey 70Ny Fey 65Ny 35
parameter (A)

fee 3.5839(7) 3.5876(6) 3.5955(5)
bee 2.8691(6)

It can be seen that the lattice parameter for the fcc phase
increases with increasing Ni concentration. The measured
value for FeNi, ;s agrees well with the data published
in [1].

The Mossbauer spectra measured in zero field and in
the magnetic field of B = 1.1 T applied parallel to the
gamma beam are presented in Figs. 1a and 1b, respectively.
The spectra were fitted with a sum of sextets broadened by
the Gaussian distribution of magnetic hyperfine field, and
a single line, if necessary.

As can be inferred from Fig. 1, the measured shapes of
the spectra change drastically with Ni concentration. The
shape of the spectrum forx = 0.25 can be explained by one
broadened sextet and one single line. The observed sextet
comes from Fe in the bcc phase while the single line
originates from the Fe atoms in fcc phase. We also note
the presence of small amounts of Fe-O for x = 0.25, and
0.30 in all measured spectra. In addition, some slight
amounts of Fe;O, appeared after annealing for x = 0.35.
Under the applied external magnetic field (B = 1.1. T) the
shape of the spectra changes, cf. Figs. 1a and 1b. The
magnetic moments belonging to the ferromagnetic phase
are aligned and in the axial field geometry this results in
a decrease of the line intensities i, and i of the Zeeman
sextets:

(1) iiiyiqiyisii = 3:z:1:1:2:3.

x=0.35 B=11T

x=0.30

x=0.25

transmission (abr. unit)

b

8 6 4 2 0 2 4 6 8
velocity (mm/s)

Fig. 1. Mossbauer spectra of Fe, Ni, measured in (a) zero and (b) external applied magnetic field parallel to the direction of photons.
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The z value corresponds to the average square of the
cosine of an angle 6 between the direction of the gamma
beam and the direction of the magnetic hyperfine field:

(2) <cos2 9> = %

z

We have found that the external field causes reorientation
of magnetic moments only. Within the experimental
accuracy the shape of the h.m.f. distribution remains
unchanged. Therefore, we performed simultaneous fits to
the spectra measured with (Fig. 1a) and without the field
(Fig. 1b). The shapes of h.m.f. distributions are shown in
Fig. 2. Their main features are the following. The shape
forx = 0.30 reflects a very broad hyperfine field distribution
and a paramagnetic line. The paramagnetic line is well
separated from the broad magnetic component (see peak
at B = 0 T'in Fig. 2 for x = 0.30). Three weak peaks seen at
B =9,19 and 26 T can be artefacts due to the use of three
Zeeman components in the fitting procedure. The shape
for x = 0.35 can be described by the two peak structure
with a very broad low field component (see Fig. 2). This
latter shape of hyperfine field distribution is typical for
“classical Invar” concentration [2]. Average values of the
h.m.f. fcc phase are equal to 0.0 T, 15 £ 2T and 25 = 1 T for
x = 0.25, 0.30, and 0.35, respectively, and agree well with
the behavior of the mean magnetic hyperfine field as
a function of Ni concentration for fcc phase in the range
from 0.25 to 0.38 [3].

Because the standard Mdssbauer spectroscopy is not
sensitive to the magnetic hyperfine field direction, it is hard
to get information about spatial distributions of Fe spins.
Some interesting features of the spatial distribution of the
hyperfine magnetic field vectors can be obtained from the
spectra measured by polarized radiation (see Fig. 3a and
3b). The symbols TT and Tl at the Fig. 3 refer to two
opposite polarizations of the beam. The spectra exhibit
characteristic asymmetry [6]. Defining the asymmetry
parameters in the intensities between the lines number 1
and 6 or 4 and 3 as:

(3) A:il_i6 :i4_i3
P

one can express an average <cos 6> (projection of the
iron hyperfine field on the external field direction) by

4.4
(4) <COS@> :m

Table 2. The values of the parameters z, 4, <cos’6> and <cos 6>
for the Fe,_Ni, (x = 0.25, 0.30, 0.35).

Fe 75Nig 5 Fey7Ni 3 Fe 6sNig 35
z 0.81 = 0.05 0.4 = 0.30 0.27 £ 0.05
A 0.59 £ 0.15 0.4 = 0.20 0.59 £ 0.15
cos’®  0.66 = 0.02 0.82 = 0.12 0.87 £ 0.02
cos 0 0.61 = 0.14 0.6 = 0.30 0.69 = 0.14

x=0.35

probability (arb. unit)
»
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o
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Fig. 2. Hyperfine magnetic field distributions. Full and empty
symbols correspond to fcc and bee phase, respectively.

where the parameter p denotes the polarization of the
beam, in our case p = (80 = 2)%.

As was already discussed in the literature [2, 9] and is
also seen in the presented h.m.f. distributions (see Fig. 2)
there are two kinds of iron magnetic moments in the fcc
phase: large and small ones. We are interested in response
of these moments to the applied field. As a first step, we
assume that all the moments in the sample have the same
angular distribution. This results in a single value of the
<cos 6> (model I). The result of such an assumption is
shown in Figs. 3a and 3b and in Table 2. Solid lines in Figs.
3a and 3b correspond to the fit with the same hyperfine
parameters as in Fig. 1 (for the in-field experiment) except
of the asymmetry between line intensities i, and i, (or i,
and ;). We see that the assumption is confirmed by the
experiment.

In the second step we analyzed the spectrum forx = 0.35
in greater detail. We assumed that the low field component
originates from antiferromagnetic or/and spin disordered
phase. In this case the asymmetry parameter A for the low
field component is zero. The results of the fitted model are
presented in Figs. 3a and 3b (model II). We see that the
‘model II’ cannot explain the observed asymmetry in
the spectra, while the ‘model I describes well the measured
spectra.

Conclusions

The X-ray diffraction experiments show that the sample
with x = 0.25 consists of two crystallographic phases (fcc
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Fig. 3. Mossbauer spectra of Fe,_ Ni, measured using MCPMS source for both polarizations (a) and (b).

and bcce), while for x = 0.30, 0.35 only a single fcc phase
was detected. The measured parameters of the lattices
agree well with the data presented in [1].

The measured shapes of the Mdssbauer spectra show
remarkable changes with increasing nickel concentration.
The mean values of magnetic hyperfine field for fcc phase
are equal to 0.0 T, 15 = 2T and 25 = 1 T forx = 0.25, 0.30,
0.35, respectively.

The monochromatic circularly polarized Mdossbauer
source has been used to measure spatial distributions of
hyperfine field vectors of Fe atoms. The conclusion from
the MCPMS measurements is that the average cosine
between local iron magnetic moment and the average
magnetization direction in the Invar FeyNis; is the same
for the whole sample. This conclusion is in contradiction
with the Weiss 2y state model where the LS antiferro-
magnetic state is postulated. Because of the relatively large
uncertainty of the measured <cos > and <cos’ 0>, it is
hard to say whether some minor part of iron hyperfine
vectors are not antiparallel to the net magnetization as
detected in [2, 7].
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Angular Distribution of Hyperfine Magnetic Field
in Fe;04 and FeggNisz4 from Mossbauer Polarimetry
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Abstract. Experimental determination of some angular averages of hyperfine field is demonstrated.
The averages relates to magnetic structure. Exemplary results of the measurements for Fez3O4 and
FegeNi3zy show that it is possible to obtain valuable information about the field magnitudes and
orientations even when distributions of fields are present in the system under study.

In disordered magnetic systems one encounters usually a distribution of both,
the intensity and the orientation of hyperfine magnetic field (h.m.f.). Preferred
orientation, P(€2), of the hyperfine fields is of particular importance in the con-
text of the contribution of selected elements to the magnetic texture [1, 2]. It is
usually described in a certain set of basis functions, e.g., spherical harmonics Y;,,.
Since only M1 dipolar transitions are measured in >'Fe Mossbauer spectroscopy,
unpolarized radiation delivers information on Y5,, only, while Y;,, harmonics can
be known when circularly polarized radiation is used [3]. Knowing Y7, and Y>,, in
the texture function is equivalent to the knowledge of angular averages (y, - m) and
((yr - m)(ys - m))[4], where m is an unit vector parallel to the local hyperfine field
B, y, is a Cartesian versor (r = x, y, z) and brackets () denote angular averaging:

()= \ ()P (L) dL2. (D
In the case of a sample with axial symmetry it is convenient to choose one
of the y,, denoted by y, parallel to the k vector of photon. Then the averages
(y -m) = c; and ((y - m)?) = ¢, can be measured with monochromatic, circularly
polarized radiation [4, 5]. In disordered systems one can measure distribution of
the intensity of h.m.f., p(B), and for each intensity B, in principle, two averages c;
and c;. This paper shows that one can finally get three distributions: p(B), c;(B)
and ¢, (B).
Normalized Mossbauer spectrum S(v) consists of a linear combination of N
subspectra s(v, B;):

N
S@) =) pjsv, B)), 2)

J=1
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where v is Doppler velocity, and p; is a nonnegative coefficient for a field B;.
Subspectrum s(v, B) is a Zeeman sextet:

6

s, B) =) iyL,(v, B), 3)

n=1

where L, (v, B) describes the shape of the absorption line corresponding to the nth
nuclear transition and i, is the line intensity dependent on the photon polarization
and wave vector. For the case of single B and measurements with circularly polar-
ized radiation, the coefficients i, were given in [3]. One can show [4] that having a
distribution of directions of vector B the expressions for i, should contain already
introduced averages, namely:

16i1 =48i, =3(1 &+ 2¢1 + ¢2),
4i2 =4i5 =1- C, (4)
48i3=16ig =3(1 F 2¢; + ).

Every subspectrum s(v, B;) is characterized by its relative area proportional to
p; and two averages ¢ and ¢, (the index j in ¢y, ¢, as well as in p coefficients
was dropped for simplicity reasons). Using the least squares fitting procedure and
varying 3N coefficients p, ¢; and c,, one can find best fit of function S(v), see
Equation (2), to the experimental spectrum. Physically possible sets of p, ¢; and ¢,
have to be considered only, namely:

p=20, —1<c <1, 0<e<1, <o (5)

The last inequality in (5) is the Buniakovsky—Schwartz relation. In order to
make minimisation of x? with conditions (5) effective, we introduce a set of 3N
new variables, a, b, A, related to p, ¢y and ¢, through:

(@®> + b*)? +2A%

pla,b, Al =

4 9
a* — b
’b’ A = 9
cila ] (@@ 10O 1 oA (6)
2 b2 2 2A4
cla, b, Al = (@ s

(a® 4+ b?)? 4+ 2A%
The square brackets were used in transformation functions (6) in order not to con-
fuse them with the distribution functions p(B), c;(B) and c;(B). The functions
(6) have following properties: (i) they are even, (ii) for a, b, and A positive there
exist inverse functions alp, ¢y, 2], b[p, c1, c2], Alp, c1, c2], (iii) the inequalities
(5) hold for any real values of a, b, and A, (iv) x? expressed in variables a, b, and
A is a polynomial of 8th order. The two last properties make numerical process of
searching of minimum of x2 very effective.

Two different distributions of hyperfine parameters may produce identical spec-
tra. This leads to the ambiguity much discussed in literature [6—8]. One case of
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Table 1. Fitted probabilities p and magnetic texture coefficients. Two last columns contain average
value of the h.m.f. and the width of its Gaussian distribution

p c1 (&) B [T] AB [T]
Fe304 0.38 £0.01 —0.78 £0.02 0.93 +0.01 49.92 0.18
0.62 £ 0.01 0.80£0.02 0.97 £ 0.01 45.13 0.53
Feg 66Nig 34 0.37 £0.02 0.57+£0.03 0.60 + 0.02 28.6 2.04
0.29 +£0.02 0.62+0.03 0.62 +0.02 25.2 3.36
0.34 +0.02 0.4440.03 0.63 +0.02 17.7 6.45

ambiguity appears when multidimensional distribution is extracted from one di-
mensional data (i.e. Mdssbauer spectrum). Additional independent experimental
information usually reduces this ambiguity. We have demonstrated [9], as an ex-
ample, that two different distributions of h.m.f. reproduce experimental spectra of
Fe, 5CrysAl alloy measured with unpolarized beam equally well. The measure-
ments with monochromatic, circularly polarized radiation, showed which of the
two is correct one. Continuing this direction we developed an algorithm for simul-
taneous fitting of the spectra measured with different photon polarization states
(on the sample in the same conditions, like external magnetic field, temperature).
Three distributions: p(B), c;(B) and c,(B) are fitted simultaneously with the help
of transformation (6).

In order to apply discussed algorithm to real cases, we have to take into account
different isomer shift and quadrupole splitting for every subspectra (the latter is
considered as small perturbation of the h.m.f.), and correction for polarization
degree [4, 10].

The first example on which the algorithm was tested is Fe;0, powdered ab-
sorber, prepared from stoichiometric single crystal of magnetite, with stoichiome-
try for which Vervey transition of the first kind is observed. The absorbers exposed
to external field of 1.1 T were measured at room temperature and the spectra
are shown in Figure 1. Fe;0, is ferrimagnet and one expects that in an external
magnetic field two hyperfine fields will be oriented antiparallel, resulting in ¢
parameters of opposite signs. This is observed indeed, see Table I. Results of si-
multaneous fit are shown by solid lines in Figure 1. Majority of the Fe moments,
occupying octahedral positions with smaller h.m.f. are oriented parallel to the net
magnetization, like in «-Fe (see the inset), and the ¢; parameter is positive. Minor-
ity of Fe with larger field (occupying tetrahedral positions) are oriented antiparallel
to the net magnetization which is measured quantitatively by negative value of ¢;
parameter. Absolute values of ¢; and ¢, parameters are slightly smaller than 1 in-
dicating almost complete saturation of the sample in the applied external magnetic
field.
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transmission [arb.unit]

-8 -4 0 4 8
velocity [mm/s]

Figure 1. 1 Mossbauer spectra of Fe304 measured with two opposite circular polarizations of mono-
chromatic radiation. Solid lines show the best simultaneous fit obtained from algorithm discussed in
the text. The inset shows schematically the shape of «-Fe spectra measured with two opposite circular
polarizations abbreviated by 14 and 1| arrows.

The second example is Invar Fe—Ni alloy, whose ground state magnetic structure
is still under debate. There are recent experiments performed under high pressure,
one of them [11] consistent with 2y -state model proposed by Weiss [12], and other
[13], consistent with low spin non-collinear structure proposed in [14]. Recent
polarized neutron diffraction experiments indicated strong coupling of lattice and
magnetic degrees of freedom [15]. Circularly polarized polychromatic radiation
was used in investigation of Fe—Ni invar alloys [16], the spectra obtained were,
however, complicated and difficult for interpretation.

In our experiment, FegNis4 was prepared as a foil and measured in the magnetic
field perpendicular to the foil at room temperature, see Figure 2. Three Gaussian
components, displayed in the inset, describe full spectrum well. Results of the best
fit are shown by solid lines in Figure 2; the fitted parameters are listed in the Table I.
The most important result is, that the best fit is obtained for almost similar values
of ¢, (quite similarly for ¢;) for the three components. The smallest value of ¢, is
related to the weakest h.m.f. This indicates that this component is more disordered
than the remaining two. Our results leave no doubt that the lowest-field component
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transmission [arb.unit]

velocity [mm/s]

Figure 2. Same as Figure 1 for FeggNizy. The distribution of h.m.f. resulting from the components
used is shown in the inset.

is neither due to the antiferromagnetic ordering postulated in 2y -state model [12]
nor to eventual random disorder. Were any of these two possibilities true, the ¢;
should be close to 0.06, i.e. the ratio of the applied field and the mean value of the
component (1.1/17.7), while ¢, would be close to 1/3. Moreover our results show
that low field component does not have, in average, antiparallel orientation with
respect to the net magnetization as interpreted in [16].
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The maximum entropy method in the analysis
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Abstract The paper shows the possibility of reconstruction of the distribution of hyperfine field parameters without prior
assumptions concerning correlations between parameters. The method used is the maximum entropy method and the distributions
considered concern the magnetic field and isomer shift. The results obtained are very encouraging and show the feasibility of

the proposed method.
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Introduction

The maximum entropy method (MEM) stems from the so-
called Bayesian logic [11]. It was used to analyze many
spectroscopic data [2, 3, 7, 9]. However, this method was
not as yet extensively applied to the analysis of Mdssbauer
spectra where presence of the distribution of hyperfine field
parameters makes the spectra complicated and their inter-
pretation becomes ambiguous because of the assumptions
one makes in order to get the hyperfine field distributions.

In short, when the Zeeman interaction is dominating,
the Mossbauer spectrum consists of lines measured as
a function of the source velocity V(i), where i = 1,2,....N
with N being usually 256. In a typical experiment with *’Fe-
based absorption, for a given hyperfine magnetic field B
(in Tesla), isomer shift IS (in mm/s) and quadrupole
splitting QS (in mm/s) the recoilless absorption should
occur at the following six velocities (Zeeman sextet):

vy = B*(383,-81p)/2 + QS + IS

vy = B*(83, - 812)/2 - QS + IS

V3 = B*(-83,-812)/2- QS + IS

vy = B*(gy, + 812)/2-QS + IS

Vs = B*(-83, + £12)/2- QS + IS

Ve = B*(-3g:, + 812)/2 + QS + IS,
where the gyromagnetic factors for *’Fe nucleus are:

g3p = —0.067897 mm/s/T, g,,, = 0.118821 mm/s/T.
In the case of infinitely thin absorber, the line intensities are:

Line Unpolarized Circularly polarized
number radiation radiation

1 I, =3(1 + ¢,)/16 I, =3(1 + ¢, + 2¢))/16

2 L=(1-c)A4 L=(1-c)A4

3 L=>0+c)16=1/3 I=(1+c,—2c,)/16

4 IL,=1 1,=1)3

5 I;=1, I;=1,

6 I, =1, I, =3I,
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where
(1) ¢, = <cos®>, c¢,=<cos’O>

with © being an angle between the direction of a photon
and the direction of magnetization of a sample. The averaging
runs over all possible grains and domains in the sample [14].
A given ith line contributes to the jth channel in the
velocity spectrum, the intensity being proportional to

I
2 J. = i
@) T rG)-v ) +(T2)

where the natural width, T, of the line from the Mdssbauer
source is 0.22-0.25 mm/s.

In the general case of dominating magnetic interaction,
one deals with the distribution of all five parameters
appearing in the above formulas i.e. B, IS, QS, ¢, and c,.
There exist methods of reconstructing the hyperfine mag-
netic field distribution [4-6, 10, 12, 13, 15, 16] from measured
spectra. However, in order to make such reconstruction
one has usually to assume a certain correlation between,
e.g., the hyperfine field B and the isomer shift IS. To the
best knowledge of the authors, there is no code enabling
one to get the distributions of B and IS independently of
each other. Obviously, the situation becomes much more
complex if the distributions of other parameters have to be
taken into account. This paper shows that such task can
be feasible when the analysis is carried out by means of the
maximum entropy method. The first successful attempt to
use this method for a single parameter distribution was
published by Brand and Le Caer [1]. Dou et al. [8] were
using the Bayesian inference theory to obtain the distribu-
tion of one parameter (B) assuming linear coupling of two
other parameters (IS and QS) to B. Their approach,
however, was not the MEM approach in strict sense.

Maximum Entropy Method

Assume that the whole space of parameters (five-dimen-
sional in the most general case) was divided into pixels and
the value p; denotes the probability of having the values of
these parameters corresponding to this particular pixel.
Because the line intensities are linear in the densities, the
intensities W, measured at ith velocity channel will be given
by:

Npix
(3) W; = Z TP
j=1
where i = 1,...,N and the transformation matrix {rij} can
easily be evaluated from the expressions given in the
Introduction.
In accordance with the principles of the MEM, one has
to maximize the information entropy:
Npix
(4) S=-—§:[pjh%pj/pﬂ)—pj+pﬂ}
j=1

under the constraint of minimum of the %> misfit function
and proper normalization of the spectra calculated from

the reconstructed distribution p. The simplest normal-
ization condition is obtained from requiring that the sum
of measured intensities W, and the sum of intensities 7,
corresponding to the distribution p be equal. The respective
Lagrangian of the problem is

1
(5) L:ocS—Exz—ocyzbjpj

where:
N
by =31y
i=1

where ¢; denotes the uncertainty of the W, while o and y
are the Lagrange multipliers. One can check that in the
ideal case the values b; should be independent of the index
J> 80 one can set b; = b, and the final equations to solve
have the shape of

_tod
0~e 20.0p;
(6) p] =7 ] 1o P
N.. _ Lo
pix
0_ 200p;
J
j=l1
where N
2
7 — il

There are N, strongly non-linear eq. (6). To solve such
anumber of equations is a real problem. However, because
the Mossbauer spectra are measured usually in 256
channels only, instead of solving N, equations one can
solve N = 256 equations with respect to the “theoretical”
intensities 7

Npix

(7) Tj:Z”ijl'
=1

Substituting eqs. (6) and (7) one can see that one gets the
required equations with respect to the set of {Tj}. This set
can be solved by the Newton-Raphson method.

In the practical case, we encounter the problem of finding
an optimum parameter o. The parameter vy is obtained, if
necessary, by a strict requirement of the spectrum normal-
ization. The search for optimum o parameter is a tedious
task, but our experience shows that once good y* is obtained,
the change in the optimum o value results in rather insigni-
ficant changes in the reconstructed distributions.

Results

Three cases were considered.

(1) the distribution of hyperfine magnetic fields consisting
of three Gaussian distributions,

(2) the simultaneous Gaussian distributions of the field B
and the isomer shift IS,

(3) the case (1) with added Gaussian distributions of IS,
non-correlated with the values of the magnetic field B.
For each simulated distributions, the Mossbauer

spectrum was calculated and the noise corresponding to

the assumed Poisson statistics was added to the simulated
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spectrum. Next, by means of the MEM with ignorant prior
(pj(-’ = const) the distribution {pj} was reconstructed. The

hmfimui1; 15.04.2004
| | | 1 1 1

0.05 B
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Fig. 1b. Spectrum obtained for the distribution shown in Fig. 1a.
The solid line shows reconstructed spectrum.
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Fig. 1c. Reconstructed distribution of the hyperfine magnetic fields
(dots) compared with the simulated original distribution (thick
line).

parameter o, was chosen so as to obtain x* close to 1.
The results are presented in Figs. 1-3.

In the first case, the reconstruction is almost perfect.
There are some artifacts on the low-field side which show
the tendency of splitting of the peak at the lowest field.
This shows that one has to be careful with jumping to con-
clusions about such splitting. Happily, it is easy to make
a check and see whether this kind of effect does not arise
from the statistics or from the calculation method itself.

- ////// /////

PE\S)
0004 0008 0042

Fig. 2a. Simulated distribution of hyperfine parameters B and IS.
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Fig. 2b. Simulated and reconstructed spectra for the distribution
shown in Fig. 2a.
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Fig. 2¢. Reconstructed distribution in (B,1S)-plane. Note that the
range of IS is broader than in Fig. 2a.
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Fig. 3a. Simulated distribution of B and IS parameters.
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Fig. 3c. Reconstructed distribution from the spectrum shown in
Fig. 3b.

There is no doubt that the field distribution with a single
peak in two-dimensional space B-IS is very well recon-
structed (Fig. 2) without any necessity of assuming, e.g.,
a linear relationship between the two parameters of
interest. In the most difficult case studied in this paper,
Fig. 3, it is seen that the positions of the peaks are well repro-
duced. However, the peaks with lower intensities are
reproduced with decreasing accuracy: the lower the field,
the broader the distribution, so the peak intensity becomes
much lower than the originally simulated one. This is not
strange in light that MEM is showing the distributions
as close to the prior as possible, and the prior was taken
homogeneous in all the space. When the statistics in the
measured spectrum increases, the reconstruction becomes
also better. This is shown in Fig. 3d, which displays the
reconstruction from the spectrum with statistics 10 times
better than shown in Fig. 3b.

Conclusions

We have checked the feasibility of the maximum entropy
method in reconstruction of the hyperfine distribution of
field parameters in the Mdssbauer spectra. The results turn
out to be very promising. The reconstructions made were
of high quality, even if the reconstructed and simulated dis-
tributions were not identical. We believe that this kind of
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Fig. 3b. Simulated and reconstructed spectra for the distribution
shown in Fig. 3a.
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Fig. 3d. Reconstructed distribution from the spectrum with
statistics 10 times better than in Fig. 3b.

reconstruction can become an excellent starting point to the
interpretation of the measured spectra in physical terms.
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Results of the experiments with nuclear resonance scattering of syn-
chrotron radiation aiming at construction of the circularly polarized beam
suitable for nuclear hyperfine studies are reported. Si(4 0 0) single crystal
slab, 100 pm thick, was used as a quarter wave plate. Observed twofold
reduction of the intensity in proposed geometry is due to the Si crystal
itself. Hyperfine interactions are used to probe polarization state of the
synchrotron beam. Too large angular beam divergence did not allow for
achieving full circular polarization of photons. Consequently, further ex-
periments are proposed to overcame beam divergence problems. A number
of calculations presented in the paper show that cheap and easily available
Si plate can serve as an effective desired polarizer.

PACS numbers: 76.80.+y, 07.85.Qe, 75.25.+2

1. Introduction

Nuclear Resonance Scattering (NRS) [1,2] proved to be powerful tool in
investigation of hyperfine structure of the M&ssbauer nuclei. High degree of
polarization of the synchrotron radiation is a property that can be helpful in
enriching information about the hyperfine structure under study. Because
a change of the initial polarisation state of the beam results in a change of
the amplitudes of the interfering components, experimental determination
of the orientation of hyperfine fields is possible. Many experiments have
been performed so far with linearly polarized incident beams [3-5]. Other

! Present address: University of Bialystok, Institute of Chemistry, Hurtowa 1
15-399 Biatystok, Poland.
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polarization states, particularly the circular ones, may, however, also be use-
ful because the circularly polarized radiation is sensitive to the sign of the
hyperfine magnetic field. We are thus interested in a device, which would
easily change linear to circular polarization of highly monochromatized radi-
ation for NRS experiments. The circular polarization of the resonant beam
can be generated by insertion of the ®’Fe foil, magnetized parallel to the
k vector of photon, as suggested in early paper of Frauenfelder [6]. However
this leads to the beam polarization which is nonuniform across the useful
energy range.

In order to transform linear to circular polarization one can use the
Bragg scattering from a quarter plate. It was already demonstrated that
single crystal Si plate, working in asymmetric Bragg geometry in the vicinity
of Si(1 1 1) peak, serves as convenient quarter wave plate in transmission
geometry [7,8]. The authors of the cited papers achieved circular polarization
degree as high as 0.9. It was already noticed in [7] that the finite angular
divergence of the incident beam causes smearing of the polarization states
through the spread of the phase shift. Later on diamond (1 1 1) [9] and
Si(3 3 3) [10] were used as a quarter wave plates.

The sophisticated monochromators dedicated for nuclear resonance stud-
ies monochromatize the 10* eV range synchrotron beam to 10~3 eV range
[11]. However, in the typical stations horizontal beam divergence is much
larger than the vertical one. As we will see this property makes some type of
experiments not feasible. It is not clear how the polarization state of highly
monochromatized resonant beam with relatively large horizontal divergence
will be affected by transmission quarter wave plate, and whether the in-
tensity reduction will not make NRS measurements impossible. This paper
reports the results of using Si single crystals as the x-ray optical element
causing a change of the linearly polarized beam of resonant radiation to the
circularly polarized beam as indicated in [7-10]. The experiments with nu-
clear resonant scattering of circularly polarized radiation are not common
and to our knowledge only the [12] report is published till now.

It follows from the Ref. [13], that the best condition for operation of the
quarter wave plate is ensured when one maximizes the Re(xxx-x ) sin 20,
where 0p is Bragg angle and xx is the Fourier transform of the susceptibil-
ity. We have found that for Si crystal and 14.4 keV energy maximum of the
Re(xxx—x)sin20g is achieved for Si(4 0 0) scattering planes. In order to
determine polarization state of the beam, well-known hyperfine structure of
the 5"Fe nucleus was used as a probe of the beam polarization. The experi-
ment was performed in two steps: first, the 57Fe foil was characterized with
linearly polarized radiation. Then the quarter wave plate was inserted and
the resonant scattering from the foil was used as a probe of the polarization
state of the beam.
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2. Idea of the experiment

The radiation used in the experiment is linearly polarized: E and B
vectors of a photon with wavevector k are directed as in Fig, 1. Polycrys-
talline ®"Fe iron foil with the surface of the foil oriented perpendicularly to
the k vector of photons is inserted into the beam. When the foil is fully

Fig.1. Scheme of the experimental setup, and the coordination system used, see
text.

magnetized perpendicular to the E vector (Fig. 1), one observes quantum
beating pattern with a single frequency, see Fig. 2(a). The spectrum corre-
sponds to the lines 2 and 5 of the Zeeman sextet in the energy domain. After
rotating direction of magnetization by 7/2 (magnetization parallel to the E
vector) one expects to observe additional frequencies. The time beating cor-
responds to the lines 1,3,4,6 of the Zeeman sextet in energy domain [14], see
Fig. 2(b). After insertion of ideal quarter wave plate, photons become cir-
cularly polarized and the time spectrum should not depend on the direction
of magnetization in the plane. Simulated spectrum is shown in Fig. 2(c).
For simplicity reasons all the spectra shown in Fig. 2 correspond to limiting
case of thin absorber. In the case of thick absorber, shape of the spectrum
is modulated by dynamical beats, predicted by theory of nuclear resonant
scattering, see [15] for a review.
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Fig. 2. Simulated spectra of the thin 57Fe foil (a) magnetized perpendicularly to the
k and E vectors of photon, measured with linearly polarized beam, (b) magnetized
perpendicularly to the k and parallel to the F, measured with linearly polarized
beam, (c) magnetized perpendicularly to the k, measured with circularly polarized
beam.

3. Results

Commercial Si single crystals grown by Czochralski method (producer:
Institute of Electronic Materials Technology, ITME, Warsaw), with the
thickness of 100 um were cut parallel to Si(1 0 0) planes and annealed
for 1 h at 600° C to remove strains. Rocking curves of the Si plate were
measured by neutron diffraction at MARIA reactor at Swierk, Poland, and
compared with the rocking curves of almost perfect thick Si crystals. It was
found that our crystal consists of mosaic blocks with relative orientation
spread of the order of 100 prad. Although this value is much larger than
the Darwin width, one could hope that small linear size (about 0.5 mm)
of the synchrotron beam used in our experiments will probe only a single
block. Indeed, the width of the obtained transmission curves confirmed these
expectations.

To insert the plate in the beam we used a holder having flat top surface
at appropriate Bragg angle and a horizontal channel for 14.4 keV X rays.
The Si sample was put on the top surface of the holder. The radiation
was passing through the Si crystal and the channel in the holder. By this
holder, mounted on the goniometer, we were able to scan the Si sample in
the vicinity of Bragg angle and also to rotate the sample by /4 along the k
vector of radiation (see Fig. 1). 5"Fe foil was rolled and annealed for 2 h at
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1173 K in order to recrystallize and remove strains. The thickness measured
at different points of the foil varied from 10 to 14 pm. The foil was inserted
between two poles of permanent Fe-Nd-B magnet. The cylindrical magnets
produce field of about 0.203(1) T. The second derivative of the field along
symmetry axis was measured to be 1.5(1) mT/mm?.

The experiment was performed at BW4 station of DORIS ring at Hasy-
lab, DESY. 2.7 m wiggler equipped with magnet of hybrid type produced
X -ray radiation. Resonant photons were obtained after the scattering from
the Si(4 2 2)xSi(12 2 2) channel cut nested monochromator [16]. The beam
was collimated by four pairs of slits. Horizontal and vertical pairs of primary
slits were separated by 17.2 meters from vertical and horizontal pairs of slits
located close to the sample. The maximum slits opening was about 1.5 mm
and the beam size was much smaller then the source size. All measurements
were done at room temperature. Within vertical divergence of the beam no
linear polarization changes are expected.

Initially the time spectra from the magnetized iron foil were measured.
The results, presented in Fig. 3, clearly show beatings corresponding to ¢ and
7 polarizations of the transitions. Next, the foil was removed and the Si plate

counts

40 60 80 100 120 140 160

time [ns]

Fig.3. NRS from 57Fe foil in external magnetic field. The axis of the magnet
is oriented (a) perpendicular (b) parallel to the F vector of photons at linear
polarization state. Surface of the foil is oriented perpendicularly to the k vector of
photons. Two solid lines on each graph correspond to the best fit. The thick lines
correspond to the fit including distribution of the thickness parameter. Thin lines
correspond to the single value of the thickness parameter.
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was inserted at angle corresponding to Si(4 0 0) Bragg peak. The n vector,
normal to the scattering planes (and normal to Si plate), lies at the direction
+7/4 with respect to E and B vectors, respectively (see Fig. 1). Measured
transmitted intensity with all slits opened (about 1.5 mm each) is shown in
Fig. 4. Since the Bragg angle was not measured with high precision, zero
position in Fig. 4 was set at the minimum of the transmission curve. After
selecting an angular position of the plate (see one of the seven bars in Fig. 4),

T T T 1 T
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0,40 | s 2 L
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& o3l ° 4 -
2 v 2
g o o
= o6} s 2 i
L4
LI 3
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200 ~100 0 100 200
off Bragg angle [urad]

Fig. 4. Rocking curve of the transmitted intensity (Bragg geometry) in the vicinity
of Si(4 0 0) Bragg peak. Horizontal scale was set to have 0 at the position of
minimum. The vertical bars indicate positions at which time measurements were
performed, see text.

S0 to obtain desired phase shift, the time measurements on the magnetized
Fe foil with magnetization perpendicular to the E vector of photon were
carried out. Results are presented in Fig. 5(a). The results obtained for
another direction of magnetization k parallel to E) are shown in Fig. 5(b).
We see that the spectra shown in Fig. 5, measured at small negative miss-
setting Bragg angles (leftmost bar in Fig. 4), are similar to those shown
in Fig. 3. Same similarity is observed for large positive miss-setting angles
(rightmost bar in Fig. 4): the spectra in the bottom of Figs. 5(a) and (b) are
similar to those in Figs. 3(a) and (b). This indicates, as expected, that at
large (small) off-Bragg angles, the Si plate does not change the polarization
state of photons.

The beam polarization is changed when the Si plate is set close to the
Bragg peak. Then, the time spectra, shown in the middle of Fig. 5(a), be-
come similar to those in Fig. 5(b). Simulated spectrum, corresponding to
circularly polarized beam and in-plane magnetized foil with already deter-
mined parameters (see Fig. 3), is shown in Fig. 6. This spectrum is different
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Fig. 5. Rocking curve of the transmitted intensity (Bragg geometry) in the vicinity
of Si(4 0 0) Bragg peak. Horizontal scale was set to have 0 at the position of
minimum. The vertical bars indicate positions at which time measurements were
performed, see text.
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Fig. 6. Simulated NRS spectrum of the °Fe foil measured with circularly polarized
beam.

from the ones presented in Fig. 5. This is due to the fact that the phase
shift of photons is distributed in result of the too large angular beam diver-
gence, and well defined polarization state could not be achieved. In order
to demonstrate that beam divergence plays crucial role, set of transmission
measurements in the vicinity of Si(4 0 0) Bragg peak was performed with
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various vertical and horizontal slits sizes. The results, presented in Fig. 7
clearly show that a decrease of the beam divergence affects the angular shape
of the transmitted intensity. One can estimate from the uppermost spectrum
of Fig. 7 that the FWHM does not exceed 30 prad and this value is the up-
per limit of the broadening caused by Si mosaicity, in agreement with our
expectation.
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Fig. 7. Rocking curve of the transmitted intensity measured at the same geometry
as in Fig. 4. The numbers indicate the slit size. Horizontal scale was set to have 0
at the position of minimum.

4. Discussion

Results of fitting (performed using MOTIF package [17]) theoretical to
the two experimental spectra of ®"Fe magnetized foil, measured with two
linear polarization states of the beam, is shown in Fig. 3. At first trial the
only free parameters that depended on the sample, were hyperfine magnetic
field Byg, and effective thickness 7. We assumed that local magnetization
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is perfectly aligned, horizontally (Fig. 3(a)) or vertically (Fig. 3(b)). There
are some discrepancies between the experimental and predicted ideal spec-
tra shown by the thin lines in Figs 3(a) and (b), respectively. Next, we
assumed that the thickness parameter is nonuniform in the region probed
by the beam. Using the Gaussian distribution of the thickness parameter we
performed averaging assuming that components corresponding to different
thickness add incoherently. The transverse coherence length of the SR in a
forward nuclear resonant scattering experiment reported in [18] was about
30 nm. Since in our experiment the beam probe is measuring a few hun-
dreds of um, the condition for incoherent scattering is obviously fulfilled.
Using the Gaussian distribution of the thickness parameter we found bet-
ter agreement, particularly in the vicinity of the minima corresponding to
the dynamical beats (see lines at ¢ = 70 and 140 ns in Fig. 3(a), and at
t = 100 ns in Fig. 3(b)). From the fits we got By = 32.9 £ 0.1 T, average
effective thickness 7 = 192 £ 5 and the width of the distribution of the ef-
fective thickness, o, = 14. Assuming the recoilless fraction to be 0.85 and
isotopic abundance of ®"Fe 90 + 5% (this value is not precisely known), one
expects to obtain effective thickness ranging between 160 and 230, in good
agreement with the value obtained from the fit.

Using the two wave fields approach of dynamical theory [19] we have
simulated wave field in the Si plate with parallel surfaces. Rocking curves of
the transmitted fields for two linear polarizations are shown in Fig. 8. It is
seen, that for large miss-setting angles from the Bragg peak the transmitted
intensity is reduced by approximately 50%, while in the vicinity of the Bragg
peak, within 10 prad, all radiation is scattered (only small part absorbed)
and no transmitted intensity is present. It follows from Fig. 8(b) that the
7/4 phase difference for ¢ and 7 polarization states can be obtained at
off-Bragg position of the plate equal to about —13.8 and +22.5 prad.

The measured shape of the rocking curve (Fig. 4) is different from the
one predicted by the theory. As it was aforementioned, the difference is due
to too high angular beam divergence used in the experiment. Although high
resolution Si(4 2 2)xSi(12 2 2) nested monochromator produces a vertical
beam divergence of about 20 prad, horizontal divergence is few times larger.
Vector n normal to diffracted planes of our Si crystals was tilted by n/4
from the z direction (see Fig. 1). The angular divergence of the beam,
controlled by pair of slits only, is quite poor. Indeed, for the slits opening
and the distance given in paragraph 3, the maximum angular divergence in
vertical or horizontal direction amounts to about 170 urad. This is, however
estimation of the upper limit of the angular divergence. To have its better
estimation we have performed convolution of the intensity curves presented
in Fig. 8(a) with a triangular function of various width. The results are
presented in Fig. 9. The obtained shapes can be easily compared with the
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Fig. 8. (a) Simulated rocking curve for Si(4 0 0) transmitted intensity (symmetric
Bragg geometry) simulated for 100 um Si plate. Two lines correspond to ¢ and «
linear polarizations. (b) difference of the phase shift for the transmitted fields with
o and 7 polarizations.

rocking curves obtained for various slit sizes. For given slit size one can find
maximum and minimum of the intensity of the rocking curve, and define the
ratio Imin/Imex- Then, using convoluted curves in Fig. 9, one can find the
width ¢ of the triangular resolution function which produces identical ratio
Imin/Inax. Results of the comparison are presented in Fig. 10 by squares.
The characteristic width of the rocking curve can also be estimated from the
distance between angular positions of the Iy and Inax. From the value of
this distance one can similarly find the width ¢ of the triangular resolution
function. The results are shown in Fig. 10 by circles. We see that both types
of estimation of the width of the resolution function ¢ agree with each other
and indicate proportionality between slit size and the ¢. We also notice, that
maximal beam divergence, defined by the ratio of the double slit size and
the distance between the slits in our experiment, is larger then the required
width ¢ of the resolution function by a factor of 1.340.2.

The discussion presented above explains why the measured rocking curve,
shown in Fig. 4, is so broad and shallow with respect to the simulated one
shown in Fig. 8. The slits used in this experiment correspond roughly to the
triangular resolution function with the width of about 120 prad. We have
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Fig.9. Convolution of the rocking curve with triangular resolution function (see
inset) of different width ¢. (a) and (b) correspond to two polarizations indicated
in Fig. 8. Note that vertical scales in Figs. 8 and 9 are different.
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Fig.10. Estimation of the width ¢ of the triangular resolution function performed
by comparison of the experimental and theoretical relative intensity (squares) and
the width (circles).
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shown that the decrease of the angular spread of the beam (by varying the slit
size) results in narrowing the shape of transmitted intensity. For the smallest
slit size, 0.2 mm, at which the intensity was still reasonable, maximum beam
divergence had an order of magnitude of the Darwin width. However, very
low counting rate prevented us from carrying out time measurements. It is
clear that better collimation is required. This can be achieved for example
at ID18 or ID22 stations at ESRF, where beam divergence can be reduced
below 10 prad [20]. One can also think about an enhancement of the angular
acceptance range when highly asymmetric Bragg geometry is used. Our
simulations indicate that for Si(4 0 0) Brag reflection, at incidence above
critical angle, equal to 0.002 rad, the Darwin width may increase by an
order of magnitude.

Although the used beam station turned out to offer rather unsatisfactory
conditions, remarkable change of the shape of time spectra was observed,
see middle part of the Fig. 5. Quantitative analysis of the polarization
degree is underway. In this report we have demonstrated that cheap and
easily available Si plate can be used to obtain circularly polarized resonant
radiation. We also presented simple way of checking whether polarization
state of the beam was transformed from a linear to the circular one by using
the hyperfine structure of 5"Fe nucleus.

This work was supported by the IHP-Contract HPRI-CT-2001-00140
of the EC. The authors thanks to D.L. Nagy, L. Bottyan, L. Deak and
Y.V. Shvydk’o for valuable discussions, members of the “Hyperfine Inter-
action” group for technical help, and J. Milczarek for performing neutron
check of the crystal quality.
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Abstract. Mossbauer measurements with circularly polarized radiation were performed on a
nanocrystalline, disordered Fe4gAls, alloy. The analysis of the data for various polarization states
resulted in the characterization of the hyperfine magnetic field distribution and the dependence of
the average z-component of hyperfine field on the chemical environment. An increasing number of
Al in the first coordination shell causes not only a decrease of magnetic moments but also
introduces noncollinearity.

Key Words: circularly polarized radiation, Fe—Al alloys, nuclear resonant magnetometry.

1. Introduction

The magnetic ground state of Fe—Al alloys in the equiatomic concentration range
depends strongly on the composition and structural order. Alloys of bcc-type
structure were suspected to be antiferromagnets [1, 2], however, no antiferro-
magnetic ordering was detected in neutron scattering experiments. In many
works noncollinear or antiparallel arrangements of magnetic moments were
considered [3-5], but no experimental evidences was found. Directions of local
Fe magnetic moments, including parallel or antiparallel configurations, can be
investigated by Modssbauer polarimetry with circularly polarized radiation [6].
The present paper demonstrates how the magnetic moments of iron depend on
the local environment in one selected Fe—Al alloy.

2. Sample

Because of the great sensitivity of magnetic properties on crystalline order, we
aimed at the preparation of a homogeneous, disordered bcc state. Therefore
melting, homogenization and grinding processes were applied as follows.

* Author for correspondence.
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Fe—Al ingots were alloyed from high-purity components in an induction
furnace in Ar atmosphere. They were homogenized in a vacuum furnace at
1400 K during 6 h. The chemical analysis showed that the Al concentration
was (52.0 £ 0.5) at.%. At first, the ingots were milled in a mortar by hand. The
powder with a particle size less than 300 um was used for further mechanical
grinding in a planetary ball mill with vials and balls made of tungsten carbide.
The milling was performed in an inert gas atmosphere during 10 h, the time
sufficient for creating disordered Fe—Al alloys [7]. X-ray studies showed a
lattice parameter of 0.2918(4) nm, a mean grain size (4.0 £ 0.3) nm and
microstrains (0.5 + 0.1)%, the last values found from the broadening of the
diffraction lines using harmonic analysis [8]. Magnetic measurements showed a
Curie temperature 7c = (110 £ 10) K, the presence of a hysteresis, and lack of
saturation at 7= 5 K at fields up to 15 T. The powdered Feq 45Alj s, sample was
mixed with Li,CO5 and epoxy glue in order to obtain texture free absorbers for
Mossbauer measurements.

3. Principles of resonant polarimetric methods

For the case of measurements with circularly polarized radiation, the relative line
intensity 7, of the nth nuclear transition in the Zeeman sextet depends on the
average cosine square of the angle between & vector of photon and vector of By
parameter which we call ¢,, and on the average cosine of the angle between k and
By called ¢ [6, 9]:

16i;, = 48iy = 3(1£2c +c2),
4i2 = 4i5 — 1_62
48i3 = 16if = 3(1p2c; +c). (1)

The upper and lower signs in (1) correspond to two opposite circular
polarizations. In the case of a magnetic texture with axial symmetry, ¢, is a
measure of the perpendicular component of the hyperfine field: when ¢, = 0 the
perpendicular component achieves a maximum, while when ¢, = 1 this
component is zero. The line intensities for unpolarized radiation can be obtained
from (1) by setting ¢; = 0. The quantity ¢; X B, thus is an average component of
the hyperfine field in the direction of the £ vector and we will abbreviate it as a
z-component of By, It follows from equation (1) that polarized radiation allows
to measure the average component of the hyperfine field along magnetization
direction.

There are well estabilished methods for evaluation of p(B,) distributions from
Mossbauer spectra. We have developed an algorithm for evaluation of the p(B,),
c1(Byy) and c»(Bjy from simultaneous fitting of set of a spectra measured for
different polarization states [9]. Polarized, monochromatic radiation is obtained
by resonant filter technique [6].
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Figure 1. Mdssbauer spectra measured with unpolarized radiation (a—e), circularly polarized

radiation (f-i). Arrows 11 and 1 indicate two opposite circular polarizations. B,y is applied mag-
netic field parallel to the photon k vector.

4. Measurements and results

The absorbers were placed inside the permanent magnet. Results of measure-
ments which were performed at 7= 13 K with two opposite circular polarizations
and with unpolarized radiation in an external magnetic field of 1.1 T and in zero
field, and spectra obtained at room temperature (well above Curie temperature)
are presented in Figure 1.

A reversal of circular polarization state results in clear shift of the position of
central absorption line (see Figure 1f,h). There is also a change in the wide
absorption area located at about —3 mm/s and + 3 mm/s in Figure 1f, h. This
behaviour shows unambiguously that large Fe hyperfine fields (and related large
magnetic moments) are parallel to the net magnetization as in Fe-based
ferromagnets.

Detailed analysis based on the algorithm described in [9] allows one to get the
distribution of hyperfine field shown in Figure 2a. The broad distribution of
hyperfine field does not permit to make definite conclusions about transverse
field component. In contrast, a clear-cut result is obtained for the ¢; parameter,
see Figure 2b.

The hyperfine field in a-Fe is antiparallel to the direction of the magnetic
moment of the iron atom [10] and to the magnetization. In Figure 2b the vertical
axis corresponds to the —c; parameter. It is clear that iron magnetic moments
with negative ¢, (large By, are oriented parallel to the magnetization and those
with positive ¢; (small By,) are oriented antiparallel.

The results presented in Figure 2a,b can be summarised as follows.
Distribution p(B),) has a large value in the vicinity of B;,= 0 and a tail ending
at Bjr =~ 30 T. This result is in full agreement with earlier Mossbauer studies
performed with unpolarized radiation [7].
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Figure 2. (a) Distribution of p(B,,) and (b) dependence of ¢, on B, obtained from the data
presented in Figure 1. Vertical lines in (a) show decomposition of the p(B),) distribution into
sectors with area proportional to the probability given by binomial distribution p(N,n,x). Numbers
shown in rows correspond to n (number of Al atoms in the nearest coordination shell). (c) Average
hyperfine field and average z-component of the hyperfine field related to sectors from (a) and (b).
Note that there is a minus sign before ¢ in the vertical axis in (b) and before B, in (c).

The most important result concerns the c,(B),) dependence. The iron atoms
with By, fields smaller than about 3.4 T develop a pronounced positive B.
component (Figure 2b). Next we observe that in the range of B;,=5 < 10 T the
c| parameter decreases and crosses zero. In that region the z-component of B,
has a positive as well as a negative contribution to the hyperfine field, resulting in
zero average value. The z-component saturates at B, larger than 15 T.

5. Discussion

The hyperfine magnetic field brings indirect information about the Fe magnetic
moment. The positive values of ¢; seen in Figure 2b at B,r =~ 2 T, could be
interpreted assuming an antiparallel orientation of some fraction of the iron
atoms, but could also be attributed to atoms with zero magnetic moment. To
check what is the case we have to analyse the room temperature measurements,
which are carried out in the paramagnetic state. They show a peak in the c¢;(B)
parameter (not shown), the shape of which is similar to the one observed at T =
13 K. If the peak at B,,= 1 + 2 T in Figure 2b corresponded to iron atoms
loosely bound to the rest of magnetic system, as is the case of a paramagnetic
state, then one should expect to see the narrow peak precisely at 1.1 T. The most
likely reason for seeing the broad peak at about 3 T is presence of small
quadrupole interactions and a distribution of the isomer shift arising from variety
of chemical environments [3]. Experimental confirmation of this interpretation is
formed in the value of FWHM of the room temperature spectrum in zero applied
field, equal to 0.62 + 0.01 mm/s, see Figure 1b., while the FWHM for calibration
spectra is 0.24 + 0.01 mm/s only. We also see a clear asymmetry of the spectra
measured at field B. = 1.3 T (Figure le). The asymmetry results from mixed
magnetic dipole and electric quadrupole interactions. To obtain a correct des-
cription of the spectra one has to use a full Hamiltonian treatment, which is
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beyond the scope of this paper. Small value of the parameter ¢; in the range of
Bj,r in range of 5 <+ 10 T clearly shows either noncollinearity or antiparallel
orientation of a fraction of Fe magnetic moments.

It is reasonable to assume that (1) the smaller B, values are observed, when
there is a larger number n of Al which surround Fe atom, and that (2) the
distribution of Fe and Al atoms is random. These two assumptions allow to
divide the p(B) distribution into a few sections, each one having the area
proportional to the probability p(N,n,x) given by binomial distribution:

p(N,n,x) = (Z)(l —x)"N (2)

Here x =0.48, N=8 and n = 0...N. The sectioning is displayed in Figure 2a.
For every section one can find an average Bjs(n). Similarly, using the same
sectioning one can find from Figure 2b average z-component, which is displayed
in Figure 2c. It is remarkable that the value Bjr(n) for n = 0 (Figure 2c),
determined from the high field tail of the distribution (Figure 2a), coincides with
the value for Fe surrounded by 0 Al in ordered Fe;Al at low temperatures 31.8 T
[11].

It follows from Figure 2b that c(B)) is constant for B, > 15 T, which
strongly suggests (see Figure 2¢) that Fe atoms surrounded by n < 4 Al exhibit
the same type of magnetic structure. A reasonable assumption is that these
moments are locally collinear.

Substantial changes are observed when n varies from » = 3 to n = 4. The
hyperfine field is reduced to about 8 T, the value much smaller than 24.2 T found
in ordered Fe;Al [11]. Moreover, the ¢; (or B, in Figure 2¢ for n = 4) is close to
zero indicating that Fe moments become disordered. Fe atoms with n = 5 Al
neighbours have small but nonzero total magnetic moments and the c,
parameters indicate that, on the average, these moments are oriented antiparallel,
see Figure 2b,c for n = 5.

When the number of Al nearest neighbors exceed n = 5 the Fe total magnetic
moments are further reduced, see full points in Figure 2c. However, n > 5 is
located in the region of B),requal or smaller than applied field 1.1T (see Figure
2a). Because the value of the applied field is comparable to the hyperfine field
itself, and, as was already discussed, the quadrupole splitting and isomer shift
interaction influence small magnetic interaction, information about the values
and arrangements of these magnetic moments are not available at this stage of
analysis.

In the presented analysis, random Fe distribution was assumed. If, however,
short range order is present, sectioning shown in Figure 2a may not be valid. If
the probabilities of the Al-rich environments are larger than given by 2, vertical
lines with small n will shifts towards higher B values.

In summary, we present results of investigations of an magnetic moment
arrangements in disordered Feg4gAlg s, by Mossbauer polarimetric technique.
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We have demonstrated that an increase of the number of Al in the first
coordination shell causes a decrease of magnetic moments and introduces
noncollinearity or antiparallel orientation when B,/ is in the range of 5 + 10 T.
These noncollinear moments have positive as well as negative contributions to
the net magnetization. The noncollinearity, present at low temperatures, explains
the large coercivity, the the lack of saturation and reduction of the ratio of
magnetization and average hyperfine field.
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Combined techniques, EXAFS, magnetization, and Mdssbauer polarimetry are used to investigate the ori-
entation of Fe magnetic moments in a FeygAls, disordered alloy prepared by mechanical grinding. Local Fe
magnetic moments and their contributions to the net magnetization at selected external fields and temperatures
were estimated. It was found that components of the Fe magnetic moments parallel to the net magnetizations
reduce their values much faster with an increasing number of neighboring Al atoms than the total iron
moments. Data analysis indicates that magnetic moments of Fe atoms surrounded by (7Al+ 1Fe) in the first
coordination shell and by (1Al+5Fe) in the second coordination shell possess nonzero magnetic moments that

form a noncolinear structure.
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I. INTRODUCTION

The magnetism of the Fe- Al system has attracted and still
attracts the attention of many scientists. The reason is simple:
the scientific literature is full of controversy concerning mag-
netic ordering, individual magnetic moments, and spin dy-
namics, particularly in alloys with Al concentrations close to
50%. To recall, with aluminum concentrations exceeding
20 at. % the average magnetic moment decreases rapidly
and—from extrapolation to zero—one can expect that the
ferromagnetism should disappear at about 34 at. % of alumi-
num. However, around and above this concentration a truly
interesting situation takes place.

A. Colinear versus noncolinear order and spin frustration

In Al-rich B2-type ordered alloys typically antiferromag-
netic (AF) order is claimed. This order has been suggested
for alloys with Al concentrations from above 35% to 43%
and for equiatomic composition in papers.'™ At the same
time it has been noticed that, close to FeAl composition,
ferromagnetic order can exist,® and supposedly antiferromag-
netic or paramagnetic configurations can change into a fer-
romagnetic one upon simple filing.!*~ Ferromagnetism has
been also detected in disordered alloys with an Al concentra-
tions range 40-70 at. %.%10-13

For Fe concentrations close to 50 at. % a noncolinear or-
dering was considered by Bogner et al.'* It was found there
that an Fe antisite atom surrounded by 8 Fe neighbors forms
a cluster with mean moment of 0.4 upz. Band structure cal-
culations show, however, that for ideally ordered FeAl an
average magnetic Fe moment is much larger and amounts to
0.71 pp. The energy of the ferromagnetic ground state was
found to be 0.7 mRy (per formula unit) lower than the en-
ergy of the nonmagnetic state. The observed difference of
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magnetic moments was ascribed to possible noncolinear or-
dering. The authors of Ref. 14 found that the energy con-
nected with a spin helix along the [100] direction is lower by
0.1 mRy/atom than the energy of a ferromagnetic state, if
the spin direction is rotated from plane to plane by about
36 deg. Quite recent neutron diffraction data,! taken on a
bee-ordered FeAl alloy, showed the presence of incommen-
surate spin density waves. The length of the wave vector of
SDWs in FeAl is rather short k=247/(na) (n ranges from 11
to 6 and a=0.290 nm), which means nearly parallel orienta-
tion of the nearest neighbor Fe magnetic moments.

For systems with atomic and spin disorders—in particular
for nonordered metal systems with RKKY interaction
—Mattis'® considered a model in which spin-spin interac-
tions were random in sign but did not result in frustra-
tions. The spin system was considered as composed of two
subsystems with randomly distributed antiparallel spins. The
authors of Refs. 17 and 18 suggest that, in concentrated
Fe- Al alloys, some iron atoms surrounded by a large number
of aluminum atoms can flip their spins. It has also been
shown'® that in a nonordered system containing magnetic
moments m, and m_ parallel and antiparallel to the net mag-
netization, respectively, the magnetizations are characterized
by different temperature dynamics: the average m_ vanishes
at T<T. due to Stoner-type excitations. The magnetization
behavior of the Fe- Al system and the ideas of Refs. 16—18
indicate that concentrated Fe- Al alloys could serve as can-
didates for alloys exhibiting the so-called Mattis phase; how-
ever, no experimental support to this expectation has been
found so far.

Studies of Fe-Al alloys by Monte Carlo techniques'® in
the Al concentrations range 0.25 <x<<0.50 have showed that
it is possible to account qualitatively for the transformation
of a magnetic state from a ferromagnetic one to a certain spin
glass state at about 34% Al. In these concentrated Fe- Al

©2005 The American Physical Society
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alloys, RKKY interactions do not play an important role,
unlike in the traditional diluted spin glass or cluster spin
glass. The peculiar feature of this spin glass consists in the
fact that frustrations arise from the positional disorder of Fe
and Al atoms. The frustration is caused by n.n.n. Fe-Fe an-
tiferromagnetic interactions. The authors'® conclude that Fe
atoms with 6 and more n.n. Al atoms are found to be frus-
trated in an ordered ferromagnetic state.

B. Other findings and the motivation of the present work

The controversial findings and apparent impact of various
defects and inhomogeneities on the magnetic structure of
bulk and nanocrystalline alloys require a more detailed in-
vestigation that will elucidate the nature of magnetism in this
system. In this paper we report studies of a nanocrystalline
Fe- Al alloy in the concentration close to the onset of ferro-
magnetism. EXAFS measurements were used to characterize
its chemical short-range order. Local magnetic properties
were investigated by the Mossbauer technique with circu-
larly polarized monochromatic radiation. Our observations
strongly suggest that a noncolinear magnetic order must exist
in the sample studied.

II. SAMPLE PREPARATION

An Fe- Al ingot was synthesized from high-purity compo-
nents (99.99% Fe and 99.99% Al) in an induction furnace in
an Ar atmosphere, then homogenized in a vacuum furnace at
1400 K for 6 h. Chemical analysis showed that the Al con-
centration was 52.0+0.5 at. %. The carbon content in the
alloys was not higher than 0.03 wt. %. The ingots were
milled and a fraction with a particle size of less than 300 um
was used for further mechanical treatment in a planetary ball
mill “Pulverisette” (Fritsch) with vials and balls made of
tungsten carbide (WC). Mechanical grinding was performed
in an inert gas atmosphere in an 80 cm?® volume vial filled
with 4 g of powder and 25 balls with 10 mm diameter each.
The supporting disk velocity was 450 rpm, with the vial ve-
locity in relation to the supporting disk being 955 rpm. The
milling of 10 h was enough to provide a disordered state in
the Fe- Al alloys.'? According to the measurements on a laser
analyzer “Analizette-22,” the particle size after milling
ranged from 1 to 25 um with an average of 6 um.

III. X-RAY DIFFRACTION

X-ray diffraction studies were performed at room tem-
perature using monochromatic Cu Kea radiation. The lattice
parameter was 0.2916(4) nm. The x-ray diffraction pattern
consists of the broadened peaks (110), (200), (211), and
(220) of the bee structure. The shape of the diffraction lines
was analyzed and mean grain size of 4.0(3) nm and micros-
trains (e?)"?=0.5(1)% were found by use of the harmonic
analysis.”’ Additionally, the peaks of WC, that get into the
milled powders due to the wear of the vials and balls, were
revealed. A phase analysis of the x-ray diffraction data
showed that the WC admixture in the milled powders was
2 wt. %. The position of the most intensive diffraction lines
resulting from WC agrees with the position of those for the
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milled WC powders under the same conditions of milling.
We thus conclude that mechanical alloying of Fe- Al powder
with WC does not occur.

IV. EXAFS MEASUREMENTS

The Fe K-edge EXAFS measurements were made at
SPring-8 on the bending magnet beamline BLOIB1 with a
Si(111) fixed-exit double-crystal monochromator. The stor-
age ring was operated at 8.0 GeV, and the ring current was
70-99 mA. Due to the double rhodium-coated mirror reflec-
tion, the higher harmonics were reduced to less than 1075,
The spectra were taken at temperatures 10, 80, and 300 K in
the transmission mode. Measurements were performed with
two ionization chambers, filled with N, and mixture Ar
+N, gases, registering incident intensity /,, and transmitted
intensity I, respectively. The size of the output slit was
0.8 mm by 5 mm.

To perform the correct determination of the local atomic
structure parameters from EXAFS spectra, a procedure for
correcting the nonuniformity of sample thicknesses using
measurements of the absorption at a different temperature
was developed and tested on intermetallic compounds.?! The
Debye temperature of the material was taken from Ref. 22.
After correcting the experimental intensity ratio I(E)/Iy(E)
for sample thickness inhomogeneity, the absorption coeffi-
cient u(E) was obtained. The procedure for calculating the
normalized oscillatory part x(k) consisted of standard
steps—the subtraction of the pre-edge absorption function
approximated by the Victoreen function, while a smooth
atomiclike background was approximated by a cubic spline
function followed by normalization. To make the conversion
of x(E) from energy to momentum spaces, an ordered FeAl
intermetallic compound was used as reference material.
Then, the E, value was estimated by matching the experi-
mental EXAFS spectrum of FeAl and theoretical EXAFS
spectrum calculated by the FEFF7 code.?® The backscattering
phase and amplitude, the central atom phase shift, the mean-
free path, and the reduction factor were calculated using this
code for known intermetallic compounds FeAl and Fe;Al.

The analysis of normalized oscillatory parts y(k), shown
in Fig. 1(a), was performed in a single-scattering approxima-
tion within Tikhonov’s regularization method.>* The param-
eters of pair correlation functions (PCF): partial coordination
numbers, Ng._pe, Npe-al, and the interatomic distances Ry, g,
Rp..aj, Were determined according to the scheme described in
Refs. 25 and 26.

An analysis of the PCF parameters indicates the presence
of a positional disorder induced by high-energy ball milling.
This is in agreement with the EXAFS study of Ref. 27 on an
implanted FegyAly, alloy. The disorder (atomic rearrange-
ment) induced by irradiation or heavy plastic deformation
was discussed in detail in Refs. 28 and 29. Our results show
lower than expected (for a disordered alloy, deduced from
stoichiometry) number of Fe atoms in the first coordination
shell of Fe, and of Al atoms in the second shell of Fe, indi-
cating a smaller disorder than reported in Refs. 28 and 29.
This situation can be due to the fact that the concentration of
the studied alloy is close to the stoichiometric composition.
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FIG. 1. (a) The EXAFS oscillatory part x(k) taken at 10 K; (b)
pair correlation functions for the disordered alloy (solid lines) in
comparison with those of intermetallic compound FeAl (dashed
lines). The interatomic distances for the pair correlation functions
for the 7 and the /I coordination shell are indicated by vertical bars.

The average values of interatomic distances R, p. for the
nearest neighbors and Rp._,; for the next nearest neighbors
differ from the values deduced from the lattice parameter
[see the vertical bars in Fig. 1(b)]. In a fully ordered alloy
there are no Fe atoms in the first coordination shell of Fe and
no Al atoms in the second coordination shell of Fe. In the
investigated alloy with a distorted structure we observed a
small number of Fe atoms in the first shell of Fe; their Rg. .
distance is 2.60 A, larger than 2.526 A deduced from the
lattice parameter. For the Al atoms in the second shell of Fe
we have found Rp, o=2.80 A, which is smaller than
2.916 A. All these differences reflect the presence of local
microdisplacements, and agree with the results of Ref. 22.
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The average EXAFS interatomic distance calculated from
local parameters agrees to within 0.02 A with our x ray dif-
fraction data. Another peculiarity of the results obtained is
the observed overlap of peaks in the PCF of the first and
second coordination shells, which originates, first of all, from
a static disorder. This cannot be caused by the poor quality of
the algorithm used. Indeed, it is known that Tikhonov’s regu-
larization method, as compared to the standard Fourier trans-
formation procedure, is of higher resolution.?> Neverthe-
less, the peaks referring to the first and second distances for
Fe-Fe and Fe- Al pairs in Fig. 1(b) are not resolved as well
as in Fourier transformed data for FeAlMn alloys.*"

The obtained values of Ng. g, and Ng.,; correspond in
terms of Cowley short-range order parameters®' to the nega-
tive value for the first coordination shell and positive value
for the second shell. The main conclusion from the EXAFS
experiment is the detection of a pronounced short-range or-
der with its quantitative characteristic N, and Ng._a}, pre-
sented in Table I, rather than the random distribution of at-
oms.

V. MAGNETIC MEASUREMENTS

Magnetic measurements were performed using a SQUID
magnetometer MPMS-XL-5 (Quantum Design) in external
magnetic fields up to 5 T at temperatures from 5 to 300 K.
The magnetization curves and hysteresis loops were mea-
sured; FC and ZFC experiments were carried out. Magnetic
measurements showed the presence of symmetric hysteresis,
a lack of saturation at 7=5 K and in fields up to 5 T (ac-
cording to Ref. 6 even up to 15 T); see Figs 2 and 3. The
closure of descending and ascending branches of the hyster-
esis loop, taking place at high B, values, B,,,>0.8 T, also
gives a rather high value of coercive force B.~50 mT at
5 K, which falls to =3 mT at 77 K.

The average magnetic moments per Fe atom, measured at
external fields B, ,—the same as used in a Maossbauer
experiment—are shown in Table II. The data were corrected
for the fraction of WC present in the sample. The magnetic
ordering temperature of the sample was (110+10) K.

From an extrapolation of the high-field part of the mag-
netization curves to B,,,=0 we derived the value of specific
magnetizations, from which the average magnetic moments
per Fe atom were determined. In Fig. 4 they are presented
together with the available magnetic data from literature,”!3
and compared with the average (hyperfine magnetic field)
h.m.f. obtained from Md&ssbauer experiments.®!'!!3 The ratio
of the h.m.f. measured at a low temperature to the magnetic
moments of iron inferred from magnetization measurements,
is anomalously high —-29.4 T/up, while it is about
12.0-13.5 T/ pup in ferromagnetic alloys with Al concentra-

TABLE I. Partial coordination numbers for the first and second coordination shells, the interatomic distances, and mean square displace-

ments determined from of EXAFS measurements.

Shell Rpere (A) Nre re 0, X 10% (A?) Rpea (A) N al 0, X 10% (A?)
1 2.60+0.03 0.8+0.5 1.70 2.56+0.02 7.2+0.5 1.86
1 2.92+0.01 5.3+£0.5 1.73 2.80+0.05 0.7+0.5 1.91
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TABLE II. Magnetization, ¢, and magnetic moment per Fe
atom, g, the average hyperfine magnetic field, Ehf, its z compo-

nent, EZ, corrected for the external magnetic field, at selected tem-
peratures and external magnetic fields.

— 15 Bext (T) T (K) o (emU/g) MFe (:U'B) Ehf (T) EZ_BL'XZ (T)
o0
E c 0 13 0 0 7.920.1 0
[
o 10 £ 0 50 0 0 42402 0
0 02 13 120220 0.19%003 79201 -14x0.1
s 02 50 13.0£20 020£003 3302 -0.7%0.2
L1 13 214220 0332003 82:0.1 -29%02
L1 50 21020 030£0.03 4.6%02 -22:02
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 . . . 04 05 06 07 08 09 1.0

B, [T]

FIG. 2. The magnetization curve (triangles) and part of the hys-
teresis loop (circles) of the disordered FeygAls, measured at T
=5 K. Inset—the magnetization curve measured in an external field
upto5 T.

tions less than 40 at. %. The temperature behavior of the
magnetization measured at relatively low magnetic fields ex-
hibits a pronounced maximum at about 40 K, Fig. 3.

VI. MOSSBAUER SPECTROSCOPY
A. Principles of Mossbauer polarimetry

Since Mossbauer polarimetric techniques are not com-
mon, we briefly describe what physical information can be
obtained from this type of measurement. >’Fe h.m.f. is a
vector quantity, related usually to the Fe magnetic moment.
In disordered magnetic systems one encounters a distribution
of both the length and the orientation of a h.m.f. vector B

Preferred h.m.f. orientation, P((}), is usually described in
a certain set of base functions, e.g., spherical harmonics
Y223 Since only M1 dipolar transitions are measured in

25
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FIG. 3. ZFC () and FC (X) temperature dependences of the
magnetization of the FeygAls, alloy at B,,=0.1 T (curves 1) and
B,,=1.6 T (curves 2).

S'Fe Mossbauer spectroscopy, unpolarized radiation de-
livers information on Y,,, only, while other Y,, harmonics
can be known when circularly polarized radiation is used.
Knowledge of Y;,, and Y,,, in the texture function is equiva-
lent to the knowledge of angular averages (v, m) and
((y,+m)(y,-m)),>* where m is an unit vector parallel to the
local hyperfine field B, ¥, 7, are Cartesian vectors (r,s
=x,y,z), and brackets () denote angular averaging, for any
function g(2),

(g(V))= f g(Q)P()dQd. (1)
4

In the case of a sample with axial symmetry it is convenient
to choose one of the y,, denoted by 7, parallel to the k vector
of the photon. Then the averages {(y-m)=c, and {((y-m)?)
=, can be measured with monochromatic, circularly polar-
ized radiation.’*3> Parameter c, is the average cosine square
of the angle between the h.m.f. and the given direction
y. Mossbauer absorbers prepared from powder sample ex-
posed to an external axial magnetic field exhibit axial sym-

<425

N N N P ST ek s SO S 0
35 40 45 50 55 60 65 70 75
Al concentration [at.%]

FIG. 4. The average magnetic moment per Fe atom obtained
from extrapolation of high-field magnetization measurements and
average hyperfine field from Mossbauer experiments A (Ref. 9), A
(Ref. 6); I, W (Ref. 13), (X) (Ref. 11); O, @ the authors data
published in Ref. 76.
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metry. Thus, in the case of a texture with axial symmetry, ¢,
is a measure of the perpendicular component of the h.m.f.:
¢,=0 means that the perpendicular component has achieved
its maximum, while this component is zero when c,=1. It
follows from Eq. (1) that ¢,B); is the average component of
the h.m.f. in the y direction. If we assume that, to within
reasonable accuracy the atomic magnetic moment is propor-
tional to the h.m.f., the ¢; parameter gives element-selective
information about the contribution of the element to total
magnetization.’® Recently this type of information was ex-
ploited in synchrotron experiments with nuclear scattering of
circularly polarized radiation.’”

For the case of single B, and measurements with circu-
larly polarized radiation, the line intensity i, of the nth
nuclear transition in the Zeeman sextet was given in Ref. 38.
One can show that, having a distribution of directions of
vector By, the expressions for i, should contain already in-
troduced averages, namely,

16i, =48i,=3(1+2c, +¢,),
4i2=4i5= 1 —C,

48i3= l6l6=3(1 + 2C] +C2). (23)

We recall that, for unpolarized radiation, the line intensities
are

1611 = 4813 = 4814 = 1616 = 3(1 - Cz),

4i2=4i5: 1 —Cy. (2b)

Finally, the absorber can be measured in a way that the
obtained spectrum will be equivalent to a measurement on a
sample with no magnetic texture’>*° and the line intensities
for such a texture-free mode are:

4iy=6iy=12i3=12i,=4ig=1. (2¢)

B. Measurements

Texture-free absorbers for Mossbauer spectroscopy were
prepared by mixing FeygAls, powder with Li,CO5 and ep-
oxy. The measurements were performed on samples cooled
in a closed cycle refrigerator equipped with an antivibration
shroud. We have used absorbers containing 9.40+0.23 and
13.16+0.35 mg of Fey3Als,/cm?. Since no available data on
the temperature dependence of a recoilless fraction for dis-
ordered Fe- Al were known to us, we approximated fge.(7)
by

fD(Ts aafFe) '

where fp(T, 6) is a recoilless fraction in harmonic approxi-
mation with Debye temperature 6, and f, . is a recoilless
fraction of a-Fe determined in the precise experiment of Ref.
41. Debye temperatures for disordered Fe,gAls, and a-Fe
were taken from Ref. 22. Finally, we estimated that the
Mossbauer thickness 7 (Ref. 42) of the measured absorbers
were 2.60+0.07 and 3.65+0.10 at 298 K. Similarly, at

Freal(T) = fore(T) (3)
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FIG. 5. Mossbauer spectra measured at 7=13 K with polarized
and unpolarized radiation in the axial applied magnetic field. Induc-
tion of the field is given on the left. Arrows T and ] indicate two
opposite circular polarizations. Solid lines represent a simultaneous
fit with the same set of QS, IS, and intensities. Inset: schematic
shape of the spectra of a-Fe absorber in an external magnetic field.

T=13 K the thicknesses 7 were 3.16+0.08 and 4.43+0.11,
respectively.

The absorbers were placed inside one of the rare earth
magnets, producing an axially symmetric field perpendicular
to the absorber surface and parallel to gamma rays. The mea-
surements were performed at temperatures 7=13, 50, and
298 K and external fields between 0 and 1.3 T; see Figs.
5-7.

The velocity scale of the spectra was calibrated with re-
spect to a-Fe at room temperature. The source of unpolar-
ized radiation was >’Co in a Cr matrix. Circularly polarized
monochromatic radiation was produced by the resonant filter
technique.?**3-*> The polarization degree was estimated as in
Ref. 35. Additionally, we have prepared a set of a-Fe absorb-
ers with different thicknesses and different magnetic tex-
tures. The magnetization curves for all absorbers were mea-

transmission [arb. units]

S -4 -2 0 2 4 6
velocity [mm/s]

FIG. 6. The same as in Fig. 5 for 7=50 K.
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rel. tranmission [arb. units]

velocity [mm/s]

FIG. 7. Room temperature Mossbauer spectra measured with
unpolarized (a)-(c) and polarized radiation (d), (e) in an external
axial field. Induction of the field is given on the left. Arrows 77 and
1] indicate two opposite circular polarizations. Solid lines are re-
sults of a simultaneous fit with the same set of QS, IS and intensi-
ties for spectra shown in (a), (b), (c).

sured in external fields up to 3 T to obtain a fully saturated
state. At a given B,,, the magnetization ratio o(B,,)/ () is
equal to the ¢; parameter. These measurements allow us to
check whether nuclear polarimetry and magnetic measure-
ments produce consistent results.

Usually the three measurements were performed at a
given temperature and on an external magnetic field: with
unpolarized radiation and with two opposite circular polar-
izations. An additional experiment in a zero applied field
supplied magnetic texture-free results.

A quick inspection of these results shows that when a
circular polarization state of radiation is changed to an op-
posite one, a clear shift of the position of the central absorp-
tion line is observed [see Figs. 5(a), 5(b), 6(a), 6(b), 7(d), and
7(e)]. It is also evident that the absorption in the region of
+3 mm/s in Fig. 5(b) is larger than that one in Fig. 5(a) [see
the vertical bar in Fig. 5(b), which is almost two times longer
than the bar in Fig. 5(a)] while in the region of =3 mm/s the
absorption in Fig. 5(a) is larger than in Fig. 5(b). From this
behavior, one immediately concludes that large Fe magnetic
moments (and related large hyperfine fields) are oriented as
in Fe-based ferromagnets (see the inset in Fig. 5), i.e., paral-
lel to the net magnetization. Because of the presence of a
distribution of h.m.f. it is not obvious how the small hyper-
fine fields are spatially arranged.

C. Description of the data handling

A normalized Mossbauer spectrum S(v) consists of a lin-
ear combination of N subspectra s(v,B;):

N
S(v)=2pjs(U’Bj)’ (4)
j=1

where v is Doppler velocity, and p; is the non-negative
coefficient for a field B;. Subspectrum s(v,B) is a Zeeman
sextet,
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6
S(v,B) = 2 i,L,(v,B), (5)

n=1

where L,(v,B) describes the shape of the absorption line
corresponding to the nth nuclear transition. Every subspec-
trum s(v, B)) is characterized by its relative area proportional
to p; and the two already introduced averages c,; and c¢,;. In
the algorithm used by us it is possible to decompose a set of
spectra, measured with different polarization states of pho-
tons, into components that fulfill Egs. (2). Physically pos-
sible sets of p;, c;;, and ¢,; have to be considered only,
namely,

2
0<p;, —-lsc <1, 0scys<l1, cjj<cy (6

The last inequality in (6) is the Buniakovsky-Schwartz
relation applied to the distribution of cosine and cosine
square; see Ref. 46 for details. Equations (2) show that four
types of measurements—with an unpolarized beam, with two
opposite circular polarizations, and in a texture-free mode—
can be simultaneously fitted with a set of p;, ¢y}, and ¢y, (j
=1,N), fulfilling the conditions of inequalities (6).*’

Instead of using a discrete sum of Zeeman components,
we have found that a better description can be obtained by
using a sum of components with a Gaussian distribution of
h.m.f. This set of functions is widely used in commercially
available Mossbauer packages. In our case, the use of Gauss-
ian components permits one to obtain a continuous distribu-
tion of the h.m.f. p(B), and two functions: c¢;(B) and c¢,(B).

The treatment described so far can be applied to cases
where pure magnetic interactions are present. The treatment
of mixed dipole magnetic and quadrupole electric interac-
tions coupled to circularly polarized radiation have been de-
scribed in Ref. 34 Using intensity tensor formalism*-3 we
have adopted expressions, Egs. (2), to the case of mixed
interactions under the assumption that the axes of the electric
field gradient tensor are oriented randomly in space. In the
special case of unpolarized radiation, Egs. (2b) and (2¢) and
a single h.m.f. value, our algorithm is equivalent to the full
Hamiltonian treatment described in Ref. 54.

Mossbauer transmission spectra are described quantita-
tively by the transmission integral.*> Thickness effects were
included by the folding method:>3 the cross section for reso-
nant scattering multiplied by the effective thickness 7 enters
as an argument of an exponential function and was convo-
luted with the Lorentzian function. In all presented fits (Figs.
5-7) thickness effects are included.

D. Results of the analysis

In the first step of analysis of the Mdssbauer data we
determined hyperfine interactions of the alloy at room tem-
perature. As already discussed, it was assumed that the prin-
cipal axes of the electric field gradients acting on >’Fe nuclei
are randomly oriented. Because the sample is in a paramag-
netic state, the single value of the h.m.f. equal to the external
magnetic field is acting on the system, like in Ref. 54. Suc-
cessful simultaneous fits to the spectra measured in different
external magnetic fields [Figs. 7(a) and 7(c)] were obtained
assuming the presence of four components with isomer
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FIG. 8. Isomer shift and quadrupole splitting of four compo-
nents obtained from simultaneous fits to room temperature data.
The surface of the symbol is proportional to the intensity of the
respective component.

shifts, quadrupole splittings, and the probabilities shown in
Fig. 8. Quadrupole splitting, QS, is proportional to the main
component of the electric field gradient V_,

_eQVec 7

1+—, (7)

2E, 3

QS

where the right-hand side parameters have the usual textbook
definition.® The asymmetry parameter 7 was assumed to be
zero because the fitting procedure was insensitive to the
value of 7. We do not interpret components in Fig. 8 as
resulting from well-defined chemical environments—such a
two-dimensional distribution of quadrupole splitting and iso-
mer shift represents the measured spectra relatively well.

To analyze low-temperature data, we assumed the same
isomer shift and the electric field gradient, as well as their
probabilities determined at room temperature. We allowed
this only for the second-order Doppler shift’’ and for the
appearance of the h.m.f. distribution.

In the first stage of the analysis it was assumed that hy-
perfine magnetic fields correspond to the colinear magnetic
structure. Thus the ¢; (as well as ¢,) parameter has the same
value for all magnetic components. Under this assumption
we were able to perform simultaneous fits (not shown) to the
data measured at 7=13 K with unpolarized radiation, while
it was not possible to find a reasonable fit to data measured
with polarized radiation; the best fit achieved is displayed in
Fig. 9. Next, we allowed the ¢; and ¢, parameters to vary and
the best results of simultaneous fits are presented in Fig. 5.

transmission [arb. units]

velocity [mm/s]

FIG. 9. Spectra measured with circularly polarized radiation and
an example of the best fit under the condition that spatial orientation
of the h.m.f vector does not depend on the value of h.m.f.
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FIG. 10. Distributions of the hyperfine field measured at differ-
ent values of an external an magnetic field (a)—(f) and the hyperfine
field dependence of the average cosine between the hyperfine field
vector and magnetization (g)—(j). Vertical bars divide p(B),) distri-
bution into the sectors numbered by integers &k
=8,7,6.(...,9',8’,7",...) when the first (and the second) coordi-
nation shell is taken into account.

The distributions of the hyperfine fields p(B),) and the de-
pendence of ¢,(B,) are presented in Fig. 10. These depen-
dences appeared to be almost insensitive to c,(B),). Thus, the
selection of ¢,(B),) was not possible. The same treatment
was used for 7=50 K data and the results are shown in Figs.
6 and 10.

The results presented in Figs. 5, 6, and 10 can be summa-
rized as follows. Distribution p(By) has a large value in the
vicinity of Bj,=0 and a tail ending at B;,; 30 T at T=13 K,
and at about By= 20 T at T=50 K, which agrees with Refs.
13 and 10.

The most important result concerns ¢ (B) dependence. It
is a known fact that the h.m.f. in the a-Fe is antiparallel to
the direction of the magnetic moment of the iron atom:*® the
magnetization, i.e., the c¢; parameter, is negative. For our
sample this behavior is observed only for hyperfine fields
larger than about 5 T.

At T=13 K and a low external field, ¢, for Bj; smaller
than approximately 5 T is small and positive. Its value de-
creases in the region of Bj;=5-15T and for B,,>15 T its
value saturates. Our results indicate clearly that the average
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¢, parameter in the saturation region is larger for 7=50 K
than for 7=13 K; compare Figs. 10(g) and 10(h).

Were the h.m.f. a monotonic function of the magnetic
moment, the observed results could then be summarized as
follows. The sharp peak in the p(B,,) distribution observed
close to p(B;,)=0 in the small external field and in the zero
external field [Figs. 10(e) and 10(f)] corresponds to iron with
a zero magnetic moment. When a larger external field is
applied, we observe a shift of this peak to the B),r value that
is approximately equal to B, i.e., 1.1 T [Figs. 10(a) and
10(b)], and the positive value of ¢, for the B)=B,,, param-
eter [Figs. 10(g) and 10(h)] indicates that the directions of
the h.m.f. and applied field coincide.

In the region close to Bj=4 T, relatively large probability
p(Byy) is observed; see Figs. 10(a), 10(c), and 10(e). Because
h.m.f. By=4 T is much larger than the external field, it is
reasonable to suppose that B, in this region corresponds to
Fe atoms with nonzero magnetic moments. If this is so, the
nearly zero value of the ¢, parameter in Fig. 10(i) indicates
that these moments, on average, do not contribute to total
magnetization. A similar situation is observed at 7=50 K,
B,,=1.1 T, and B, approximately equal to 4 T [Fig. 10(b)].
One can note that the |c;| parameter for large fields [Fig.
10(h)] is larger at T=50 K than observed at T=13 K. This
indicates that in the external applied field at 7=13 K an iron
subsystem with large magnetic moments is magnetically
harder.

The data collected at B,,,=0.2 T should be treated more
carefully. We think that the sharp peak in Fig. 10(i) and the
dip in Fig. 10(h) are artefacts caused by the use of the ap-
proximated discrete hyperfine structure of QS, determined at
room temperature. It is known that QS increases with de-
creasing temperature,>® and the hyperfine structure in the vi-
cinity of the zero field p(B)) should be interpreted with cau-
tion. However, such subtleties do not influence our main
conclusions concerning the arrangements of magnetic mo-
ments.

Knowing the h.m.f. distribution, p(B,,) and c(B,,), one

can calculate the average Eh_f and average zth component B,
(to shorten notation we omit the /f subscript):

Ehf=f p(B)B dB,
0

B,= F p(B)c,(B)B dB. (8)
0

Both values are given in Table II and will be discussed in
the next section.

As described earlier, in the fitting procedure the isomer
shift distribution at low temperatures was constrained to co-
incide with room temperature data. The average shift of the
whole spectra was a free parameter in the fit. This is shown
in Fig. 11 and compared with the second-order Doppler shift
in harmonic approximation.®® The upper curve shown in Fig.
11 corresponds to the Debye temperature already used in
EXAFS data evaluation. Figure 11 indicates that consistency
of data evaluation has been achieved.
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FIG. 11. Temperature dependence of the center shift. Data for
a-Fe are given for a comparison. Solid lines correspond to the
second-order Doppler shift in harmonic approximation with indi-
cated Debye temperatures. A (Ref. 77), [J (Ref. 78), B (this work).

VII. DISCUSSION

It is well documented that hyperfine fields and magnetic
moments (or magnetization) in many ferromagnetic systems
are strongly correlated. For Fe-sp-element alloys, the ratio of
these two quantities 1is distributed in the range
10.0—15.0 T/ ug. The data for disordered alloys of Fe with
Al, Si, and P, summarized in Ref. 61, show that this factor is
12.0—13.0 T/ pp if concentrations of the sp element in alloys
do not exceed 40 at. %. The value 12.5 T/uy (Ref. 62) has
been found in many ferromagnetic systems while it is equal
to 15.2 T/ up for a-Fe at T=0.

This correlation is supported by the proportionality of
core electron polarization contribution B“” (proportional to
the integrated spin density of d electrons in MT sphere, M ;)
to By, First principles calculations®® show that the propor-
tionality coefficient B°’/M is 12.3 T/up and does not de-
pend either on a particular metalloid or on its concentration.
Another contribution to By, comes from valence electrons
and is denoted by B"*. In phenomenological models>** this
contribution is proportional to the average magnetization. If
B is not too large, the relative accuracy of localized mo-
ments calculated from the aforementioned proportionality
is®5 Bval/(B°P+B*%). As was shown in Ref. 65, the depen-
dence of B on the distance of the Fe-sp element in disor-
dered alloys resembles RKKY polarization damped by a fac-
tor proportional to exp(-r;;/ly), where r;; is the distance
between Fe and impurity atoms and [, denotes the mean-free
path of electrons. The damping term comes from substantial
localization of the valence electrons. In disordered concen-
trated alloys with a developed density of structural defects
and microdistortions, the defects also reduce considerably
the RKKY interaction. According to Ref. 65 the impurities
located at n.n.’s distances creates a BU“ value not greater
than 0.7 T for the first and second coordination spheres. The
small value of B*“ allows one to use the hyperfine constant
B¢/ pure for the estimation of magnetic moments from the By,
data, and for the interpretation of the B, distributions in
terms of localized magnetic moments.
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FIG. 12. The correlation between the average z component of a
hyperfine field (corrected for an external field) and Fe magnetic
moment (the inset shows a lack of correlation between the average
h.m.f. and a magnetic moment). Open and full symbols correspond
to the z component of the hyperfine field and the hyperfine field,
respectively.

A considerable enhancement of the experimental value
B¢/ e (attaining values close to 30 T/ug; see the end of
Sec. V, in the Fe- Al system studied by us), can be explained
as a signature of transformation from a ferromagnetic order
to a nonferromagnetic one. Therefore one should expect that
the magnetization should rather be correlated with the z com-
ponent of the hyperfine field, B,. This is indeed observed
specifically in our alloy Fe 3Als,; see Fig. 12.

The resonant polarimetric technique used in the present
experiment allows one to gain some insight into the local
magnetic moment arrangement. The shape of the p(B,) dis-
tribution can be discussed in terms of a local environment
model. Such a model has been successfully used in many
systems, including Fe;_,Si,, Fe;_,Al,, in the vicinity of x
=0.25%%6-70 and nonordered Fe,_,V, alloys.”! In these sys-
tems the Fe atoms surrounded by (n—k) Fe and k non-Fe
atoms in the nearest coordination shell (consisting of n at-
oms) contribute to well-separated peaks in the p(Bjy)
distribution.®-%87!  However, the existence of separated
peaks related to well-defined local environments is not a
rule, and non-Fe-rich Fe-Si and Fe- Al alloys serve as good
examples of that.

It is reasonable to assume that the larger number of n.n.
Fe atoms, the larger By is observed. Next, from our EXAFS
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result it follows that the probabilities of finding Fe atom in
the first and the second coordination shells are determined by
x;=0.8/8 and x;=5.3/6, respectively. Assuming random dis-
tribution within the shells, the probability P(k) that the iron
atom is surrounded by (14—k) Fe and k Al atoms in the two
first coordination shells is

8\[6) . e ,
Plk)= 2 (j )(z )x? (1= xYxg (1= ) )
i+}ik;
see Table III. These assumptions allow one to divide the
p(Byy) into a few sections, each one having an area propor-
tional to probability P(k). The sectioning is displayed in
Figs. 10(a) and 10(c) by vertical lines. By integration one
can find the average field related to a given sector (or to the
local environment),

By By -1
E(k):f p(B)BdBU p(B)dB) , (10)

By By
where values of B, can be found from
k

By
f p(B)dB =2, P(i). (11)

0 i=0

The average fields estimated according to Eq. (10) are
displayed in Fig. 13 by full symbols. In a similar way we can
get the average value for the z component of the hyperfine
field corresponding to the kth local environment,

By1 By1 -1
B.(k) = J p(B)Bc,(B)dB< f p(B)dB) . (12)
By

By

The results are shown in Fig. 13 by empty symbols. Al-
though from Egs. (10) and (12) one gets formally 15 numeri-

cal values of Ez(k), those for k=0, 1, 2, 3 and 12, 13, 14
correspond to very small probability (9) and we do not re-
gard them as reliable. As expected, the increase of the field
from B,,=0.2 T to B,,=1.1 T results in an increase of the
B, and not the B, values; see the empty and the strongly
overlapped full points in Fig. 13.

If the influence of the second coordination shell is ne-
glected, the binomial distribution should be used instead of
(9). The results of such treatment are shown in Fig. 10(e),
Table 1V, and Fig. 14.

Although the results presented in Figs. 13 and 14 suffer
from a different kind of approximation, they are consistent
with the following picture. Let (k;,k,) denote an Fe atom

TABLE III. Probabilities, local magnetic moment, u, and its z component (both within +0.05 up) in the external field of 0.2 and 1.1 T
at T=13 K, for Fe surrounded by k Al and (14—k) Fe atoms in the I and II coordination shells [see Eq. (9), x;=0.8/8=0.1, x;;=5.3/6]. For
an estimation of the total local magnetic moment, 12.5 T/upg was assumed.

k Al 0-4 5 6 7 8 9 10 11 12-14
p(k) 0.002 0.017 0.084 0.242 368 0.213 0.062 0.010 0.001
w (ug) — 1.98 1.65 1.15 0.43 0.10 0.04 0.01 —
i, (ug) (B,y=02T) — 0.73 0.61 0.40 0.06 0.00 0.03 0.03 —
w, (up) (By=1.1T) — 1.09 0.92 0.65 0.17 0.03 0.07 0.11 —
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FIG. 13. Average h.m.f. and average z component of the field
(not corrected for an external field) related to sectors from Fig. 10,
assuming that contributions from the first and the second coordina-
tion shells to the hyperfine field are the same. Full symbols corre-
spond to the hyperfine field; open ones to the z component of the
hyperfine field. ® (Ref. 77), B (Ref. 64).

surrounded by k; Al atoms in the first coordination shell and
k, Al atoms in the second coordination shell. Taking into
account the most probable configurations, arbitrarily selected
as those (k;,k,) for which the probability is greater than 5%,
one observes for both models that (6,0) and (6,1) configura-
tions have a clearly nonzero magnetic moment and a nonzero
contribution to the magnetization. Configurations (8,1) and
(8,2) have a clearly zero magnetic moment. Both models
indicate that (7,1) has a nonzero magnetic moment and a
very small contribution to the magnetization. The easiest ex-
planation of this fact is that these configurations form a non-
colinear arrangement of magnetic moments. Obviously, in
Mossbauer polarimetry one measures the hyperfine field and
its orientation. Thus, what can be concluded directly from
our measurements is that we have evidence that the vector
sum of the discussed nonzero fields is nearly zero. The non-
colinear h.m.f. arrangement can be understood as a reflection
of the noncolinearity of magnetic moments.

The (7,0) and (8,0) configurations could, in principle, be
connected with noncolinearity. However, in light of rather
poor evidence, one can also say that (7,0) configuration is
connected with colinearly arranged nonzero magnetic mo-
ments, and (8,0) arrangement may have a zero magnetic mo-
ment.
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FIG. 14. The same as in Fig. 13, assuming that the contribution
from the second coordination shell is neglected.

Our results are consistent with a picture in which Fe at-
oms with a large number of Al neighbors form a noncolinear
local structure at low temperatures. Noncolinearity is prob-
ably caused by local anisotropy, which may be larger than
the macroscopic anisotropy observed in a single crystal.*
Disordered moments cause large coercivity because of the
interaction with a ferromagnetic matrix (neighboring mag-
netic moments). This is known as bias-type exchange
anisotropy.”> Under an applied external field, a gradual meta-
magnetic type of reorientation occurs and magnetization
slowly approaches saturation. At higher temperatures thermal
excitations break the magnetic ordering in Al-rich surround-
ings and this results in the decrease of the coercivity. Indi-
rectly, this is confirmed by a large (=20 times) drop of co-
ercive force as the temperature increases from 5 to 77 K,
mentioned in Sec. V. One expects that the same external
magnetic field will orient the ferromagnetic matrix more eas-
ily at higher (50 K) than at lower temperature (7=13 K).
This is consistent with the larger value of the c¢; parameter
that was obtained for 7=50 K and with the maximum of
magnetization observed during FC in the small magnetic
field (see Fig. 3). A similar microscopic picture of the inter-
action was presented in Monte Carlo simulations of an Fe
-Al system,!” where Fe atoms with six and more nearest
neighbor Al atoms were found to be frustrated in an ordered
ferromagnetic state and where chemical disorder introduced
a spin-glass-like state in the region of critical concentration.

Two different distributions of hyperfine parameters may
produce identical Mossbauer spectra. This leads to the ambi-

TABLE 1V. Probabilities, local magnetic moment, u, and its z component (both within +0.05 ug) in the
external field of 0.2 and 1.1 T at T=13 K, for Fe surrounded by k Al and (8—k) Fe atoms in the first
coordination shell. The binomial distribution of number of Fe, Al atoms with x;=0.8/8=0.1 was assumed.

The hyperfine constant 12.5 T/ug was used.

k Al 0-3 4 5 6 7 8

p(k) 4% 1074 0.005 0.033 0.149 0.383 0.430

w (ug) — 2.19 1.88 1.48 0.74 0.14

i, (ug) (B,y=02T) — 0.81 0.69 0.54 0.20 0.01
u, (up) (By,=1.1T) — 1.18 1.04 0.85 0.38 0.04
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guity much discussed in the literature.”>7> Additional inde-
pendent experimental information usually reduces this ambi-
guity. It has already been demonstrated that additional
information received from the polarimetric method allows
one to obtain the correct shape of the h.m.f. distribution.>> In
the described algorithm one should, in principle, estimate
c»(Byy); see Eqgs. (2a) and (2b). However, in the studied case
we could not obtain reasonable information about the trans-
verse component for such strongly overlapped spectra. One
can show that fits of a similar quality can be obtained for a
variety of ¢, values. Because information on transverse local
magnetization is not available, we do not know whether we
are dealing with an antiferromagnetic order (i.e., long-range
order exists to some length scale), antiparallel arrangements
of moments (some iron moments at random positions are
oriented antiparallel to each other), or a disordered magnetic
structure if all directions of magnetic moments are present.
All three possibilities are consistent with the results of our
measurements.

We hope that additional measurements in the field perpen-
dicular to the k vector or the use of linearly polarized radia-
tion in which the intensity of lines 2 and 5 will be greatly
enhanced, may reduce ambiguity.

The main conclusion that follows from the results pre-
sented in this report is that the arrangement of hyperfine
magnetic fields is nonuniform. This kind of information
could be obtained by the use of circularly polarized radiation
only. The obtained result, that larger fields are better aligned
in an externally applied magnetic field, is not strongly depen-
dent on the details of data analysis. Indeed, some of the
spectra were analyzed without using the transmission inte-
gral and under the assumption that the electric field gradient
is zero. The main features of the p(B),) and c,(B,;) functions
agree with those presented in Fig. 10.

Magnetization and Mossbauer data can be combined to
obtain local magnetic moments of Fe. To estimate the z com-
ponent of the magnetic moment in an external magnetic field
we assume that it is proportional to B,(k) and that the total
contribution to magnetization of all Fe atoms is equal to the
measured magnetization. The results are summarized in
Tables III and IV.
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VIII. RESUME

Combining magnetic, EXAFS, and Mossbauer polarimet-
ric data, it was possible to get a consistent description of the
arrangement of Fe magnetic moments in a Fe,3Als, alloy
prepared in a structurally disordered state by mechanical
grinding. The distribution of quadrupole splitting and isomer
shift, determined in a RT experiment, was kept constant dur-
ing low-temperature data evaluation, allowing only for the
second-order Doppler shift. The Debye temperature used in
EXAFS data evaluation and estimated in the diffraction
experiment?? agrees with the second-order Doppler shift
found in Mossbauer data evaluation. A full Hamiltonian was
used for the exact treatment of a mixed magnetic dipole and
electric quadrupole interaction. The transmission integral
was used for treatment of the thickness effect, and the tem-
perature dependence of the recoilless fraction was taken into
account.

We have estimated the values of Fe magnetic moments as
a function of the local environment. An increase of the num-
ber of Al in the two first coordination shells (bcc structure)
causes a decrease of magnetic moments and a much faster
decrease of the z component of the magnetic moment (the
local contribution to the magnetization). Magnetic moments
of iron in configurations (6,0) and (6,1), which can be con-
sidered as iron-rich clusters, form colinear arrangement.
Configuration (7,1) was found as forming a noncolinear
structure. Configurations (8,1) and (8,2) are so poor in iron
that either no magnetic moment is formed on the central Fe
atom, or the magnetic moment is below the detection limit of
our technique. One should stress that such a detailed descrip-
tion of the magnetic moment arrangement would hardly be
possible if an extensive combination of experimental meth-
ods had not been used in the present study.

The noncolinearity present at low temperatures explains
the large coercivity, lack of saturation, and anomalously
large ratio of the average h.m.f. to the magnetic moment in
the range of critical concentration.
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M@gssbauer polarimetry is used for investigating the orientation of Fe magnetic moments in the
nanocrystalline Feg4gAlgs, disordered alloy prepared by mechanical grinding. Local Fe magnetic mo-
ments and their contributions to the net magnetization at selected external fields and temperatures were
estimated. It was found that the components of the Fe magnetic moments parallel to the net magnetiza-
tions reduce their values much faster with an increasing number of neighbouring Al atoms than the total
iron moments.

Key words: Mdssbauer polarimetry; magnetic moment; nanocrystalline Fe 541, 5,

1. Introduction

Structurally ordered alloys with Al concentrations between 35% and 43% and
with equiatomic composition have been suspected of the presence of antiferromag-
netic order [1-5]. Quite recent neutron diffraction data for hcc-ordered Fe—Al with Al
concentrations of 34-43 at. % [6] showed the presence of incommensurate spin den-
sity waves. It has been found earlier that ferromagnetic order can exist close to FeAl
composition [7], and that supposedly antiferromagnetic or paramagnetic configura-
tions can change to ferromagnetic upon simple filing [1, 8—11]. Ferromagnetism has
also been detected in alloys with Al concentrations larger than 50 at. % [8, 12] and in
the concentration range 40—60 at. % [13].

The ratio of hyperfine fields and magnetic moments (or magnetization) in many Fe-
based ferromagnetic systems is in the range 10.0-15.0 T/ug [14—16]. Magnetization data
for disordered Fe—Al alloys [11, 17], can be compared with the average hyperfine mag-
netic field (h.m.f.) obtained from Md&ssbauer experiments [8, 12, 17]. The ratio is an-
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omalously high, about 30 T/pg for concentrations close to equiatomic, while it is about
12.0-13.5 T/pg in ferromagnetic alloys with Al concentrations less than 40 at. %.

For systems with atomic and spin disorders — in particular for non-ordered metal
systems with RKKY interaction — Mattis has considered a model in which spin—spin
interactions were random in sign but did not result in frustrations [18]. The spin sys-
tem was considered to be composed of two subsystems with randomly distributed
antiparallel spins, which form the so-called Mattis phase. The magnetisation behav-
iour of the Fe—Al system and the ideas found in Refs. [18-20] indicate that concen-
trated Fe—Al alloys could exhibit the Mattis phase, no experimental support, however,
has been reported so far.

Studies of Fe—Al alloys by the Monte Carlo techniques [21] in the Al concentra-
tion range 0.25 <x < 0.50 showed that it was possible to qualitatively account for the
transformation of the magnetic state from a ferromagnetic one to a certain spin glass
state at about 34% Al using the indirect exchange model [1]. A peculiar feature of this
spin-glass is the fact that frustrations arise from the positional disorder of Fe and Al
atoms.

These controversial findings, and the apparent impact of various defects and in-
homogeneities on the magnetic structure of bulk and nanocrystalline alloys, require
more detailed investigations that will elucidate the nature of magnetism in this sys-
tem. This paper reports the studies of nanocrystalline Fe—Al alloys in the concentra-
tion range close to the onset of ferromagnetism by the Mdssbauer technique with cir-
cularly polarized monochromatic radiation. Polarized radiation has been widely used
in investigating magnetically ordered systems, for an extended review see Ref. [22].
Circularly polarized radiation has the advantage of being sensitive to the sign of the
h.m.f. Our observations strongly suggest that a non-collinear magnetic order must
exist in the sample studied.

2. Sample

Fe—Al ingot was synthesized from high-purity components (99.99 % Fe and
99.99% Al) in an induction furnace in Ar atmosphere, then homogenized in a vacuum
furnace at 1400 K for 6 h. The chemical analysis showed that the Al concentration
was 52.0+0.5 at. %. The ingots were milled and a fraction with particle sizes lower
than 300 wm was used for further mechanical treatment in a planetary ball mill with
vials and balls made of tungsten carbide. Mechanical grinding was performed in an
inert gas atmosphere. The milling time was adjusted to provide a disordered state in
the Fe—Al alloys [17]. The obtained sample exhibited a single bcc phase with the lat-
tice parameter 0.2918(4) nm. The X-ray diffraction pattern consists of the broadened
peaks (110), (200), (211), and (220) of the hcc structure. The analysis of the shape of
the diffraction lines using the harmonic analysis [23] lead to the conclusion that the
mean grain size of the alloy is 4.0(3) nm.
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3. Mossbauer polarimetric measurements

The absorbers were placed inside one of the rare earth magnets, producing an axi-
ally symmetric field perpendicular to the absorber surface and parallel to the gamma
rays. The measurements were performed at temperatures of 13, 50, and 298 K and
external fields between 0 and 1.1 T, see the example in Fig. 1.

Transmission [a. u.]

L I I I | 1 1
-6 —4 -2 0 2 4 6

Velocity [mm/s]

Fig. 1. An example of the Mdssbauer spectra recorded at 7= 13 K
with polarized and unpolarized radiation in an axial, externally applied magnetic field
of 1.1 T. The arrows 71 and T indicate two opposite circular
polarizations. Solid lines represent the results of the simultaneous fitting
the h.m.fs to all the recorded spectra

A full Hamiltonian was used for treating the mixed magnetic dipole and electric
quadrupole interaction. The transmission integral was used to treat thickness effects,
and the temperature dependence of the f~factor was taken into account. To analyse the
low-temperature data, we assumed the same isomer shift and electric field gradient, as
well as their probabilities determined at room temperature. We allowed only the sec-
ond order Doppler shift and the appearance of the h.m.f. distribution. The principles
of the adopted polarimetric method are given in Ref. [24], while details of the con-
struction of the source of circularly polarized radiation in Refs. [25, 26].

An experiment with circularly polarized radiation is sensitive to the angular aver-

age <y,4 ~m> , where m is a unit vector parallel to the local h.m.f., By y, is the Carte-

sian vector (» = x, y, z) and the brackets ( ) denote angular averaging with the mag-
netic texture function P(£2):

(v, m)= [y, -m P(Q)dQ (1)



756 K. SZYMANSKI et al.

)
=

0.2+ 4

9
8
7 6

0.0 H
)
0- 04 ™ T

N \—/—\

0 5 10 15 20
Bhf [T]

Fig. 2. An example of the distribution of h.m.f. obtained from experiment (up) and the h.m.f.
dependence of the average cosine between the h.m.f. vector and magnetization (down) measured
at 7= 13 K and B, = 1.1T. The vertical bars split the p(By,) distribution into sectors numbered by
k=...,9,8,7 ..., for which the two first coordination shells are taken into account (cf. Eq. (2))

In particular, one can obtain the value of ¢,B),, which is an average component of the
h.m.f. along photon directions. In the case of a-Fe, the h.m.f. is antiparallel to the direction
of the magnetic moment of iron atoms [27], so the ¢, parameter is negative. Negative val-
ues of ¢, for our sample are observed only for hyperfine fields larger than about 5 T
(Fig. 2). Figure 2 also shows that a relatively large probability p(By,) is observed in the
region close to B;,= 5 T, much above the intensity of the external field. It is thus reason-
able to suppose that B, in this region corresponds to the Fe atoms with nonzero magnetic
moments. If this is so, then a nearly zero value of the ¢, parameter in Fig. 2 indicates that
these moments, on average, do not contribute to the total magnetization.

4. Discussion and conclusions

A considerable enhancement of the experimental value B,,/0;. (attaining values
close to 30 T/up) in the studied Fe—Al system with respect to the values calculated for
collinear systems can be explained by a transformation from ferromagnetic to non-
ferromagnetic order. One should expect that the magnetization should be correlated
with the z-th component of the h.m.f., B.. This is indeed observed in our alloy
FegasAlo sy (Fig. 3).
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Fig. 3. Correlation between the average z-component of the h.m.f.
(corrected to the external field) and the Fe magnetic moment (the inset shows a lack
of correlation between the average h.m.f. and magnetic moment). Open and full symbols
correspond to the z-component of the h.m.f. and the h.m.f. itself, respectively

It is reasonable to assume that the larger number of Fe atoms, the larger the ob-
served By Next, it follows from EXAFS results [28] that the probabilities of finding
the Fe atom in the first (I) and the second (II) coordination shells are given by
x; = 0.10 and x;; = 0.883, respectively. Assuming random distributions within the
shells, the probability P(k) that an iron atom is surrounded by (14 — k) Fe and & Al
atoms in the two first coordination shells is:

P)= 2. @'][éjx’g'l(l_xl)’xnﬁ'“-xn " )

[

These assumptions allow one to divide p(B),) into a few sections, each having
the area proportional to the probability P(k). The sectioning is displayed in Fig. 2
by vertical lines. The average fields estimated for each section are displayed in Fig.
4 by full symbols, while the z-components of the fields by open symbols. As ex-
pected, an increase of the field from B, = 0.2 T to B,y = 1.1 T results in an in-
crease of B. and not B, (see the open and the overlapping full points in Fig. 4). The
average B(k) for k= 6 (Fig. 4) is slightly above the value related to ordered Fe;Al

at low temperature [29].
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It should be noted that Eq. (2) is valid under the assumption that the contributions
of neighbouring atoms from the I and II coordination shells are the same, which is an
approximation. The opposite approximation, in which the influence of the Il coordina-
tion shell is neglected, can be made by using the binomial distribution instead of
Eq. (2). The results of such treatment exhibit similar features and are not shown here
(average B(k) for k = 4 is slightly below the value related to ordered Fe;Al reported

in [29]).

E g u
mN
r:S‘: ] 4
20} *
A 14T
® 02T s
v 00T
’
of a6 & &
s © R
A A
1 1 1 1 1 1 1 1

1
9 10 11

ol
~F
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1
0 1 2 3 4 5
k Al
Fig. 4 Average h.m.f. and average z-th component of the field (not corrected for
the external field) related to the sectors from Fig. 2, under the assumption that contributions
from the first and the second coordination shells to the h.m.f. are the same. Full symbols
correspond to the h.m.f., open symbols to the z-component of the h.m.f., e — Ref [16], m — Ref. [29]

The magnetization and Mdssbauer data can be combined to obtain the local mag-
netic moments of Fe. To estimate the z-th component of the magnetic moment in the

external magnetic field, we assume that it is proportional to Ez(k) and that the total

contribution to the magnetization of all Fe atoms is equal to the measured magnetiza-
tion. The two most important results are as follows.

An increase of the number of Al atoms in the two first coordination shells (bcc
structure) causes a decrease of the magnetic moments and a much faster decrease of
the z-component of the magnetic moments (local contribution to magnetization). Con-
figuration (7, 1) was found as the most suitable for forming a non-collinear structure,
where (ky, k,) denotes a Fe atom surrounded by &; Al atoms in the I coordination shell
and &, Al atoms in the II coordination shell. It should be stressed that such a detailed
description of the magnetic moment arrangement would hardly be possible if not for
the extensive combination of experimental methods used in the present studies.



Magpnetization distribution in nanocrystalline Fe 34l 5 759

References

[1] ARROTT A., SATO H., Phys. Rev., 114 (1959), 1420.

[2] SATO H., ARROTT A., Phys. Rev., 114 (1959), 1427.

[3] DANAN H., GENGNAGEL H., J. Appl. Phys., 39 (1968), 678.

[4] HUFFMAN G.P., J. Appl. Phys., 42 (1971), 1606.

[5] SHIGA M., NAKAMURA Y., J. Phys., Soc. Japan, 40 (1976), 1295.

[6] NOAKES D.R., ARROTT A.S., BELK M.G., DEEVI S.C., HUANG Q.7.., LYNNJ W., SHULL R.D., WU, D.,

Phys. Rev. Lett., 91 (2003), 217201.

[7] SHIGA M., NAKAMURA Y., J. Phys. Soc Japan, 40 (1976), 1295.

[8] BESNUS M.I., HERR A., MEYER A.l.P., J. Phys. F5, (1975), 2138.

[9] TAYLOR A., JONES R.M.. J. Phys. Chem. Solids, 6 (1958), 16.

[10] FRIEDMAN E.A., NiCcHOLSON W.J., J. Appl. Phys., 34 (1963), 1048.

[11] HUFFMAN G.P., FISHER R.M., J. Appl. Phys., 38 (1967), 735.

[12] SHIGA M., KIKAWA T., SUMIYAMA K., NAKAMURA Y., J. Magn. Soc. Japan, 9 (1985), 187.

[13] Kurikov N.I., POSTNIKOV A.V., BORSTEL G., BRAUN J., Phys. Rev. B, 59 (1999), 6824.

[14] YELsUKOV E.P., VOROBYOV YU.N., ARBUSOVA T.I., SMOLYAK, [.B., J. Magn. Magn. Mater., 130
(1994), 44.

[15] PAaNIssOD P., DURAND J., BUDNICK J.1., Nucl. Instr. Meth., 199 (1982), 99.

[16] VioLET C.E., PIPKORN D.N., J., Appl. Phys., 42, (1971), 4339.

[17] YELSUKOV E.P., VORONINA E.V., BARINOV V.A., J. Magn. Magn. Mater., 115 (1992), 271.

[18] MAaTTIS D.C., Phys. Lett., 56A (1976), 421.

[19] ArRzHNIKOV A.K., DOBYSHEVA L..V., J. Magn. Magn. Mater., 117 (1992), 87.

[20] ARzHNIKOV A K., DOBYSHEVA L..V., Phys. Lett., A, 195 (1994), 176.

[21] GREST G.S., Phys. Rev. B, 21 (1980). 165.

[22] GONSER U., FISCHER H., [in:] Mossbauer Spectroscopy 11, Springer-Verlag, Berlin, 1981.

[23] WARREN B.E., B.L..AVERBACH B.L.., J. Appl. Phys., 21 (1950), 595.

[24] SzyMANSKI K., SATULA D., DOBRZYNSKI L., Hyp. Int., 156/157 (2004), 21.

[25] SzymANSKI K., DOBRZYNSKI L., PRUS B., COOPER M.J., Nucl. Instr. Meth. B, 119 (1996), 438.

[26] SzyMANSKI K., Nucl. Instr. Meth. B, 134 (1998), 405.

[27] HANNA S.S., HEBERLE J., LITTLEJOHN C.. PERLOW G.J., PRESTON R.S., VINCENT D.H., Phys. Rev.
Lett.. 4 (1960), 513.

[28] SzyMANSKI K., DOBRZYNSKI L., SATULA D., VORONINA E., YELSUKOV E.P., MIYANAGA T., Phys.
Rev. B, 72 (2005), 104409.

[29] JounsoN C.E., RibouTt M.S., CRANSHAW T.E., Proc. Phys. Soc., 81 (1963), 1079.

Received 1 June 2005
Revised 10 October 2005



P11



Interpretation of the Mossbauer Spectroscopy
Data
by the Maximum Entropy Method

L. Dobrzynski*, A. Holas' and D. Satula and K. Szymatiski**

*Institute of Experimental Physics, University of Bialystok, 41 Lipowa, 15-424 Bialystok, Poland
The Soltan Institute for Nuclear Studies, 05-400 Otwock-Swierk, Poland
tInstitute of Physical Chemistry of the Polish Academy of Sciences, 44/52 Kasprzaka, 01-224
Warsaw, Poland
** Institute of Experimental Physics, University of Bialystok, 41 Lipowa, 15-424 Bialystok, Poland

Abstract. A reconstruction of the 3-dimensional distributions of the magnetic hyperfine field,
quadrupole splitting and isomer shift from the measured 1-dimensional Mdssbauer spectrum is
extremely difficult in general case. The paper shows that reliable reconstruction can be made
by means of the Maximum Entropy Method without prior assumptions concerning correlations
between the parameters of interest. We also show how the prior should be chosen in order to arrive
at the physically meaningful results.

Key Words: Bayesian logic, Maximum Entropy Method, Mossbauer spectra

1. INTRODUCTION

The Maximum Entropy Method (MEM) [1] was already used to analyze many spectro-
scopic data [2, 3, 4, 5]. This powerful method was not extensively applied to the analysis
of the Méssbauer spectra where presence of the distribution of hyperfine field parame-
ters makes the spectra complicated and the spectra interpretation becomes ambiguous
because of assumptions one makes in order to get the hyperfine field distributions. The
one dimensional Mgssbauer spectrum contains information on the distribution of the
hyperfine magnetic field (B), quadrupole splitting (Q.S) and the isomer shift (1.S), not
speaking about orientations of the hyperfine magnetic fields, which cause often a lot
of problems in some experiments. We checked recently [6] that rather complicated 2-
dimensional distributions in (B,IS) space can be reconstructed from the Méssbauer
spectra by MEM technique. This paper deals with more difficult cases. In spite of the fact
that the 3-dimensional reconstruction of (B, @S, I.S) distribution from a single spectrum
‘seems almost impossible, a well-known inherent ambiguity problem [7, 8] consisting in
the fact that many distributions of the hyperfine field can fit well to the experimental
spectrum, makes the situation even worse.

- In short, when the Zeeman interaction is dominating, the Mossbauer spectrum consists
of lines measured as a function of the source velocity V' (k), where £ =1, 2,..., N with N
being usually 256. In typical experiment with *"Fe-based absorption, for given hyperfine
;magneﬁc field B (in Tesla), isomer shift /.S (in mm/s) and quadrupole splitting QS (in

CP872, Bayesian Inference and Maximum Entropy Methods in Science and Engineering,
26™ International Workshop, edited by Ali Mohammad-Djafari
© 2006 American Institute of Physics 978-0-7354-0371-0/06/$23.00
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mmy/s), the recoilless absorption occurs at six velocities {v;} (Zeeman’s sextet) linearly
dependent on B, QS and IS, see, e.g., [6, 7, 8, 9]. In the case of infinitely thin absorber,
the line intensities /; should be as 3:2:1:1:2:3. More general formulas are given in ref,

1.
A given ith line contributes to the kth channel in the velocity spectrum the intensity

proportional to .

V(k)—w)2 +(T/2)2° @
where the natural width, T, of the line from M6ssbauer source is 0.22-0.25 mm/s (in our
calculations 0.24 mm/s was chosen). When the electric field gradient accompanies low
magnetic hyperfine field, eight instead of six lines appear in the spectrum. The intensities
have to be calculated from the solution of the so-called full Hamiltonian. In order not
to complicate further considerations we shall not deal with this kind of complication,
neither with another one consisting in the spectra distortions due to the finite thickness
of an absorber or its possible magnetic texture.

There exist methods of reconstructing the hyperfine magnetic field distribution [10,
11, 12, 13, 14, 15, 16] from measured spectra. However, in order to make such recon-
struction, one has usually to assume certain correlation between the parameters B, IS,
and @S. To the best of the authors knowledge, there is no code enabling one to get, e.g.,
the distributions of B and /.S independently of each other. Our earlier paper [6] showed
that this can be done when the analysis is carried out by means of the Maximum Entropy
Method. The first successful attempt to use this method for a single parameter distribu-
tion was published by Brand and Le Caér [17]. Dou et al. [18] used Bayesian inference
theory to obtain the distribution of one parameter B assuming however a linear coupling
of two other parameters (IS and QS) to B.

Je=

2. MAXIMUM ENTROPY METHOD

Assume that the whole 3-dimensional space of parameters was divided into pixels and
the value p; denotes the probability of having the values of these parameters correspond-
ing to this particular pixel. Because the line intensities are linear in the probabilities, the
intensitics W}, measured (with uncertainties o) at kth velocity channel will be described

theoretically by:
Npiz

T =) riip;, where k=1,2,...,N. )]
=1
The transformation matrix {r;} can easily be evaluated (see references given in the
Introduction). We consider the distribution p; = pp gs 15, which means that the index J
denotes a collection of the three indices corresponding to the variables B, Q.S and I S,
respectively. In other words three-dimensional matrix {p;} of the probability distribution
is written in eqgs. (2) and (4) as a single row.
As usual one is maximizing the Lagrangian [19]:

L=aS—- %X2 €)]
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under an additional constraint of normalization of the distribution {p;}. In eq. (3)

Npix
S==> piln(p;/p0;) @

j=1

and 1
xzzz}—ka(wk—Tk)z. 5)

k
Ineq. (4), p0; denotes a prior (a model). The final equations to solve are of usual type

, —1 9x2
p0; exp ( 3G ap,-)
pi= ;
Npim 1 8x2
) 2j'=1 pO;jr exp (‘% By

During calculations special care is taken to ensure the equality of the sum of measured
intensities Wy, and the sum of intensities 7} as calculated from eq. (2) for the distribution

{pi}.

), i=12...,Nyiz. (6)

3. AMBIGUITY PROBLEM IN THE CASE OF PARAMAGNETIC
SPECTRA

Initially, the first goal of the analysis was to study the distribution of (@S, I.S) parame-
ters in UFe5Sn, for which the Mdssbauer spectrum was measured in paramagnetic phase
[20], in which B = 0. In the experiment [19] well defined two quadrupole doublets
were found, and from the conventional approach to the Méssbauer spectra analysis the
situation looked simple and clear. The intensity ratio, appr. 4:1, of the doublets was
as expected on the basis of the iron distribution among different crystallographic sites.
However, the distribution obtained by MEM was unexpectedly much richer, so we de-
cided to study the situation of simulated two doublets: (@S, I.S) = (0.287,—0.064) and
(0.235,0.115) (all parameters are expressed in mm/s and are close to the ones found
in [19]). Fig. 1A presents the simulated spectrum consisting of these doublets. The
Maximum Entropy Method with the uniform prior gave again very rich landscape of
P(QS,IS), see Fig. 1B, almost identical with the one obtained from the experimental
spectrum. It could thus seem at first that MEM produces simply wrong answers. This,
however is not the case. In fact, one can easily calculate that the landscape seen in Fig.
1B shows all possible combinations of doublets and singlets which could explain the
measured spectrum, and satisfy the condition of the maximum of the entropy S. The
symmetry with respect to the change of the sign of QS derives simply from the absorp-
tion cross section.

Obviously, the aforementioned solution consisting of the two doublets only is hidden
among other possibilities considered by MEM. In order to get unique solution within the
framework of MEM one thus has either to know some physical constraints or try some
tricks. In the particular case considered by us we see that the first doublet is seen in Fig.
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FIGURE 1. Simulated Mossbauer spectrum close to the experimentally observed for UFe5Sn at room
temperature [19]. (A) simulated (points) and reconstructed (solid line) spectrum; (B) reconstruction using
uniform prior; (C) the spectrum corresponding to the strongest peak (solid line) and the difference
spectrum (dashed line), (D) reconstruction from the difference spectrum.

1B with the highest intensity, i.e. it is found to be most likely. Therefore one can use it for
calculating the Méssbauer spectrum which would result for this doublet only, and find
its intensity so to get the best agreement with the measured spectrum in the sense of the
least-square method. Next this partial spectrum can be subtracted from the total one, so
the difference spectrum shown in Fig. 1C is obtained. There is a small narrow negative
dip in the difference spectrum which shows that the line position or/and shape was not
fitted precisely. This however, may well be due to the grid used and does not affect the
final result. The MEM analysis of the difference spectrum leaves no doubts that in the
total spectrum there is no more than another doublet, see Fig. 1D, in full agreement with
what would be obtained from conventional analysis of the Mossbauer data. What we
see in the Fig. 1D is equivalence of the doublet to two Lorentzian lines at QS = 0, and
symmetric solution with respect to the QS = 0 axis. One can also note small noise in
the reconstructed spectrum at the border of the range in which the reconstruction took
place. This may arise from the uncertainties in the difference spectrum used for analysis
and will have no physical meaning anyway.

The ambiguity problem is well-known and, as shown e.g. in ref. [13], when there is
more than a single distribution of hyperfine field parameters in the paramagnetic phase,
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the infinite number of distributions can be produced, all of which will be in perfect
agreement with the measured Mossbauer spectrum. The Maximum Entropy Method
is just giving its natural constraint which helps to find the most likely distribution.
However, on the example presented above one can see that in addition to the MEM
constraint which selects mathematically plausible result, one has to consider physical
implications of the obtained distributions and seek eventually for the distributions with
least number of features.

! 05

0.5
)
(G)]

QS (mmis)

0.3

FIGURE 2. Distributions obtained with the uniform prior: (A) the marginal P(B,QS5); (B) the marginal
P(B,IS).

4. THREE-DIMENSIONAL PROBABILITY DISTRIBUTIONS

The feasibility of MEM in the case of 3-dimensional distribution was checked on the
following simulated distribution:

B—20)2 (QS—03)2 (IS—0.2)2
P(B,@5,15) = eXp(_( 4 2_8 0.01 == 0.01 )>
_(B=15)2  (QS—0.1)2 (IS+0.2)2
+0.5 exP( 1 0.01 0.01 )
(B-10)2  (QS+0.1)2 IS2
+0.25 exp( 1 001 _0.0l)' ™

Here B is expressed in Tesla, while @S and /S in mm/s. Normalization constant is
neglected as irrelevant parameter for our purpose. The calculated Mossbauer spectrum
corresponding to this distribution is shown by points in Fig. 3A (the remaining content
of Fig. 3 will be discussed later on). We find that the simulated distribution (7) is recon-
structed perfectly if this distribution is used as a prior, so the MEM itself does not pro-
duce any substantial noise. On the other hand, although the Mossbauer spectrum is still
“reproduced very well, the reconstruction is rather poor if uniform prior is used. There-
fore various non-uniform priors have been tried. Such priors arc easily guessed if one
has some experience with the Mossbauer spectra. We also noted that even in the case of
poor reconstruction, the marginal probabilities [e.g., P(B,QS) = [ P(B,QS,18)dIS]



are reproduced very well, and show peaks at B = 10,15 and 20, so the marginal P(B)
can always be used as a prior. In addition, even from the results obtained with uniform
prior, see Fig. 2, one can postulate appearance of the strongest peak at B = 20, QS =0.3
and /S = 0.2, and thus use the following prior

P(B,QS,IS) = exp (_ (B - 202 _ (QSo:) (1J.3)2 ~ (ISO_.o(iQﬂ )

+0.5 [exp (————-——(B —;115)2) +exp <—————(B _410)2)] exp (—%g—; — _(.;_Sé) . (8)
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FIGURE 3. (A) The pseudo-experimental spectrum and the fitted one (solid line) with the prior as given
in eq. (8). The spectrum corresponding to this prior is shown by dashed line; (B) marginal P(B,QS5)
reconstructed from the prior (8); (c) same for P(B,15); (d) same for P(QS,IS). All probabilities given
in arbitrary units.

Note that although in P(B) the intensities of two peaks found at B = 15 and B =
10 were apparently different, we used in (8) the same amplitude for both of them,
while leaving rather large uncertainty concerning respective values of QS and IS. The
spectrum corresponding to this prior (note that it is quite different from the “measured”
one) and the results of the final reconstruction presented in 3-dimensional graphs are
shown in Figs. 3A-D. There is no doubt that in spite of some small artefacts the
reconstruction was successful. The similarity of Figs. 3C and 3D is not strange as the
formula (7) indicates linear correlation of B and Q.S. However, this correlation had to
be found by MEM!
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5. CONCLUSIONS

It was shown that the reconstruction of the probability distribution of the hyperfine
parameters from Mdssbauer spectrum is possible, although one has to be very careful
with coming to conclusions. We have shown that the Maximum Entropy Method gives
the most likely distribution which, however, can have little to do with the true one.
Therefore some extra work is needed for interpreting the spectrum. This does not show
any weakness of the MEM method. Just the opposite is true. One should remember
that all conventional methods of analysis rely on assumptions of e.g. the number of
subspectra and possible correlations between hyperfine parameters. Therefore, a true
advantage of MEM consists in abandoning the latter assumptions. As we showed, the
MEM can successfully be applied to reconstruction of even 3-dimensional distributions
from the one-dimensional Mdssbauer spectra, provided, however, that a proper non-
uniform prior is used.
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Hyperfine fields in UFe;Sn compound
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Abstract Local hyperfine interactions on Fe nuclei in UFe;Sn compound were determined in Mdssbauer experiment.
The analysis of the Mossbauer spectra measured at room temperature reveals the presence of two doublets only.
Absorption line width indicates that neither distribution of quadrupole splitting nor isomer shift exists in the alloy. The
measurements at 13 K show the presence of four magnetic components. Because the magnetic dipole and electric
quadrupole interactions are present, full Hamiltonian was used to determine the hyperfine interactions for each iron
site. Electric field gradient determined at low temperatures agrees with quadrupole splitting observed at room
temperature. Absorption areas of the components at low and at high temperatures correspond well to the occupation of

the crystal sites by Fe atoms.
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Introduction

New intermetallic compound UFesSn, discovered by
A. P. Gongalves et al. [3], crystallizes in orthorhombic
CeCusAu-type structure (space group Prnma). The unit
cell contains 4 U atoms located in 4c site, 4 Sn atoms in
4c, 12 Fe atoms in 4c (Fe2, Fe3, Fe4) and 8 Fe atoms
in 8d (Fel) site [3]. The magnetization measurements
carried out on a powder sample show a weak ferromag-
netic behavior at room temperature and two magnetic
anomalies at 248 K and 180 K [3]. The latter transition
is magnetic field dependent and disappears at B > 1 T.
Below 248 K magnetization strongly increases with
decreasing temperature. More precise experiments on
a single crystal [4] show that the transition at 248 K is
associated with ferromagnetic ordering of iron magnetic
moments along c-axis, while anomalies observed at
180 K with reorientation Fe moments towards to b-axis.
This conclusion is deduced partially from Mossbauer
measurements. However, the description of the spectra
presented in [4] in our opinion does not fit the experi-
mental data so well. We think that the main reason of
not good agreement between the experimental and
theoretical MOssbauer spectra is the use of the first order
perturbation in the presence of mixed hyperfine inter-
actions. Since the electric quadrupole interactions are
not small with respect to the magnetic dipolar ones,
a full Hamiltonian should be used for correct descrip-
tion of the Mossbauer spectra. The aim of our study is
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determination of the hyperfine interactions of iron
atoms located at different sites in the UFe;Sn compound.

Sample preparation and data handling

The UFesSn crystal was grown by the Czochralski
method. Our sample crystallizes in the same structure
as reported [3] and the lattice parameters, within the
experimental errors, do not differ greatly from [3]. The
powdered sample studied in the work was crushed from
a single crystal, and was mixed with the LiCO; and epoxy
glue. Such preparation results in the random distribu-
tion of the grains, so-called texture free sample. The
sample thickness was 12 mg UFesSn per cm”.

The Mdossbauer measurements at 7 = 13 K were
carried out in a close cycle refrigerator equipped with an
antivibration shroud. The source of radiation was *’Co
in Cr matrix. The velocity scale was calibrated with
respect to o-Fe at room temperature.

All spectra were analysed by commercial Mossbauer
package “Normos” using transmission integral [5].
Recoilless fraction of Fe atoms in UFesSn was assumed
to be the same as in o-Fe [2]. The resulting values of
effective thickness of the absorber were estimated to be
1=2.07 £ 0.11 at room temperature and t = 2.41 = 0.11
atT =13 K.

The spectra measured at 7 = 13 K were analyzed
using full Hamiltonian approach for the texture free
sample. Axial symmetry of the electric field gradient
was assumed (asymmetry parameter | = 0) for all local
environments of Fe atoms.

Results and discussion

The Mossbauer spectrum measured at room tempera-
ture was fitted by two doublets with the same values of
width of the Lorentzian lines (D(1), D(2)). The result
of the best fit is shown in Fig. 1 by the thick line, while
parameters of the two components are listed in
Table 1. The ratio of the areas of the two doublets is
close to four, consistent with the assumption that doublet
D(1) is created by 8 Fe atoms at 84 and 8 Fe atoms at 4c

Intesity [arb.unit]

15 1.0 0.5 0.0 0.5 1.0 1.5
velocity [mmy/s]

Fig. 1. Mossbauer spectrum measured at room temperature.

Table 1. The hyperfine parameters obtained from the
spectrum measured at room temperature (eQ — electric
quadrupole moment, V,, — z component of electric field
gradient, IS — isomer shift, / — intensities of the components
and T, — full width of the Lorentzian lines at half maximum.
The width of the source was determined from calibration
experiment I'; = 0.17 mm/s)

leQV./2] IS I r

[mm/s] [mm/s] [%] [mm/s]
D(1) 054%001 -006%001 84=4 0.0 =001
D(2) 044=002 011=001 16=4 0.10 + 001

sites, while D(2) doublet is created by 4 Fe atoms at
4c site. The difference in the isomer shift (IS) between
D(2) and D(1) doublets is 0.18 mm/s. Because the Sn
atoms located in the nearest neighborhood (NN) of Fe
increase its IS [1], one may conclude that D(2) doublet
results from the Fe2 site only, which has three Sn atoms,
and being their NN located at distances ranging
between 2.61-2.93 A [3].

Despite four different local Fe sites in the unit cell,
the room temperature spectra can be precisely fitted
by two doublets only (see Fig. 1). The absorption lines
are not broadened (their widths are equal to the widths
of the lines in calibration spectrum of a-Fe). We thus
conclude that hyperfine interactions for the Fel, Fe3
and Fe4 sites, which differ in local symmetry, result in
the single doublet D(1).

The Mossbauer spectrum measured at 7 = 13 K is
shown in Fig. 2. The shape of spectrum can be fitted by
a sum of four magnetic components S(n) (n = 1,2,3,4)
and a single doublet (D), all with very sharp lines (T, =
0.13 = 0.01 mm/s). Thick lines in Fig. 2 represent the
best fit. The parameters obtained from the fit are
presented in Table 2. Because the population of Fe at
the 8d sites should be twice larger than that of Fe at each
of remaining sites, one concludes that the most intense
component S(1) corresponds to the Fel site. It was
observed in U-Fe-Al [7] and in Fe-Sn [6] alloys that
hyperfine magnetic field (HMF) of Fe increases with
a number of Fe N.N. Assuming similar behavior in the
studied compound one concludes that S(2), S(3) and

intensity [arb.unit]

T=13K

UFe Sn

velocity [mm/s]

Fig. 2. Mossbauer spectrum measured at 7 = 13 K.
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Table 2. The hyperfine parameters obtained from the spectrum measured at 7 = 13 K for different local surroundings (eQ —
electric quadrupole moment, V,, —z component of electric field gradient, HMF — hyperfine magnetic field, / — intensities of the

components)

S(1) S(4) S(3) S(2) D
IS [mm/s] 0.104 = 0.005 0.094 = 0.005 0.01 = 0.03 0.23 = 0.02 0.02 = 0.02
eQV,/2 [mmjs] 0.46 = 0.02 ~0.63 = 0.05 0.49 £ 0.10 0.56 = 0.05 0.59 + 0.04
HMF [T] 13.4 = 0.2 14.6 = 0.2 13.0 =03 79 £0.2
1 (%] 36 +2 2+2 20 + 4 19+4 3+4
S(4) comes from Fe2, Fe3 and Fe4 sites, respectively, References
which is consistent with [3].
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doublet D observed at low temperature is twice smaller shifts and their relation to charge transfer in dilute Fe
than that of the sextet (HMF = 2T) [3]. The origin of alloys. Phys Rev Lett 56:2407-2410
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Comparison of hyperfine parameters obtained here astings JB (1994) Temperature dependence of nuclear
. . forward scattering of synchrotron radiation in o->'Fe. Phys
indicates that value of IS of the doublet D is close to Rev B 50:5957-5961
that of S(3) component, which in turn indicates that 3 Goncalves AP, Godinho V, Noel H (2000) Synthesis,
this doublet may have Fe3 site origin, as st.lggested mn crystal structure, and magnetic properties of UFesSn. J
[3]. However, it is not clear, why part of Fe iron atoms, Solid State Chem 154:551-556
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The magnetic properties of iron oxide nanoparticles prepared by the
chemical decomposition of the iron chlorides with the ratio Fe®* /Fe** = 2.25
were studied by means of transmission electron microscopy, X-ray diffraction
and Mossbauer spectroscopy in- and without external magnetic field. The
transmission electron microscopy studies show that the nanoparticles have
spherical shape with diameter about 13 nm. The transmission electron mi-
croscopy and X-ray diffraction patterns are composed of lines that could be
indexed within the cubic spinel structure. The room temperature Mossbauer
spectrum shows the coexistence of the broad magnetically split part and su-
perparamagnetic doublet. The in-field M&ssbauer measurements carried out
in the temperature range from room temperature down to 13 K show a
gradual increase in the spin canting on the surface of the nanoparticles and
decrease in the intensity of the superparamagnetic doublet. The sample was
subjected to annealing process performed at elevated temperature in air at-
mosphere in order to change the microstructure of the nanoparticles and in
consequence to change the magnetic properties of the sample. The anneal-
ing process leads to the decrease in the value of quadrupole splitting of the
superparamagnetic doublets.

PACS numbers: 76.80.+y, 61.46.Df, 75.75.+a

1. Introduction

The magnetic nanoparticles are of great interest because of their novel prop-
erties, which differ considerably from that observed ones in the bulk materials [1].

(1615)
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The few nanometer size causes that the surface effects strongly influence magnetic
properties of the nanoparticles. The fundamental mechanisms that govern their
behavior are connected with single particle properties and collective interparticles
interactions. It was reported that the low symmetry of the surface atoms and
possible distribution of interior defects and/or microstructure can lead to the spin
canting [2, 3]. Moreover, the interparticle interaction can lead to suppression of
the superparamagnetic relaxation and may result in spin-glass-like ordered state
at low temperatures [4, 5]. The interparticle interactions have been proposed to
stabilize the magnetic order both at the nanoparticle’s core and surface [6].

The aim of this work was to investigate the behavior of magnetic moments
of iron atoms with decrease in temperature and an impact of the annealing process
on the microstructure and in consequence on the hyperfine parameters of the iron
oxide nanoparticles. The thermal annealing in air can lead to the transformation
from magnetite — maghemite to hematite microstructure of the outer parts of
iron oxide nanoparticles which should lead to a change of the magnetic properties
— stabilization of the magnetic order of the interior nanoparticles in particular.
It is expected that the gradual annealing process should influence the surface first
and then the core of the nanoparticles.

2. Experiment

The iron oxide nanoparticles were synthesized following main steps from
Massart’s methods [7]. The particle production is divided into two main proce-
dures. Initially the chlorides are hydrolyzed to certain hydroxides. The reaction
takes place in two separated flasks. In the second step, the condensation occurs
where the reagents are mixed in one bottle at elevated temperature up to 85—
90°C. In the meantime the surfactant such as tetrabutyloammonium hydroxide
(TBAOH) is added to the solution. The nanoparticles extracted from solution
were characterized by low- and high-resolution electron diffraction (TEM), X-ray
diffraction (XRD) and Méssbauer spectroscopy in- and without external magnetic
field. Transmission electron micrographs were taken out on a JEM 3010 micro-
scope. The Mossbauer spectra were obtained using the equipment with a conven-
tional constant acceleration mode spectrometer with a °”Co source in chromium
matrix. The reference spectra were obtained on a-Fe foil at room temperature.
In-field measurements were taken with the use of external magnetic field of 1.3 T
and 1 T parallel to the y-ray direction. Low temperature measurements were
carried out with the use of closed cycle refrigerator equipped with antivibrational
shroud.

The powder sample was mixed with boron nitride and epoxy glue to obtain
homogeneous tablets. The specimens were annealed in air atmosphere at temper-
ature 423 K for 2 h. The procedure was repeated twice.
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3. Results and discussion

The TEM images of the as prepared sample are shown in Fig. 1. The particles
are roughly spherical and agglomerated. The distribution of the diameters is
presented in Fig. 2. The estimated average size of the particles is (12.8 £ 1.5) nm.
The high resolution picture presents clearly that the particles’ cores are single
crystalline. The shell of the particles is not separated. The electron diffraction
patterns shows (220), (311), (400), (422), (511) and (440) rings originating from
the magnetite (Fe3O4) and/or maghemite (y-FeaO3) structures since the positions
of the diffraction patterns are almost the same in both of them [8]. The obtained
ring pattern does not show any additional reflexes (rings) which could be associated
with a-FesO3 or other oxides. Small amount of crystalline organic ingredients
connected with surfactant is also noticed. These results were confirmed by X-ray
experiment.

Fig. 1. TEM images and electron diffraction pattern of the sample.

number of nanoparticles

8 9 10 " 12 13 14 15 16 17 18
diameter [nm]

Fig. 2. Particles size distribution obtained from TEM images.
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The Mossbauer spectra measured in- and without external field at room tem-
perature are presented in Fig. 3. As one can see, the spectrum measured without
external magnetic field consists of broad magnetic part and a doublet. The pres-
ence of the doublet which could be due to some superparamagnetic relaxation is
rather surprising. For such materials like magnetite and maghemite which crystal-
lize in regular structure, the superparamagnetic relaxation should be rather seen
as a single line than doublets — the situation known from the measurements on
bulk magnetite above T [9]. The superparamagnetic relaxation often observed
in nanoparticles is related to the particles’ size. Alternatively, one can explain
the presence of superparamagnetic doublet as showing that remarkable part of Fe
atoms is located in the region of the nanoparticle surface and because of broken
cubic symmetry these atoms are exposed to nonzero electric field gradient.

RT B=0T

transmission

velocity [mm/s]

Fig. 3. The Méssbauer spectra measured at room temperature (RT) in- and without

external magnetic field parallel to gamma beam.

The in-field measurements show that the magnetic part of spectra is well
resolved and individual components can be extracted. Moreover, the lines 2 and 5
disappear which means that the hyperfine fields are oriented along gamma beam
direction. The spectra were fitted using four sextets and one doublet. These two
sextets come from the iron atoms at A and B positions connected with two different
iron positions in magnetite, one sextet which comes from iron in maghemite and
one broad sextet connected with superparamagnetic relaxation processes. The
relative intensity of the doublet is (37 £ 4)% of the spectra and within the ex-
perimental accuracy does not change for in- and without external magnetic field
measurements. Assuming that the outer layer is solely responsible for the pres-
ence of the doublets, one can estimate that the thickness of this layer must be
(2.0 £ 0.5) nm. This value is over twice larger than the lattice parameter for
maghemite which for nanoparticles varies from 0.833 to 0.838 nm [10].
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The Mossbauer spectra measured in the temperature range 300 K down to
13 K are presented in Fig. 4. Two main features follow from inspection of the
observed spectral shapes. The quadrupole components decrease and disappear at
T = 50 K and the gradual increase in the intensities connected with the lines 2
and 5 is observed when the temperature decreases. This can be interpreted as
suppression of the superparamagnetic relaxation processes and formation of the
static disordered spin structure. This confirms that the doublet is connected with
the atoms located at the outer part of the particle. The gradual increase in the
intensities of the lines 2 and 5 with decrease in the temperature were observed
in maghemite nanoparticles (7 nm) in the work [11] and interpreted as strongly
canted iron magnetic moments from B-sites ions.

T=295K B=0T
T=295K B=1.3T

transmission

-10 -5 0 5 10
velocity [mm/s]

Fig. 4. The Mossbauer spectra measured at temperature range 13 K to RT.

The Mossbauer spectra measured at room temperature for sample sub-
jected to different annealing process are presented in Fig. 5. The intensities of
the superparamagnetic doublets decrease with increase in the annealing time.
Moreover, the results show that value of the quadrupole splitting decreases from
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transmission

0 10
velocity [mm/s]

Fig. 5. The room temperature Mossbauer spectra measured for samples subjected to

different annealing processes.

(0.65 + 0.03) mm/s for as prepared sample to (0.37 £+ 0.04) mm/s for sample an-
nealed for 2 h. Further annealing does not change the value. The decrease in
quadrupole splitting can be caused by a change of the outer layer morphology or
by coating the particles by hematite. The small components of the hematite were
detected in the in-field Mossbauer spectra of the sample subjected to 4 h anneal-
ing. We cannot exclude a possibility of surfactant decomposition resulting in an
increase in dipolar interaction between the particles.

4. Conclusions

TEM measurements, X-ray diffraction and Mossbauer spectroscopy show
that using the chemical wet method the magnetite/maghemite iron oxide nanopar-
ticles with the size of (12.8 £ 1.5) nm were produced. The Méssbauer spectra at
room temperature consist of the superparamagnetic doublet and the magnetic
part. The applied external magnetic field exerts strong influence on the mag-
netic part of the spectra and does not change the superparamagnetic part. The
Mossbauer measurements carried out in the temperature from room temperature
down to 13 K show gradual suppression of the superparamagnetic component and
formation of static spin disordered structure. The procedure of annealing of the
nanoparticles in air leads to the change of the value of the quadrupole interaction
of the iron atoms in the outer layer of the nanoparticles and partially suppression
of the superparamagnetic phenomenon.
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A method for Mossbauer data treatment is proposed for texture-free samples. Parameters of hyperfine
interactions, Debye temperature, temperature dependence of the electric-field gradient components, site occu-
pancies, and magnetic moments of the ground state are measured for UFesSn. Spin reorientation is evidenced
and anomalous temperature dependence of magnetic moments at specific sites is revealed. The presented
results do not contain full information about parameters of hyperfine interactions but are free of ambiguity
typical for 3/2—-1/2 nuclear-spin transitions because only experimentally available information is being consid-
ered. It is proven that the presented method could be easily employed with the help of widely used standard

Mossbauer packages when some constraints are applied.

DOI: 10.1103/PhysRevB.78.014411

I. INTRODUCTION

It was recognized already in the 1960’s that details of the
hyperfine structure cannot be unambiguously determined
from the Mossbauer spectrum of a randomly oriented, thin
absorber in which mixed interactions (e.g., magnetic dipole
and electric quadrupole) are present.! This limitation applies
even to the simplest case of a single site and is called the
ambiguity problem.”” Application of the external magnetic
field,® use of single crystals,” or polarimetric methods®® are
helpful issues in the complete determination of the hyperfine
interactions. More serious problem arise when many sites are
present or when distribution of hyperfine interactions causes
an overlap of the absorption lines.'%!!

Although the randomly oriented absorber information ob-
tained by Mossbauer spectroscopic methods is poorer than in
the case of using single crystals, obviously the availability of
powders and difficulties in some single-crystal growth make
the use of powdered absorbers still highly desirable. Thus,
the ambiguity problem has to be properly treated. This paper
demonstrates an effective method of Mossbauer data treat-
ment, applied to the particular case of a UFesSn intermetallic
alloy. An additional advantage of the presented method stems
from the possibility of using (under proposed interpretation)
the results obtained by standard Mossbauer packages
equipped in full Hamiltonian formalism.

This paper is organized as follows. We present exact, ex-
plicit solutions for the positions and amplitudes of absorption
lines in the case of 3/2—-1/2 mixed transitions. Next, it is
shown how to obtain a set of all possible hyperfine param-
eters, which realizes the specific absorption spectrum. The
shape of the spectrum is given by a set of invariants. Then
we show how to find the set and how to easily find its rep-
resentation by the parameters of hyperfine interactions. Fi-
nally, the method is applied to the analysis of experimental
data of UFesSn. Spin reorientation in this compound is
clearly evidenced by a discontinuity in the temperature de-
pendence of invariants.

1098-0121/2008/78(1)/014411(10)
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II. INVARIANTS IN THE CONTEXT OF THE
AMBIGUITY PROBLEM

Line positions in the Mdssbauer spectra are calculated by
diagonalization of the spin-Hamiltonian matrix, while line
amplitudes are given by a product of the eigenstates.!? Since
one has to deal with 4 X 4 matrices, the discussion of the spin
Hamiltonian of the eigenvalues and thus line intensities is
rather difficult for spin 3/2. We have shown in Ref. 13 that
the concept of the intensity tensor'*~!” leads to the line in-
tensities, which are given explicitly by scalars S, S;, and S,,
constructed from the electric-field-gradient (EFG) tensor V
and hyperfine magnetic-field (hmf) pseudovector B:

So=a\Tr V2,

S1=amT-V~m,

S,=a\m’-V*-m, (1)
where
a=eQclE, (2)

is the proportionality constant between EFG components [in
(V/m?) SI units] and invariants expressed conveniently for
applications in (mm/s). Q is the nuclear quadrupole moment,
e is the elementary charge, ¢ is the speed of light, and E, I
the energy between the ground and the excited state
(=14.4 keV). In Eq. (1), m=B/B (B is the modulus of B) is
the unit vector parallel to B.

The invariants So, S;, and S, (or Tr V2, m"Vim, and
m"V?m) have a clear physical interpretation. In Eq. (1),
67"2S, appears to be equal to aV,.(1+7%?/3)"?/2 and would
be just a separation between /,=3/2 nuclear sublevels when
the hmf is zero, or would be a separation between the ab-
sorption lines in the paramagnetic state. The asymmetry pa-
rameter 7 has the common meaning, i.e., defined by the di-
agonal components of the V:5=(V,,~V,,)/ V.. The diagonal
components V;; are chosen so that |V,,|=|V, |=|V_], result-
ingin 0=7n=1.

©2008 The American Physical Society
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m!Vm is the component of the EFG tensor V in the di-
rection of the hmf, and its sign may be positive or negative.
The average value of m”Vim [when m is randomly oriented
in the principal-axis system (PAS) of the V] is zero.'® S, is
proportional to the shift of the absorption lines 2, 3, 4, 5 with
respect to the 1 and 6 in the Zeeman sextet caused by a small
quadrupole interaction in the first-order approximation.'®

The invariant m”V?m is the component of the V? in
the direction of the hmf, V2(1-7)*/4=m"V*m =<V, It also
shows the length of Vm. Indeed, m"V?*m=(Vm)-(Vm). Some
additional properties of invariants [Eq. (1)] are given in the
Appendix. Finally, it should be noted that the choice of the
invariants [Eq. (1)] is not unique.

Some results from Ref. 13 are essential to the present
considerations, and are recalled as follows. The secular equa-
tion for the eigenvalues E of the excited /,=3/2 state is

AN+ pAN2+gh+7r=0,

N=2E/v, (3)

where vp=g3;puyBc/E,, is the Zeeman splitting between
1,=3/2 sublevels expressed in velocity units, wy is the
nuclear magneton, and gz, is the nuclear g-factor of the
excited state. The coefficients p, g, and r are

1
p=-10- 5(50/03)2,

q:—SSl/UB,

1
r=7(p+4) - 4(Sy/vp)”. )
The absorption line intensity for a randomly oriented ab-
sorber in the case of a 3/2 — 1/2 magnetic dipolar transition
is proportional to the trace of the intensity tensor I, and the
explicit form is (Ref. 13)

3 40ONZ—dgh + (p+4)(p+16)—4r
Tr Ip==+f 3 .
8 16(4N2 +2pN,+ q)

)

The index B= =1 corresponds to two ground states, while
four eigenvalues A\, are roots of secular Eq. (3).

The explicit form of the roots can be found in Ref. 18.
The line positions v,z (expressed conveniently in the veloc-
ity units) are

Vo= (No— B81/2/832)V5/2, (6)

where gy, is the nuclear g-factor of the ground state.

The results [Egs. (1), (5), and (6)], fully determining the
absorption line positions and intensities, depend on four in-
variants only: B, Sy, S|, and S,, while there are five indepen-
dent hyperfine parameters: B, 6, ¢, V., and 7, where 6 and ¢
are polar and azimuthal angles of the B vector in PAS of the
V tensor.

It would be helpful to consider a typical example (for
instance, assuming no accidental relations between param-
eters), which illustrates the ambiguity problem. Let us take
eQCsz/Eg:_2 mm/s, B= |eQsz/(4g3/21uN)|(=7364 . T),

PHYSICAL REVIEW B 78, 014411 (2008)

o -

transmission [arb. units]

2 1 0 1 2
velocity [mm/s]

g Y
C
no R n [ )
1 2152 0.278 0.588 0.000
2 1.887 1.000 0.455 1.047
3 -1.887 1.000 1.181 1.331
4 -1.947 0872 1171 1.571

FIG. 1. (a) Simulated M&ssbauer absorption spectrum for hyper-
fine field B=|eQV../(4g3my)| (=7.3641 T), and invariants Sy, S},
and S, (1) equal to (57/8)"2, =5/4, (217/64)"? (all in mm/s), re-
spectively. (b) Thick lines drawn on part of the unit sphere show
possible values of the polar # and azimuthal ¢ angles of the B
vector in the principal axes system of the electric-field-gradient ten-
sor V. At some points marked by numbers 1, 2, 3, 4, (c) values of
the main diagonal component V., [R=eQV../(2g351y. see text af-
ter Egs. (1) and (3) for explanation of the symbols], the asymmetry
parameter 7 and angles 6 and ¢ are given in the table. For all points
located on the thick lines, the values of the invariants do not
change. This means that the spectrum shown in (a) remains
unchanged.

n=3/4, 0=m/6, and p=m/4. So, Sy, S|, and S, invariants
[Eq. (1)] are equal to (57/8)"2, =5/4, (217/64)"2 (all in
mm/s), respectively. The line positions [Eq. (6)] and intensi-
ties [Eq. (5)] as well as the absorption spectrum are shown in
Fig. 1(a). In Fig. 1(b), as thick lines, we show all possible
values of the V_,,», 6, and ¢ for which the invariants S, S,
and S, and thus the spectrum remains unchanged. For clarity,
only 0=6=m7/2 and 0=¢@=m/2 are shown in Fig. 1(b).
Other values, such as V_, 7, 6, and ¢, can be obtained by
mirror reflections with respect to the xy, xz, and yz planes in
the PAS of the V tensor. Some numerical values, such as V_,
7, 6, and o, are given in Fig. 1(c).

Two important specific cases (e.g., for special choice of
the hyperfine parameters) have to be mentioned. (i) If %=0,

014411-2
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the problem has axial symmetry, and thus, in Fig. 1(b), there
are additional circles (#=const, 0=¢@=2m). (ii) If in the
considered case of axial symmetry the angle # is a magic
angle, i.e., cos 0=3"12, all invariants [Eq. (1)] expressed by
(V.. 7,6, ¢) will not contain terms linear in V_, thus making
the determination of the sign of V_, impossible. In that case,

the pair of circles (for £V_.) would overlap in Fig. 1(b).

III. PRINCIPLES OF DATA TREATMENT BASED
ON THE INVARIANTS METHOD

Because line intensities and their positions are fully deter-
mined by four invariants: B, S, S, and S,, it is obvious that
only these values (or their functions) could be extracted if no
other information is available. Thus, it would be desirable to
have a method in which fitted or simulated parameters were
expressed in terms of B, Sy, S;, and S,. In principle, one can
construct such a routine based on Egs. (1), (5), and (6), how-
ever, we propose a more convenient solution. The observa-
tion is that the thick lines, which show possible values of ¢
and 6 [Fig. 1(b)] for constant values of B, S, S;, and S,,
always cross the meridian ¢=0 or ¢=m/2, or equator 6
=r/2. This is quite a general situation, which is shown in the
Appendix. Thus, one could use standard fitting packages,
which properly treat mixed interactions, and in order to find
hyperfine parameters describing the experimental data, one
must check all possibilities related to the main meridians and
the equator. By doing so, e.g., traveling on the main merid-
ians and the equator with the angles 6 and ¢, we are sure of
probing all possibilities of Sy, S;, and S, invariants (see the
Appendix for a mathematical proof).

IV. PROPERTY OF INTERMETALLIC UFesSn
COMPOUND

The intermetallic compound UFesSn, discovered by
Gongalves et al.,”® crystallizes in an orthorhombic
CeCusAu-type structure (space group Pnma). The unit cell
contains 4 U atoms located on the 4c site, 4 Sn atoms on 4c,
8 Fe atoms on 8d (Fel), and 12 Fe atoms on 4c (Fe2, Fe3,
and Fe4) sites.?” The relative populations of the iron atoms at
the four different sites fulfill the 2:1:1:1 ratio. The iron atoms
Fel and Fe3 have identical chemical nearest surroundings (3
uranium, 2 tin, 7 iron atoms), however, they differ by the
arrangement of atoms. The surroundings of Fe2 and Fe4 are
(3 uranium, 3 tin, 5 iron atoms) and (3 uranium, 1 tin, 8 iron
atoms), respectively. According to magnetization data per-
formed on a powder sample, UFesSn shows a weak ferro-
magnetic behavior at room temperature and undergoes two
magnetic transitions at 248 and 180 K.?° The latter transition
was reported to be magnetic-field dependent and disappears
for B.,>1 T. It was reported also that the magnetization
below 248 K strongly increases with decreasing temperature.
More precise experiments on a single crystal’! have revealed
that the transition at 248 K is associated with the ferromag-
netic ordering of iron magnetic moments along the ¢ axis,
while anomalies observed at 180 K are associated with re-
orientation of Fe moments toward the b axis. This conclusion
was deduced partially from Mossbauer measurements. How-
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ever, in our opinion, a more exact description of the UFesSn
spectra can be obtained by using the mixed hyperfine inter-
actions instead of the first-order perturbation theory pre-
sented in Ref. 21. Since the electric quadrupolar interactions
are not small with respect to the magnetic dipolar ones, the
full Hamiltonian should be used for a correct description of
the Mossbauer spectra.

An important initial step in the analysis involves the de-
termination of the temperature behavior of parameters of hy-
perfine interactions expressed by invariants, which may de-
scribe properly the experimental Mossbauer spectrum.

V. SAMPLE PREPARATION

A single crystal of UFesSn was grown by the Czochralski
method. The sample characterization is given elsewhere.”
The powdered sample studied in this work was made by
crushing part of a large single crystal, and the obtained pow-
der was mixed with both Li,CO; and epoxy glue. Such a
preparation ensures the random distribution of the grains,
resulting in a texture-free sample. The sample thickness used

in our experiment was 12 mg UFesSn per cm?.

VI. MOSSBAUER MEASUREMENTS AND QUALITATIVE
DESCRIPTION OF THE SPECTRA

Mossbauer measurements at various temperatures were
carried out in a closed-cycle refrigerator equipped with an
antivibration shroud. The source of radiation was >’Co in a
Cr matrix. The velocity scale was calibrated with respect to
a-Fe at room temperature.

All spectra were analyzed initially by a commercial Moss-
bauer package “Normos” using a transmission integral.”® Re-
coilless fraction of Fe atoms in UFesSn was assumed to be
the same as in a-Fe.>* The resulting values of the effective
thickness of the absorber extrapolated to 7=0 was estimated
to be 7=2.41=0.11.

The Mossbauer spectrum measured at room temperature
was fitted using two doublets with the same values of the
width of the Lorentzian lines [D(1),D(2)], shown on the top
of Fig. 2. The ratio of the areas of these two doublets is close
to four, consistent with an assumption that a stronger doublet
D(1) is created by 8 Fe atoms at 84 and by 8 Fe atoms at 4¢
sites, while the D(2) doublet is created by 4 Fe atoms at the
4c site. The difference of the isomer shift (IS) between the
D(2) and D(1) doublets is 0.18 mm/s. Because the Sn atoms
located in the nearest neighborhood (NN) of Fe should in-
crease its IS,> the D(2) doublet must be ascribed uniquely to
the Fe2 site, which has three Sn atoms in the NN shell; NNs
are located at distances ranging from 2.61 to 2.93 A .20 How-
ever, the overall situation may be more complicated. In par-
ticular, the Fe4 site has only one atom Sn in NN, with an
interatomic distance of 2.77 1&, and no extra doublet con-
nected with this site is resolved in the measured spectrum.
The absorption lines are almost not broadened (their widths
are almost equal to the widths of the lines in the calibration
spectrum of a-Fe). It is puzzling that three different sites
(Fel, Fe3, and Fe4) could be fitted by a single doublet. We
will show in Sec. VII that some reasonable assumption about
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FIG. 2. Selected Mossbauer spectra taken at different tempera-
tures. Solid lines represent the best simultaneous fit described in
Sec. VIIL

temperature dependences of hyperfine interactions leads to
the conclusion that these three sites have in fact slightly dif-
ferent parameters of hyperfine interactions, and the proposed
method of invariants allows us to derive these parameters.

The selected MOssbauer spectra measured in the tempera-
ture range 13-295 K are presented in Fig. 2. The spectra
from room temperature down to 250 K contain doublets only.

At T=240 K, the spectrum starts to broaden, indicating
that from room temperature down to 240 K, the magnetic
hyperfine field is equal to zero and the iron ions are in the
paramagnetic state. The temperature where the broadening of
the doublet is observed corresponds well with the first tran-
sition temperature previously reported in the magnetization
measurements.”’ The spectra taken between 240 and 13 K
exhibit a complicated magnetically split pattern, whose be-
havior must be connected with the four different local iron
surroundings. The local values of the hmf gradually increase
with decreasing temperature.

VIL. RESULTS OF ANALYSIS WITH UNCONSTRAINED
INVARIANTS METHOD

An initial analysis of the magnetically split spectra mea-
sured at 13 K was done using a full Hamiltonian and fitting
four magnetic components S(n) (n=1,2,3,4), and one dou-
blet (D) located in the central part of spectra, all exhibiting
very sharp lines (the width of the lines connected with the
absorber is I',=0.13+0.01 mm/s). Each sextet was fitted as
described in Sec. III, and we were able to find the set of the
invariants, which describe well the measured spectrum. Be-
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cause the population of Fe at the 84 sites should be two times
larger than those of the remaining sites, one expects that the
most intense component S(1) corresponds to the Fel site.
Assuming that the hmf of Fe increases with the number of Fe
atoms in the NN, such as in the case of U-Fe-Al (Ref. 26)
and in Fe-Sn (Ref. 27) systems, one suspects that S(2), S(3),
and S(4) come from the Fe2, Fe3, and Fe4 sites, respectively.
This conjecture is consistent with that reported in Ref. 21
and agrees well with the identification of the NN surrounding
the small doublet observed in room-temperature data. How-
ever, in contrast to the previous results,”! the relative area
under the doublet D observed at low temperatures is two
times smaller than that of the sextet (B,;=2 T).2! Because
its relative area is small, the origin of this doublet is not clear
at present. Nevertheless, a comparison of the hyperfine pa-
rameters obtained here indicates that the value of IS for the
doublet D is close to that of the S(3) component, which in
turn implies that this doublet can be rather associated with
the Fe3 site. However, it is difficult to understand why part
of the iron atoms at the Fe3 site should be paramagnetic at
T=13 K. Therefore, it seems more likely that the considered
doublet results from a small fraction of Fe atoms located at
an antisite positions, U, or Sn atoms. Two additional features,
evidenced in the change in shapes of measured spectra,
should be noticed.

The first important feature is visible on the left-hand side
of the spectra measured at 13, 100, and 150 K shown in Fig.
2. The change in the first three lines located at velocities
-2.6, =2.2, and —-2.0 (mm/s,T=13 K) are attributed to the
Fe4, Fe3, and Fel surroundings. The visible sequence of the
intensities of respective lines at 7=13 K and 100 K is:
small, small, and large. If one looks at the spectrum obtained
at T=150 K, this sequence is different: small, large, and
small. This situation might occur if the hmf of the compo-
nent due to the Fe3 surrounding decreases much faster with
increasing temperature than the B, intensity of Fel and Fe4
sites.

The second feature visible in the change of spectral
shapes appears between 150 and 185 K. The singlelike line
seen in the central part of the spectra (at v=0.3 mm/s) at
185 K (Fig. 2) disappears at 150 K. Assuming that the EFG
in metals is rather slightly dependent on temperature, a
strong rearrangement of the line positions and the change in
intensities are then presumably associated with a strong
change of the direction of local magnetic moments in the
PAS of the EFG for at least one iron position.

VIII. RESULTS OF SIMULTANEOUS FITS WITH
CONSTRAINED INVARIANTS

Using invariants, we were able to find reasonably good
fits to the spectra measured at low temperatures, where many
absorption lines were narrow and relatively well separated.
At temperatures higher than 7=200 K, the spectra are
strongly collapsed and there is a little hope for their proper
decomposition. In this situation, we decided to fit simulta-
neously all measured spectra under some constraints stem-
ming from physics of the problem:

(i) The relative intensities of the local components were
kept constants for all spectra;
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TABLE I. The local invariants (67125,5,,S,), isomer shift (IS), and relative intensities extrapolated to
T=0 K. The last row shows the site occupancies resulting from the crystal structure.

PHYSICAL REVIEW B 78, 014411 (2008)

S(1) S(4) S(3) S(2) D

IS (mm/s) 0.113+0.005 0.078 = 0.005 0.052+0.03 0.23£0.01 0.08 £0.01
67128, (mm/s) 0.74 0.68 0.67 0.50 0.65

S, (mm/s) 0.8 -0.9 -0.5 0.52 —

S, (mm/s) 1.02 1.06 0.71 0.91 —
hmf (T) 13.3£0.2 149+0.2 13.1£0.3 8.1x0.2 0.0

I (%) 33+2 23+2 23+4 17*4 4+3
Lerysesir. (%) 40 20 20 20

(ii) the temperature behavior of the second-order Doppler
(SOD) shift was approximated by the Debye model with the
same value of the characteristic temperature for all iron sites;

(iii) the 7% law for the EFG components was assumed.
The experimental fact is that the temperature dependence of
the EFG in various noncubic metals is approximated reason-
ably well by V,(T)=V;;(0)(1-AT*?), which results from the
mean-square displacement of the host atoms.?®

The best results of simultaneous fit to all the spectra are
presented in Fig. 2 by solid lines for all performed tempera-
ture measurements. The measured spectra are described very
well although there are small misfits in the central part of
spectra. The hyperfine parameters extrapolated to 7=0 K are
presented in Table I. The values of hyperfine parameters of
the ground state presented can be directly compared with
electronic structure calculations. The behavior of the isomer

shift (and SOD shift) and hmf versus temperature are pre- 0.25 ———7— T T T T
sented in Figs. 3(a) and 3(b), respectively. As one can see, 020 L v, ]
the results of the IS can be divided into two groups. The \VW

surrounding of the Fe2 has clearly higher values of IS than @ 0151 w\'vw ]
those of the three remaining sites (Fel, Fe3, and Fe4). If one E ot0fp T v\ _
considers the composition the NN. thus one can conclude = :\‘\ . 1
that the increase in the IS of Fe2 sites is connected with a s 005r \A\'i‘:.\ . ]
higher number of Sn atoms in the NN. The Sn atoms as a NN g 0.00 |- ::: iz; Tl \:t‘;'\ i
increase the value of the IS observed in the Fe nuclei.”” In S 005 |—A—Fe3 ‘A\A:‘\' ]
spite of that, such an influence is not visible on the Fe4 - —o—Fed a \' -
atoms that have only one Sn atom in the NN. Moreover, in 00| #°D . ‘A

spite of similar composition of the NN, the IS for Fel and
Fe3 is different. It means that the IS depends not only on the 16 . . . . . .
composition of the NN but also on other factors, such as the 14 o i

symmetry and the local distances of the NN atoms. The De-
bye temperature that corresponds to the SOD shift shown in
Fig. 3(a) is equal to (301 =10) K for all types of surround-

where the second anomaly was observed.”’?! In addition,
one can see that the hmf of Fel and Fe4 have different values
at T=13 K, and they become almost equal to each other at
T=170 K.

The dependence of the local hyperfine field extrapolated
to 7=0 K on the number of iron atoms located in NN show
an almost linear relation between these two quantities. The
Fe atom in the NN increases the hmf by (2.3+0.2) T.

Let us estimate the local iron magnetic moments at the
ground state on the basis of the hmf extrapolated to T
=0 K. In order to do that, one has to estimate the coupling
constant between the hmf and iron magnetic moment on the
basis of neutron and Mossbauer results for a similar class of
compounds. One of the best choices is UFe4Alg, which crys-
tallizes in the tetragonal ThMn,-type structure and under-

0 50 100 150 200 250 300

E
o
ings, in agreement with the value previously obtained by g 8 '\v A\ \
Gongalves et al.>' The observed value is in the range typical 2 6r \ A '\ q
for so-called 151 uranium compounds, UCusAl (329 K) S 4F [—mrert TvaL,, e ]
(Ref. 29) and UCusSn (250 K).*° _% o[ [Ty Fe2 b WV\*\ ]
. [ | —A—Fe3 g |
The temperature dependence of the local hmf is presented ol | —e—Fea N
in Fig. 3(b). The onset of the nonzero hmf is visible slightly o . L
below 250 K, which agrees well with the temperature of the 0 50 100 150 200 250

first transition observed in the magnetization measurements.
Moreover, the unusual behavior of hmf of Fe3 is clearly
observed. Its hmf decreases apparently faster than the hmf of
the remaining components. The fastest decrease in the hmf
for Fe3 is observed when the temperature approaches 170 K,

temperature [K]

FIG. 3. The local isomer shift (a) and hyperfine magnetic field
(b) vs temperature. The points on the isomer shift are calculated
from the Debye model. The lines are guides to the eye.
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FIG. 4. Temperature dependence of invariants 628, S, S, for
different Fe sites. The lines in (b) and (c) are guides to the eye.

goes a transition to magnetic state at 7=155 K. The hmf of
the latter compound at 13 K equals 11 T and the iron mag-
netic moment inferred from neutron-diffraction measure-
ments is up.=1.04 wp.3! So in this case the coupling con-
stant is equal to 0.095 wp/T. Using this value, the estimated
local Fe magnetic moments in UFesSn are g, =1.27 wug,
Mpe2=0.76 up, pps=1.24 wup, and pup,=1.41 up. Based
on the value of the saturation magnetic moment per formula
unit extrapolated to 7=0 K and being equal to 5 uz,%° oc-
cupations of the local sites by iron atoms, and taking also the
assumption that the Fe moments are collinear, the uranium
atom would acquire a magnetic moment of uy=-0.79 wg.
In other words, the direction of the uranium magnetic mo-
ments becomes opposite to the direction of the iron magnetic
moments, as expected from the results given in Ref. 32.
The temperature dependence of invariants Sy, S;, and S,
are presented in Figs. 4(a)-4(c), respectively. The invariant
S, reflects a (1—A-T?) dependence assumed above. The
obtained value A=(3.0+0.1) X 107 K~*? confirms our as-
sumption about the lattice dynamics’ origin of the EFG tem-
perature dependence. Indeed, recent ab initio calculations
show that A is a positive constant in a range 1074-107> K3/
and in many cases reproduces well the temperature depen-
dence of the V_..>* Values of the S, parameter for different Fe
sites, similar to the IS, can be divided into two groups. The
values observed for Fe2 have smaller values compared to
those of the remaining sites. Moreover, the values for the
sites with the same average volumetric constraints Fel and
Fe3 show different values. It means that the value of the EFG
reflects the symmetry of local surroundings rather than the

PHYSICAL REVIEW B 78, 014411 (2008)

intensity [arb.unit]

15 10 -05 0.0 0.5 1.0 1.5
velocity [mm/s]

FIG. 5. The Mdssbauer spectra measured at room temperature in
the external magnetic field parallel to the gamma beam. The solid
thick lines in (a) represent the best simultaneous fits for the first
model from Sec. VIII. The solid thick lines in (b) and (c) represent
the best fit using fixed values of invariants obtained in the simulta-
neous fit and assuming 7=0 for all local iron sites. The experimen-
tal data for B=0 are the same as shown on the top of Fig. 2.

distances and composition of the NN. The use of constraints
for temperature dependence of some hyperfine parameters
allow us to show that the singlelike doublet in the room-
temperature spectrum, discussed in Sec. VI, should be con-
sidered as three components for Fel, Fe3, and Fe4 sites with
a similar value for parameter S, while this parameter for Fe2
differs clearly from those of the remaining Fe sites, as shown
in Fig. 5(a) and Table II.

The invariants S; and S,, which reflect an orientation of
the hmf pseudovector in the PAS of the EFG, show a clear
discontinuity around T=170 K for Fe3 sites [Figs. 4(b) and
4(c)]. This discontinuity is much more visible on the invari-
ant S, than for S;. This is correlated with a fast decrease in
the value of the hmf. The behavior of the S| invariant of Fe2
shows relatively high amplitudes of change and also a
change in the sign in the temperature range 170-200 K. The

TABLE II. Invariant 67128, and isomer shift (IS) from room-
temperature measurement.

67125, IS (mm/s)
S(1) 0.62 -0.031+0.005
S(2) 0.42 0.083 +0.005
S(3) 0.56 -0.092 +0.005
S(4) 0.57 -0.066 =+ 0.005
D 0.54 -0.059 =+ 0.005
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FIG. 6. The isomer shifts (a) and hyperfine magnetic fields (b)
vs temperature. The second-order Doppler shift was calculated
within the second model described in the text.

invariants for the remaining sites behave much more
smoothly, although even these for Fel show a decrease but in
the temperature between 150 and 170 K.

The invariants S; and S, can be determined only in the
temperature range for which the hmf is nonzero. Thus, the
increase of S; with a temperature for Fe4 at around T
=235 K is, in our opinion, connected with an analysis of
poorly resolved spectra and has no physical meaning. Since
the temperature dependences of S; and S, indicate a sudden
change around 7=170 K, one has to consider a possibility of
the phase transition and thus the change in the electronic
structure. We have performed simultaneous fits under an as-
sumption that is similar to that discussed at the beginning of
this section, where the possibility of the temperature discon-
tinuity in both the IS and EFG was allowed (in the vicinity of
T=170 K). This was made in such a way that for every Fe
surrounding a step function was used, e.g., for the center
shift (CS) of the components: CS=SOD(T)+IS for T
<170 K, while CS=SOD(T)+IS+dIS for T>170 K,
where SIS was an additional free parameter [see Fig. 6(a)].
Similarly, for the components of the EFG: V;(7)=V,;,(0)(1
—-A-T¥?) for T<170 K, while V(T)=[V;(0)+6V;](1
—A-T*?) for T>170 K, where 6V,; were additional free pa-
rameters, see Fig. 7(a). This model fits slightly better for all
the measured spectra, particularly in their central part. The
obtained results of the IS and hmf are presented in Figs. 6(a)
and 6(b), respectively. The behavior of the local hmf shows
practically the same picture as that in the first model. It

PHYSICAL REVIEW B 78, 014411 (2008)
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FIG. 7. Temperature dependence of invariants 6=/2S, S|, S, for
different Fe sites assuming the possibility of a transition at a tem-
perature of about 170 K. The lines are guides to the eye.

means that this parameter is not sensitive to the assumption
about discontinuity. On the other hand, the behavior of the
isomer shift [Fig. 6(a)] shows a distinct discontinuity for the
Fe3 site, while those for the remaining sites are disturbed
weakly. Within the scope of this model, the strong reduction
of the Fe3 hmf is presumably associated with the change in
the electronic structure, and also reflected in the IS at this
site.

The temperature dependence of the S, S|, and S, invari-
ants is presented in Figs. 7(a)-7(c), respectively. As one can
see, the possibility of the transition around 170 K is con-
nected with the discontinuity of the S, invariant clearly vis-
ible on all iron sites. For the Fe2 site the invariant decreases
crossing 170 K toward a higher temperature, while for the
remaining sites the invariants increase. The results obtained
for the invariants S; and S, do not differ much from the
results found within the first model. So, the conclusions are
the same as for the first model.

To recapitulate, the results presented above lead to the
following conclusions:

(i) The hmf on Fe3 sites decreases with increasing tem-
perature much faster than those on the remaining sites, and
the fastest change takes place at around 170 K.

(ii) The discontinuity in the temperature dependence of
the invariants S| and S, for the Fe3 sites is connected with a
change of orientation of the magnetic moments of Fe3 with
respect to the PAS.

(iii) The invariant S, reflects a (1—-A-T7%?) dependence
originating from lattice dynamics with the value A
=(3.0£0.1) X 107 K2
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(iv) The electronic structure of the studied compound may
change at around 170 K.

IX. IN EXTERNAL MAGNETIC-FIELD
ROOM-TEMPERATURE MEASUREMENTS

In order to get the iron local invariants in the paramag-
netic state, measurements in B.,=1 T and 1.3 T external
magnetic fields parallel to the gamma beam were carried out.
The measured spectra are presented in Figs. 5(b) and 5(c). As
one can see, the influence of the external magnetic field on
the shape of the spectra is rather small. The spectra were
analyzed according to the procedure given by Blaes et al.,**
where random distribution of the EFG and the fixed direction
of the hmf (B,,) induced by an external magnetic field have
been assumed. In principle, this kind of analysis can provide
information about the local asymmetry parameter as well as
the values of the local EFG. Unfortunately, because the ap-
plied field is too small with respect to the quadrupole inter-
actions, the spectra presented in Figs. 5(b) and 5(c) are not
well resolved, so the separation of these two quantities is a
difficult task. Future experiments in higher external fields are
needed in order to obtain these quantities. The solid thick
lines in Fig. 5 represent the fits with invariants obtained by
the method described in Sec. VII with the assumption of #
=0 for all iron local surroundings. It should be stressed that
only one free parameter, namely, the hmf, was used in the fit.
As one can see, the theoretical curves fit well to the experi-
mental points. However, the analysis reveals that the ob-
served hyperfine fields are 0.61 T and 0.38 T for B,
=1.3 T and 1 T, respectively. It means that the induced local
hmf’s are relatively large and directed antiparallel to the ap-
plied external field. This observation agrees well with the
results of magnetization measurements, where one could de-
tect a weak ferromagnetic component in the compound still
existing at room temperature, i.e., fairly far above T..

X. CONCLUSIONS

High quality texture-free absorbers, prepared from a pow-
dered UFesSn single crystal and the use of a constrained
invariant method, allowed us to interpret the shapes of the
Mossbauer spectra at different temperatures, in terms of the
contributions coming from separated Fe components. The
theoretical intensities agree very well with the site occupan-
cies resulting from the crystal structure. The presented
method of invariants, dedicated for texture-free samples,
may have potential application in material science and geol-
ogy, where powdered absorbers are widely used.

Parameters of hyperfine interactions including hmf, IS,
and invariants constructed from the EFG tensor and the hmf
pseudovector for the ground state of UFesSn were deter-
mined. These values could be directly compared with the
results of electronic band-structure calculations. The pro-
posed method of data treatment avoids any inconsistency
caused by an ambiguity problem, although the hyperfine in-
formation is still incomplete.

Mossbauer spectra of UFesSn measured at different tem-
peratures show that all iron ions in the compound are para-

PHYSICAL REVIEW B 78, 014411 (2008)

magnetic at room temperature. The measurements carried out
in the external magnetic field show that the hmf’s observed
on Fe nuclei are much smaller than those of an applied B.,;.

The temperature behavior of the hmf shows that the iron
atoms order magnetically at 7=250 K, indicating that the
transition is mainly due to the ordering of the iron magnetic
moments.

Our Mossbauer data imply that the transition observed in
the magnetization data at 7~ 180 K is associated with a
much faster decrease of hmf with temperature on Fe3 atoms
(as compared with the behavior of the other local hmfs), and
with the distinct change of the invariants S; and S, for Fe3,
and likely for Fe2 sites.

The analysis of Fe at different sites—the spectrum mea-
sured at 7=13 K—shows that the magnetic moments of Fe
at different sites are linearly correlated with the number of
NN iron atoms. Using a coupling constant derived from the
UFe,Alg compound,®! the contribution of the iron magnetic
moments to the spontaneous magnetization per formula unit
was found to be ©=5.79 up, and the magnetic moments of
uranium atoms are estimated to be —0.79 up, which are an-
tiparallel to the iron magnetic moments.
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APPENDIX
1. Lemma 1

Let V and m be a traceless, symmetric, real tensor, and a
unit vector, respectively (both in R3). Let us define p, ¢, and
r according to Egs. (1) and (4). Without losing generality, we
may assume that a=vg=1, because this results in simple
scaling of all components of V. There exists the traceless,
symmetric, real tensor §2 and the unit vector n for which
equalities Egs. (1) and (4) hold (upon replacement V— £2
and m—n) and n is perpendicular to one of the diagonal
directions of £2.

Proof

Without losing generality, we may choose n”=(100). We
will find an explicit form of the 2. Let us assume that the
diagonal direction is (001). Thus

Oy Qp 0
2=y Oy 0 , (A1)
then
nT' 2 -n= Qll’

T 2 2
n -0 'n=911+912921,
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Tr £22 =207, + 2035, +2Q,,Q5, + 20,0, (A2)

Thus, using definition (2) and solving Eq. (A2), four solu-
tions are obtained:

-9
O =—,
"7 16
1
Qp=Qy = = E\/64+4p(8 +p)—q* - 167,

1
0= lg = Vg® = 16p(32+p) + 64(r — 64)].  (A3)

Among these four solutions, there are two pairs. Each pair
has the same eigenvalues and the eigenvectors, which differ
by mirror reflection with respect to the xy, xz, or yz planes.
Thus, Eq. (A3) is an explicit expression for the traceless,
symmetric tensor £2. Equation (A3) is real only when the
expressions under square roots are not negative. Using ab-
breviations (1) and (4), these two conditions are equivalent
to

m'V:m—-m"-V-m)>=0, (A4)

m"-V-m)?+2Te V2—4m” - V?-m=0. (A5)

Inequality (A4) follows from the properties of the scalar
product. Indeed, for any two vectors @ and b, we have

a’b* = (a-b)*. (A6)

Let us take a=V-m, b=m. Inserting these a and b into Eq.
(A6), we get Eq. (A4). Inequality (A5) is valid for any trace-
less Hermitian matrix in R3, as a result of Lemma 2.
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2. Lemma 2

For a traceless, Hermitian matrix V in R? and a unit vector
m, the following inequality holds:

m"-V-m?+2TeVi—4m” - V?-m=0. (A7)

Proof

Without losing generality we may choose a coordination
system in which m will have only one nonzero coordinate,
e.g., m'=(1,0,0). In this system,

(mT. V.m):V“’
(m"-V2-m) = Vi + V,Vy + Vi3V,

Tr V2= Vi) + Vay+ Vig + 2(ViaVay + ViV + Vas V).
(A8)
Let us abbreviate:
F=m" - V-m)?+2Tr V> —4m” - V> m, (A9)
thus
F=Vi+2(Vi + Vi + Vig) + 4(ViaVoy + Vi3V + Vs Vi)
- 4("%1 +ViVor +Vi3Vy)

= (V3 + Viy) = Vi, +4V3Vis,. (A10)
For the traceless and Hermitian matrix
Vii==(Vyp+Vy) and VyV3p =0, (A11)
hence,
F=(Vyp=V33)* +4Vp3V3, = 0. (A12)
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Abstract A method for Mossbauer data treatment is proposed for texture-free
samples, easily obtained as powdered absorbers. Although the results of the analysis
do not contain full information about the parameters of hyperfine interactions,
they are free of ambiguity typical for 3/2-1/2 nuclear-spin transitions because only
experimentally available information is being considered. The method is particu-
larly useful in cases where mixed interactions, e.g. magnetic dipole and electric
quadrupole interactions are present. The method could be easily employed with
the help of widely used standard Mossbauer packages when some constraints are
applied. Advantages of the suggested procedure are illustrated on the example of
interpretation of the Mossbauer spectra of UFesSn alloy characterized by many
inequivalent sites of iron.

Keywords Data analysis - Methodology - Intermetallics -
Ambiguity problem - UFesSn

1 Introduction

The details of the hyperfine structure cannot be unambiguously determined from the
Maossbauer spectrum of a randomly oriented, thin absorber in which mixed interac-
tions e.g., magnetic dipole and electric quadrupole are present [1] and relates to the
so called ambiguity problem. The information obtained by Mdssbauer spectroscopic
methods for randomly oriented absorber is poorer than in the case of using single
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crystals. However availability of powders and difficulties with some single-crystal
growth make use of powdered absorbers still highly desirable. Thus, the ambiguity
problem has to be properly treated. The aim of the paper is a demonstration of
an effective method of Mossbauer data treatment. An unquestionable advantage
of the method stems from the possibility of using (under proposed interpretation)
the results obtained by standard Mdssbauer packages equipped in full Hamiltonian
formalism.

2 Mossbauer spectrum expressed by invariants

Line positions in the Mdossbauer spectra of texture free absorbers can be given
explicitly by invariants Sy, S, S, constructed from the electric field gradient (EFG)
tensor V and the hyperfine magnetic field (hmf) pseudovector B [2]:

So = av'TrV?,

Si=am’ -V -m, (1)
Sy =avm? - V> . m,

where
a=eQc/E, 2

is the proportionality constant between the EFG components (in [V/m?] ST units) and
the invariants expressed conveniently for applications in [mm/s]. Q is the nuclear
quadrupole moment, e is the elementary charge, c is the speed of light, E, is the
energy between the ground and the excited state, m = B/B.

The invariants Sy, S;, and S, have clear physical interpretation. In Eq. 1, 671/25,

appears to be equal to aV; (1 + n2/3)1/2/2 and would be just a separation between
I, = 3/2 nuclear sublevels when the Amf is zero. The S, is the component of the
EFG tensor V in the direction of the Amf. Its sign may be positive or negative and
S is proportional to the shift of the absorption lines 2, 3, 4, 5 with respect to the
lines 1 and 6 in the Zeeman sextet, caused by a small quadrupole interaction in the
first-order approximation. The square of invariant S, is the component of the V2 in
the direction of the Amf. S, is also the length of the vector Vm.
The secular equation for the eigenvalues E of the excited I, = 3/2 state is

A4+ pAl4gr+r=0, A=2E]/v, (3)
where v = g3/2/LNBc/ E, is the Zeeman splitting between I, = 3/2 sublevels ex-

pressed in velocity units, uy nuclear magneton, g3, nuclear g-factor of the excited
state. The coefficients p, g, and r are:

p=—10— é (So/V)zy
q=—85/v, (4)

1
r= Z(p+4)2—4(52/v)2.
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The absorption line intensity for a randomly oriented absorber in the case of a
3/2—1/2 magnetic dipolar transition is proportional to the trace of the intensity
tensor g [3]:

4012 —4ghy + (p +4) (p+ 16) — 4r
16 (423 +2pra +q)

3

The index B = £1 corresponds to two ground states, while four eigenvalues 1, are
roots of secular Eq. 3. The line positions v, (expressed conveniently in the velocity
units) are:

Vap = (ke — Bg1/2/832) v/2 (6)

where g1/, nuclear g-factor of the ground state.

The results (Egs. 1, 5 and 6) uniquely determining the absorption line positions
and intensities, depend on four invariants only: B, Sy, Si, S, while there are five
independent hyperfine parameters: B, 0, ¢, V.., and n, where 6, ¢ are polar and
azimuthal angles of the B vector in the principal axes system (PAS) of the V
tensor, 7 is the asymmetry parameter [1, 2]. Because the spectrum depends on only
four independent invariants, there is continuum of different values of hyperfine
parameters (B, 0, ¢, V,;, and n) resulting in the same shape of the Mdssbauer
spectrum. This is the cause of the aforementioned ambiguity.

3 Data treatment based on the invariants method

From previous paragraph it follows that the only information which can be extracted
unambiguously from the Mossbauer spectrum are the values of four invariants: B, Sy,
S and S, (or their functions). It was proved [3] that the commonly used parameters:
B, V.., n and properly constrained orientation of the B in the PAS of the EFG
guarantee correct determination of invariants (1).

The practical recipe for fitting of texture free absorber is as follows. One has to
use any Mossbauer package equipped in full Hamiltonian option and perform fit
with free parameters B, 0, ¢, V., n under the constraint: ¢ =0 or ¢ = /2 or 6 =
/2 (which is equivalent that the B is perpendicular to one of the main axis of the
PAS of the EFG). The parameters 6, ¢, V., and 5, have to be used for calculation of
invariants (1) with explicit form:

a|V,,| 1
Sy = 2+ =n?,
=% VT

v
S = a 2“ (3cos® 6 — 1 + 5 cos 2¢ sin® 6) . (7)

S, = %\/4— (3 —2ncos2¢ + ?) sin’ 0,

These invariants (and the hyperfine magnetic field B) are the physically valid
parameters, which can be extracted from the spectra of texture free absorbers. The
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Fig. 1 Selected Mdossbauer
spectra taken at different
temperatures. Solid lines
represent the best
simultaneous fit of the
components dependent

on the constrained invariants

transmission [arb.unit]

veloaity [mm/s]

invariants (1) can be compared with theoretical calculations in which all hyperfine
parameters, e.g. B, 0, ¢, V,, and n, are available.

4 Example of application: UFesSn studies

The UFesSn compound crystallizes in an orthorhombic CeCusAu-type structure
(space group Pnma) [4]. The unit cell contains 4 U atoms located on the 4c site,
4 Sn atoms on 4c, 8 Fe atoms on 8d (Fel), and 12 Fe atoms on 4c (Fe2, Fe3, and Fe4)
sites [4]. The relative populations of the iron atoms at the four different sites fulfil
the 2:1:1:1 ratio. According to magnetization data performed on a powder sample,
UFesSn shows a weak ferromagnetic behaviour at room temperature and undergoes
two magnetic transitions at 248 and 180 K [4]. Experiments on a single crystal [S] have
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revealed that the transition at 248 K is associated with the ferromagnetic ordering
of iron magnetic moments along the ¢ axis, while anomalies observed at 180 K
are associated with reorientation of Fe moments toward the b axis. The results of
Mossbauer measurements of UFesSn show apparent inconsistencies with first order
perturbation approximation [5], since the ratio of quadrupolar electric to dipolar
magnetic interaction is not a small parameter. Thus the full Hamiltonian has to be
used for proper analysis.

All spectra measured in the temperature range 13-295 K were fitted simultane-
ously under some constraints stemming from physics of the problem: (i) the relative
intensities of the local components were kept constants for all spectra; (ii) the
temperature behaviour of the second-order Doppler (SOD) shift was approximated
by the Debye model; (iii) the 73/? law for the EFG components was assumed [6].
Selected spectra and results of fits are shown in Fig. 1. The temperature dependence
of invariants Sy, S}, and S, are presented in Fig. 2. The invariant S, reflects assumed
(1 — A-T%?) dependence. The obtained value A = (3.0£0.1)- 10> K>/ agrees
with recent ab initio calculations [6].

The results of the isomer shift is shown in Fig. 3a. The Debye temperature that
corresponds to the SOD shift shown in Fig. 3a is equal to (301 &+ 10) K for all types
of surroundings, in agreement with the reported value [5].
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Fig. 3 The local isomer shift T T T T T T T
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The temperature dependence of the local imf is presented in Fig. 3b. The onset
of the nonzero hmf is visible slightly below 250 K, which agrees well with the
temperature of the first transition observed in the magnetization measurements.
Moreover, the unusual behaviour of imf of Fe3 is clearly observed. Its himf decreases
apparently faster than the hmf of the remaining components. The fastest decrease in
the hmf for Fe3 is observed when the temperature approaches 170 K, where the
second anomaly was observed [4, 5].

The relative fractions of Fel, Fe2, Fe3, Fed4 were 0.33 + 0.02, 0.23 4+ 0.02, 0.23 £+
0.04,0.17 £ 0.04, respectively, and agree very well with the site occupancies resulting
from the crystal structure (2:1:1:1).

The inherent ambiguity does not permit to perform fits using standard set of
parameters B, 0, ¢, V,;, and n, for each magnetic component. The use of the
constrained invariant method, allowed us to interpret the shapes of the Mdssbauer
spectra at different temperatures, in terms of the contributions coming from sepa-
rated Fe components. It can be stressed, that presented method is quite general, free
of ambiguity and may have potential applications in material science, biology and
geology, where powdered absorbers are widely used.
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Abstract

Determination of the Mdssbauer absorption cross section, o (E), and accurate reconstruction of
the hyperfine field distributions of the invar alloy, FeesNise, by the maximum entropy method
(MEM) is presented. The procedure consists of three steps: deconvolution of the Mdssbauer
spectra with the instrumental resolution function using MEM, nonlinear transformation of the
deconvoluted spectrum into o (E), and reconstruction of the hyperfine field distribution. In
order to test the procedure of the deconvolution and correction for thickness effect, several
simulated spectra with thickness parameter 1 < ¢ < 50 and different values of Lorentzian
FWHM of the source and absorber were analyzed. It is shown that the procedure of the
deconvolution and extraction of o (E) works well for spectra whose lines contain at least five
experimental points per FWHM. Reconstructed distributions of hyperfine field parameters,
based on the extracted Mossbauer cross section of the Fe—Ni invar alloy, measured with and
without application of an external magnetic field, are discussed. The reconstruction has been
made to test the earlier postulated non-collinear ferromagnetic state of invar without referring to
any specific model in the analysis of the Mossbauer results. It is shown that marginal
probability distribution of hyperfine magnetic field consists of the main maximum at about 28 T
and a broad tail extending down to 5 T. Observed isomer shift of the main maximum is small
and positive. The isomer shift decreases with magnetic field and attains negative values at the
lowest fields. It is shown that the magnetic texture parameter does not depend on the hyperfine
magnetic field. One thus concludes that in the invar Ni—Fe alloys, in contrast to some theoretical
predictions, there is no evidence for different arrangements of the iron magnetic moments as a

function of the magnetic hyperfine field.

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

1. Introduction

In Mossbauer spectroscopy, description of the Mossbauer
spectra by a set of Lorentzian absorption lines or a set of sextets
is the method most often used in their analysis. The method
assuming thin absorber approximation is the simplest one and
good enough to extract information attached uniquely to the

0953-8984/10/296005+09$30.00

velocity scale of the spectrum. However, information from the
line intensities contains systematic errors if effective thickness
exceeds unity, which is due to the nonlinear dependence of
the intensities on this parameter. Thus the analysis of the
Mossbauer spectra within the thin absorber approximation will
thus lead to systematic errors for thick samples. A number of
methods of reconstructing the hyperfine parameter distribution

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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from Mossbauer spectra have been reported so far [1-7].
However, general deficiency of these methods consists in
the need of postulating some correlations between hyperfine
parameters, for example linear dependence of the hyperfine
magnetic field and the isomer shift. The finite thickness of the
sample creates another problem in the proper interpretation of
the results.

One of the model-free methods for the analysis of
spectroscopic data is the maximum entropy method (MEM).
The MEM stems from the so-called Bayesian logics [8]
and was used to analyze many spectroscopic data [9-11].
The first successful reconstruction of the single parameter
distribution in Mossbauer spectroscopy was published in [12]
and then reconstructions of multi-dimensional hyperfine field
distribution were reported [13—15]. In order to use MEM
in a proper way one should make suitable choice of so-
called prior, which in the case of Mdssbauer measurements
is the distribution of hyperfine field, based on the available
information about the system under study. In order to use
MEM in an efficient way, one should build the prior containing
or at least closely resembling our knowledge about the system.

The discovery of the invar effect [16] has stimulated
many experimental and theoretical studies of this phenomenon.
According to most popular, so-called 2y -state models [17],
the invar can be explained by the existence of two states of
iron with different arrangement of the magnetic moments,
one state with high moments, high volume and ferromagnetic
order, and the second state with low moments and low
volume. In recent years, along with possibilities of ab initio
computation of the non-collinear spin alignments it was shown
that invar phenomena are connected with continuous transition
from ferromagnetic ordering of Fe spins for high volumes
to approximately uniform angular distribution of Fe spins
with slightly reduced local moment for low volumes [18].
In order to test such a hypothesis the neutron scattering
experiments on FegsNiss invar alloy with polarization analysis
of the incident and scattered beams have been made [19].
The results of this work suggest that the invar exhibits
collinear ferromagnetic arrangement of magnetic moments.
Mossbauer spectroscopy seems to be a powerful tool to study
this prediction because it is sensitive to the iron magnetic
hyperfine field (proportional to local Fe moment) distribution
and delivers information on different arrangements of the
iron magnetic moments through relative intensity of the lines
z = Is/ls = L/I;. In light of earlier results [20] iron
magnetic moments in the sample may have different values but
their ordering is the same. The measured Mossbauer spectra
with and without external magnetic field, as well as with a
circularly polarized gamma ray source, were analyzed [20]
assuming that P(B) is a superposition of three Gaussian
distributions with the following free parameters: average
hyperfine magnetic field, its standard deviation, and the relative
intensities and z parameter for each Gaussian distribution. The
conclusion concerning the possibility of different magnetic
states of iron follows from the obtained z values for individual
Gaussian shapes. Because the z value was the same for
all three components, the paper [20] claimed that there is
no evidence for different arrangements of magnetic moments
corresponding to observed magnetic hyperfine fields.

The goal of this paper is to check the validity of the
hyperfine field distribution obtained by us earlier for invar
Fe—Ni alloy [20], using much more elaborate techniques of
the interpretation of the measured spectra. The relation
between the magnetic hyperfine field and texture parameter
z, which indicates how the field is oriented with respect to
the gamma beam direction, is studied. The computer code
of MEM was developed to find a distribution P (B, ]IS, z)
(quadrupole splitting parameter QS = 0 mms~' for Fe-
Ni cubic structure) from the Mossbauer cross section. The
analysis of P(B, IS, z) obtained for Fe-Ni invar alloy confirms
our earlier conclusions [20] that there are no different iron
magnetic moment arrangements. The parameter z is shown
to be independent of the magnetic hyperfine field while
distribution of the latter is compared with the one found in [20].
Moreover, quite unexpected correlation between the isomer
shift (IS) and magnetic hyperfine field, B, was found.

After a brief description of the experiment, the paper
consists of three sections: (i) description of the method of
extraction of the Mossbauer absorption cross section from
the spectra of known thickness parameter, (ii) tests of the
deconvolution procedure by the MEM on the simulated
Mossbauer spectra and extraction of the Mdssbauer absorption
cross section from such spectra, (iii) application of the method
for extraction of the cross section and then reconstruction of the
hyperfine field distribution P (B, IS, z) for Fe-Ni invar alloy
measured with and without external magnetic field parallel to
the gamma ray direction.

2. Experimental details

The Mossbauer spectra of FegNisg foil with + = 2.35
were collected at room temperature on a conventional >’Co
spectrometer. The data were calibrated using iron foil at room
temperature. The line FWHM of the source I's which was used
in the deconvolution procedure was obtained from the analysis
of the Mossbauer spectrum of the iron foil ( = 3.03(2)) using
a transmission integral [21] with fixed natural line width of the
absorber I'; = 0.097 mm s~!. The measurements of the Fe—
Ni alloy in the external magnetic field parallel to the gamma
beam were carried out using permanent magnets with the field
B = 1 T. The principle of the maximum entropy code used in
the analysis of Mossbauer spectra was described in [13, 14].

3. Evaluation of the absorption cross section

Mossbauer spectrum in the transmission geometry and with an
infinitely thin source can be approximated by [21]:

Iy
S(V) = C<1 - fi+ fsg

o0
X / ;e—“’(” dE) (D)
oo (E=V)2+T2/4
C is a constant dependent on the geometry of the experiment
and electronic absorption in the sample and is proportional
to the accumulation time of the spectra and activity of the
source; f; is the recoilless fraction of the source; I'y the FWHM
of the Lorentzian distribution of the photons emitted by the
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source; V the Doppler shift between the source and absorber,
V = (v/c)E,; v the velocity of the source with respect to the
absorber; o (E) the absorption cross section of the absorber; ¢
the effective thickness of the absorber given by:

1 = 0y fan, @3]

where oy is the absorption cross section at resonance [21]; f,
the recoilless fraction of the 3”Fe in the absorber; n the number
of >’Fe atoms per unit area of the absorber.

o (E) is the absorption cross section proportional to the
sum of the Lorentzian lines:

_ & aiFaF0/4
b= ; (E— E? 124 &

with normalized intensities:

Ya=1, @)
i=1

or, in case of continuous distribution of the hyperfine

interactions:
o0
/ a(x)dx =1,

o0
%)
I'y is the natural width of the Mossbauer transition which is
equal to 0.097 mm s~ [22], T, is the FWHM of the absorption
line in the absorber which includes possible broadening of the
lines. Because of the normalization of the amplitudes, the cross
section is normalized:

/OC o(E)dE = HTFO. (6)

o0

[ a4
O(E)_/_oc (E—x)2+T2/4

The goal is to extract o (E) from the measured S(V)
spectra (1). The value of parameter 7 can be estimated from
the composition and Fe content per unit area of the sample
used in the experiment. Parameter C can be determined from
the experimental spectra as the number of counts far from the
resonance. In a real experiment, because of finite resolution
of the detector (usually proportional counter), parameter f
in (1) is influenced by nonresonant background and is smaller
than the Lamb-Mossbauer factor of the source [23]. Thus
in practice fs is a constant dependent on the experimental
conditions and has to be determined for each measurement.

Let us define Y*(x, I') as the deconvolution of Y (v) with
Lorentzian shape:

r (> 1
Y(v) = — ———Y*(x, " dx. 7
(v) an,oo(v—x)2+r2/4 (x, 1) (7
Function Y* is to be obtained from the deconvolution of ¥ and
can be expressed as a result of the linear operator Fr acting on
function Y:

Y*(x,T) = Fr[Y](x). )]

Let us define the normalized spectrum s(V') as:

s(V)y=1- @ 9)

where C is defined in (1). Normalized spectrum s(V) is
nonnegative and is proportional to 1/v? for velocities far from
the resonance. From equation (1) it is clear that the normalized
spectrum (9) is a convolution:

o0 1

s(V):fE/ —  (1—e""E)HdE
27 J_oo (E—V)24+T2/4 ’

(10)
which can be deconvoluted by operator Fr,:
—to(E) 1
l—e = —Fr [sI(E), an
Js
and finally
—1 1
o(E) = Tln(] — ?Frs[s](E)) (12)

The concept of the deconvolution of Mossbauer spectra
was suggested already in [24]. However, the procedure
was not widely used because of two problems: an unknown
value of f; and deconvolution of a function usually affected
by statistical noise. The first problem can be solved by
examining the normalization condition (6). Indeed, after a
single deconvolution of the normalized spectrum s(V') one
obtains the Fr [s](E) function and from the normalization
condition (6) applied to (12) one gets a nonlinear equation for
single unknown f;. For the second problem, a natural solution
is the use of the MEM [8] resulting in smooth and nonnegative
results. Summarizing, determination of the resonant cross
section from the data with statistical noise is performed in the
following steps:

e in the independent calibration experiment parameter I'g
is determined. In the case of pure, annealed, and thin
iron foil 'y = T, was assumed. The Iy value is usually
higher than I', because of broadening of the source which
depends on the commercial supplier. The broadening
caused by the spectrometer can also be included in [';

e the Mossbauer measurement S(V) is performed on the
absorber with thickness 7;

e the deconvolution Fr [s](E) is performed on the
normalized spectrum s(V') by the MEM;

e the numerical solution for x must satisfy the equation:

00 1 r,
f ln<l — —Fps[s](E)) dE = L.
oo x 2

e the resonant cross section is finally determined as (12)
with f; = x determined from (13).

13)

4. Mossbauer absorption cross section from the
simulated spectra

The first problem of the deconvolution in the presence of noise
is the non-uniqueness of the solution. One of the ways to solve
such a problem is the application of MEM in which the noise
is treated as an important part of information used. In order
to examine the usefulness of the MEM in the deconvolution
problem, some simulated Mdssbauer spectra (single line and
sextet in 256 channels) with different values of ' and I",, and
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Figure 1. The simulated spectra and Fr [s](E) function after MEM deconvolution. Solid lines represents the best fitting in a thin absorber

approximation.

thickness parameter in the range 2 < ¢t < 20 were produced
and subsequently analyzed.

As follows from equation (9), the spectrum of interest
presents a convolution of the real spectrum with the Lorentzian
function described by the width I's. The deconvolution
procedure delivers function Fr [s](E) which depends on the
cross section, the thickness parameter # and unknown constant
parameter fs which generally depends on the recoilless fraction
of the source and the efficiency of the gamma ray detector.

4.1. Problem of the number of channels per absorption line

In order to test the sensitivity of the deconvolution using the
MEM procedure to the sharpness of the spectrum, several
simulated magnetically split Mossbauer patterns with ¢t =
2, Ty = 0.15 mms~' (typical for >’Co source), and
different values I'y between 0.1 mms~' and 0.85 mms™'
were analyzed (I", includes possible broadening of the lines).
One should point out that the simulated spectrum with I'y =
0.1 mm s~! corresponds to the spectrum of the iron foil used
for calibration.

An example of simulated spectra with I'y = 0.4 mm s~
and ', = 0.1 mm s~ with added Gaussian noise are shown
in the upper part of figures 1(a) and (b), respectively. Next,
the simulated spectra were deconvoluted using MEM with flat
(ignorant) prior. The result of such a deconvolution is shown in
the bottom part of figures 1(a) and (b). As a rule, the Lagrange
parameter in the MEM procedure [25] was chosen so as to
obtain the X2 value close to one, where

1
X2 — Z ?(11 _ IireC)Z’

i 1

1

(14)

where /; and /;*° denote measured and reconstructed intensity
in the ith channel, and o; is the uncertainty of the measured
intensity.

The solid lines represent the best fits to Fr [s](E)
functions using a Lorentzian shape in the thin absorber
approximation. The obtained value for a broader spectrum,
I, = (0.40 & 0.02) mm s~', is in agreement with the value
used in the simulation while for a sharp spectrum I’y = (0.18+
0.02) mm s~ and is almost twice as large as the value used
in the simulation. It can be also noted that the shape of the
lines obtained after deconvolution is not Lorentzian, see inset
in figure 1(b).

The values of I'; used in the simulated spectra (full circles)
and I", obtained after deconvolution (open circles) are shown
in figure 2(a). The behavior of x? as a function of the number
of channels per FWHM, ie. ' = I, + I'5, is shown in
figure 2(b). As one can see, the I', used in the simulated spectra
is reproduced well, i.e. within the error bar, when I' is about
2.5 times broader than the FWHM of the resolution function.
In our experiment it means that the I should cover at least
five channels. The same conclusion can be inferred from the
behavior of x? (figure 2(b)) which suddenly increases for the
deconvolution performed for I' narrower than five channels.

4.2. Deconvolution and transformation to the absorption
cross section

The results of the deconvolution of the simulated spectra
indicated that the MEM can be successfully used for
deconvolution of the Mossbauer data, especially when the
hyperfine field distribution is broad, leading to the broadening
of absorption lines.

As it was shown using the MEM procedure for
deconvolution of the Mossbauer spectra, one can get function
Fr [s](E), equations (7) and (8), which depends on the
unknown parameter f; and thickness 7. In order to extract
the Mossbauer cross section one should numerically solve
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Figure 3. The simulated (a) cross section, (b) Mossbauer spectrum,
(c) deconvoluted spectrum, and (d) extracted cross section. The solid
lines represent the best fitting in the thin absorber approximation.

equation (13) with the known thickness parameter ¢ (see
equation (2)).

Let us test the procedure of extraction of the cross section
on the deconvoluted texture free spectrum of a thick absorber
for ¢ between 5 and 50. As an example, the simulated cross
section with I’ = 0.3 mms~' is shown in figure 3(a).
The simulated spectrum with I, = 0.3 mms™', Iy =
0.15 mm s~ !, and 7 = 10, deconvoluted functions using MEM
and extracted cross sections are shown in figures 3(b)—(d).
The solid lines in figures 3(b)—(d) represent the best fit in the
thin absorber approximation with fixed relative line intensities
Is1/143 = 3 expected for texture free thin absorbers. Because
of large thickness parameter # = 10, the simulated spectrum as
well as the deconvoluted function (figures 3(b) and (c)) cannot
be fitted well within the thin absorber approximation. The main

AN
“I } ]

20 L m -before procedure .
® -after procedure

2‘0;.........;;

0 10 20 30 40 50
thickness parameter

ratio of lines intensities of I, /1, ,

Figure 4. The line intensities ratio /| ¢/ /I3 4 obtained from simulated
spectra and from the cross sections within the framework of the thin
absorber approximation.

misfit is clearly seen on the lines 3 and 4 where simulated
lines are much deeper than theoretical ones. Under applied
nonlinear transformation, equation (12), the extracted cross
section is fitted well by a Zeeman sextet in the thin absorber
approximation (figure 3(d)). Such procedures were repeated
for simulated spectra with ¢ between 5 and 50. The results
of the line intensity ratio r = Ig /143 (r treated as a free
parameter in the fitting) as a function of thickness parameter
for simulated spectra and extracted cross sections are presented
in figure 4. As one can see, the r parameter decreases with
increasing ¢ for the simulated spectra while r is equal to three,
within the error bars, for all extracted cross sections. One
should stress that for a spectrum with ¢ = 50 the shapes of
the lines in the simulated spectrum are clearly not Lorentzian
while after the transformation equation (12) Lorentzian shape
in the extracted cross section is recovered.
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5. Reconstruction of the hyperfine field distribution
of the Fe-Ni invar alloy

The MEM was used for reconstruction of the hyperfine field
distribution P (B, IS, z) from the spectra measured for Ni-Fe
invar alloy with and without external magnetic field. The cross
sections were extracted and the primary goal was to check
whether different iron magnetic moment arrangements exist in
Fe—Ni.

Mossbauer spectra of Fe-Ni invar alloy measured in
external magnetic field parallel to the gamma beam, and in zero
magnetic field (figure 5(a)) and the extracted cross sections, are
shown in figure 5(b). The absorption lines in the Mdssbauer
spectra are broad enough, so there are many more than five
channels per FWHM. There is a clear change of intensities of
lines 2 and 5 in the cross sections (figure 5(b)) which means
that applied external magnetic field of 1 T causes substantial
iron magnetic moment rearrangement.

5.1. Prior construction

From the shape of the Mossbauer spectra one can infer that
there is hyperfine magnetic field distribution with the main

maximum at about 27.5 T (the velocities of the outer lines are
—4.5 and 4.5 mm s~!). The isomer shift was estimated to be
centered around 0.01 mm s~!. Therefore the prior P, (B, IS, z)
was chosen in the form of (see figure 6) a Gaussian peak, as a
smooth, symmetrical and the simplest shape, with B, = 27 T
and og = 45T, IS, = 0.0l mms~! and 015 = 0.1 mm s~!
and z, and o, = 0.3 according to the following expression

— 2 . 2
Pi.15.2) = exp - L Y exp (- LS
(o2

2
B
(z —20)°
X exp —T
Z

91s
where z, is the initial texture parameter and was estimated
directly from the measured spectra and equal to 1.0 and 2.8
for in-field and zero external magnetic field, respectively. Both
values arise from a brief inspection of the raw data.

s

15)

5.2. Reconstruction of the distributions

In order to analyze the reconstructed P (B, IS, z) distribution
the marginal probabilities were calculated according to the
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scheme:

P(B,1S) :/P(B,IS, z)dz (16)

P(B) :/P(B,IS,Z) dIS dz (17)

and a mean value of z as a function of magnetic hyperfine field

2(B) zsz(B,IS)dIS. (18)

The reconstructed marginal probability distributions P
(B, IS) for the in-field and without-field measurements are
presented in figure 7. The solid lines in figure 5(b) represent
the best fit to the cross sections using the MEM procedure. A
large peak centered at B about 28 T is seen in figure 8 for
reconstructions of both spectra, in external magnetic field and
in zero external field. The maximal probability for the isomer
shift when B is decreasing is pointing to descending values.
The observed IS is positive and small for the main maximum
in the distribution while isomer shifts exhibit negative values
at lower fields. This result indicates clearly the presence of
correlation between hyperfine field and isomer shift. This
correlation is consistent with observations of [26, 27] of
the average hyperfine magnetic field and isomer shift in the
concentration range of 60-70% of Fe in Fe-Ni alloys. An
increase of iron content leads to a decrease of both hyperfine
field and isomer shift.

OO
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® -B=0T
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probability

0.02 -
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-5 0 5 10 15 20 25 30 35 40
hyperfine magnetic field [T]

Figure 8. The marginal probability distribution P (B) of Fe—Ni invar
alloy for in- and without-field measurements.

Our model-free MEM treatment reveals that the asymme-
try in the shape of the spectra of FegsNi3s can be explained as
correlation between hyperfine field and isomer shift and this
correlation can hardly be approximated by linear dependence.
Indeed, assuming linear and positive correlation between
hyperfine magnetic field and IS, one expects to observe
amplitudes of lines 1, 2, and 3 larger than 6, 5, and 4,
respectively. What is observed, however, is that amplitudes
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of lines 2 and 3 are larger than 5 and 4, respectively while lines
1 and 6 do not show asymmetry in amplitudes in figure 5(b)
(this work). Similarly, in figure 1 (65 at.% Fe) and in figure 12
(T = 4.2 K) of [26] the asymmetry of lines 1 and 6 is
opposite to the asymmetry of pairs 2, 5 and 3, 4. The results
of fitting in [26] show that a slope of IS(B) dependence is
positive at room temperature and negative at T = 14 K.
One should also point out that the fitted curves in [26] do not
reproduce well all absorption line intensities, particularly for
low temperature measurements. Most probably the assumption
of linear correlation between IS and B is oversimplified.

In figure 8 the marginal distributions P (B) are presented
for in-field and without-field measurements. As one can see,
the maximum of hyperfine field distribution is slightly moved
towards smaller hyperfine magnetic field. This reflects the
influence of external magnetic field on the magnetic hyperfine
field which has opposite sign. The reconstructed shapes of
these distributions are almost the same (figure 8). The only
small deviation is visible around 15 T and can be attributed to
the texture effect. It means that external magnetic field of order
of 1 T does not change significantly P(B).

The most important information related to the magnetic
arrangement of iron magnetic moments in invar Fe—Ni alloy
can be inferred from the behavior of mean values of z(B).
The behavior of z(B) for zero- and in-field measurements is
shown in figure 9. It is clearly seen that z does not depend
on hyperfine magnetic fields, neither for the zero nor for the
external magnetic field acting on the sample. Such behavior
of texture parameter allows us to conclude that there is no
evidence for a change of the magnetic moment arrangement
with the value of the magnetic moments. This does agree with
the conclusion of [19] where the results of neutron study with
polarization analysis of Fe-Ni invar alloy were presented.

6. Conclusion

A new method of extraction of the absorption cross section
was presented. The method was checked on simulated spectra

and proved to work for thin as well as for thick absorbers.
After extraction of the cross section one can perform further
analysis in the thin absorber approximation without generating
systematic deviations in the line intensities by the thickness
effects.

It was demonstrated that deconvolution of the spectra can
be performed safely by MEM when absorption peaks are not
very sharp, which in practice means that there should be at least
five channels per FWHM of the absorption peak. It was shown
that the I, used in the simulated spectra is reproduced well,
i.e. within the error bar, when I' is about 2.5 times broader
than the FWHM of the resolution function. The reconstructed
hyperfine field probability distributions, P (B, IS, z) for Fe-Ni
invar alloy, show the presence of the broad magnetic hyperfine
field with the main maximum at 28 T and a long tail which
extends down to 5 T. The isomer shift for the main maximum of
P(B) is small and positive. It changes to negative values with
decreasing B. It was shown that the behavior of the mean value
of the texture parameter does not depend on magnetic hyperfine
field. Within the used model-free treatment no evidence that
local arrangement of iron magnetic moments is correlated with
the value of magnetic moment in the Fe-Ni invar alloy was
found.
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Abstract. The method of invariants is an effective tool for decomposition of Mdssbauer
spectra into components resulting from electric quadrupole and magnetic dipole interactions.
The invariants can be next analysed to obtain all possible values of hyperfine interaction
parameters. In some cases it is possible to determine the parameters with satisfactory precision.
The method was applied to not fully ordered UFe Als. Obtained results indicate that the
dominant component of the electric field gradient is negative and is oriented almost
perpendicularly to the direction of the hyperfine magnetic field. Another example shows that
the method of invariants results in substantial reduction of the number of calculated
components in modeling of hyperfine interactions in y-FeMn.

1. Introduction

Mixed hyperfine interactions, e.g. magnetic dipole and electric quadrupole ones, in case of 1/2-3/2
spin transition cause difficulties in the interpretation of Mdssbauer spectra because of the ambiguity
problem [1]. Derivation of complete set of hyperfine parameters corresponding to specified values of
invariants was considered in [2]. The proposed treatment was, however, not widely used. Explicit
formulas for the intensity tensor [3] allow one to use the invariants (instead of hyperfine fields) for
description of the absorption line positions and intensities as well. The method of Mdssbauer spectra
analysis making use of the invariants for proper description of the spectra components was recently
proposed in [4]. Although the method described in [4] does not allow determination of the complete
set of hyperfine interactions parameters, of invariants, and the analysis proposed in [2], may lead to
satisfactory characterisation of the system. In particular the method is sensitive to the changes of local
direction of hyperfine magnetic field (HMF) with respect to the electric field gradient (EF'G) diagonal
directions, see [4] for details.

© 2010 IOP Publishing Ltd 1
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UFe4Alg intermetallic compound attracted considerable interest and the magnetic structure was
recently determined [5,6]. Although the unit cell of UFe, Alg is tetragonal, local symmetry of Fe is low
[5], see Fig. 1a. The orientation of the EFG axes can not be simply deduced from the structure. Also
experiments with '*'Ta local probe in UFe,Alg [7] were not conclusive and to our best knowledge EFG
at Fe(8f) in UFe4Alg is not known. This motivated us to analyze the Mossbauer data of UFe,Alg by the
method of invariants. Unfortunately, probably because of the sample quality, the spectra collected
close to the transition temperature could not be characterized by single site static behaviour. We thus
restrict the analysis to the spectra measured at low temperatures only. The spectrum measured in
paramagnetic phase will be analysed as well.

Another selected example was disordered y-FeMn antiferromagnetic alloy, interesting for
spintronics. The Mdssbauer spectra of this alloy have been already measured in sixties [8], however
orientation of hyperfine fields and strength of the EFG is still not exactly known [9,10]. The invariants
offer strict description of the spectra components at temperatures close to the transition temperature
and thus spectra measured in the wide temperature range can simultaneously be analysed. This results
in information on the hyperfine interactions in poorly resolved spectra.

2. Example of UFe, Al

Mossbauer measurements were performed on the powdered sample of UFesAlg (reported in [11]) at
different temperatures. The spectra shown in Fig. 1b were simultaneously analysed using the set of
four components. The line positions and intensities can be given explicitly by invariants Sy, S, 5>
constructed from the EFG tensor V' and the HMF pseudovector B [3]:

S, =a\TrV?,

SlzamT-V -m (1)
S, =aNm" -V’ -m,

where
a=eQclE, ()

is the proportionality constant between the EFG components (in [V/m’] in SI units) and the invariants
expressed conveniently for applications in [mm/s]. O is the nuclear quadrupole moment, e is the
elementary charge, c is the speed of light, £, is the energy between the ground and the excited state,
m=B/B. Because of presence of weak intensity components, constraints were applied to their center
shifts according to the Debye model. The isomer shift at 7=0 was a free parameter for each
component. Constraints were also applied to the areas under subspectra and 7°° dependence of the
EFG components on temperature. The invariants S, S, S, extracted from the spectra at temperatures
12, 35 and 80 K are shown in Fig. 1c¢ for the main component (Fe(8f)). The measurements were also
performed at higher temperatures close to the magnetic transition temperature (not shown). However,
observed shape of the spectra indicate that simple approximation which uses constant number of
subspectra is not sufficient.

All possible values of hyperfine parameters B, V.., 7, 6, ¢, corresponding to a point in Fig. 1c, were
next extracted by a method similar to those presented in [2]. We note that the treatment described in
[2] does not include situation when invariants are closely related to condition:

25! +185% —352(S2 +4S82)=0 (3)
shown by the lines in Fig. 1c. This case corresponds to the axially symmetric EFG and full discussion
of the data treatment will be published elsewhere. The results obtained for all possible values of V.., 7,
6, ¢ are shown in Fig. 1d

Low temperature measurements indicate presence of six line patterns, in agreement with earlier
reports [5,6,11]. However, room temperature spectra consist of a slightly asymmetric doublet. It is
hard to expect that Goldanski-Karyagin effect can be responsible for the asymmetry because



International Conference on the Applications of the Mdssbauer Effect ICAME 2009) IOP Publishing
Journal of Physics: Conference Series 217 (2010) 012010 doi:10.1088/1742-6596/217/1/012010

a tetragonal axis of symmetry is perpendicular to the local two-fold axis of iron. More likely
explanation can be searched in distribution of EF'G originated due to chemical disorder in the crystal.
One cannot also exclude presence of small amount of other phases, for example FeAl. That is why
four components were used for simultaneous fit shown in Fig. 1b.

The method of invariants and constrained simultaneous fit allowed us to decompose the spectra
into the main and other components. Although invariants are not single valued functions of hyperfine
parameters, the results obtained for the main component in UFe,Aly (Fig. 1d) are located within
relatively narrow ranges. The V., component of the EFG is negative and the angle between the V. axis
and the hyperfine magnetic field is close to /2. No systematic changes of the orientation of hyperfine
field with respect to the EFG axes were detected in the temperature range 13-80K.
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Figure 1 a) Local structure of Fe at 8f site in UFe4Alg, b) Mdssbauer spectra of Fe in UFe,Alg and
results of simultaneous fit (weak-area components are reduce practically to horizontal lines in the
figure c). Invariants So, S;, S, of the main component (different temperatures are indicated by different
colors, however the symbols overlap). Dashed lines indicate the region of all physically possible
values of the invariants. Orange lines correspond to values of axially symmetric EFG, see eq. (3), d)
All possible values of V., 1, 6, ¢ parameters for the Sy, S, S, invariants shown in ¢) (6 and ¢ in
radians). Blue, green and red colours correspond to 7=12, 35 and 80 K, respectively.
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3. Example of y-FeMn

Chemical disorder in cubic alloys causes breaking of local symmetry and creation of nonzero EFG.
This was demonstrated in the case of bcc Fe-V alloys [12]. Similar situation may be present in
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disordered fcc Fe-Mn alloys. In case of magnetic order, number of different local environments is
large. For exemplary estimation let us assume that local magnetization in fcc Fe-Mn is oriented along
one of (111) directions. If the EFG gradient is next assumed to depend on the chemical configuration
of the nearest neighbours (screened Coulombic pseudopotential [13]), one finds 2'* different chemical
configurations and 8 different orientations of the local hyperfine fields (see example in Fig 2a) which
makes 8-2'°=32768 different local environments for which diagonalisation has to be performed
for correct calculation of the mixed hyperfine interactions. The problem, however, may be
greatly simplified if the invariants are calculated. For all considered configurations only 160
different sets of invariants (So, S}, S2) exist. These invariants, once calculated, may be used in
the fitting procedures. Efficiency of this procedure is shown in Fig.2 which displays excellent
fit performed for the spectra measured in a wide temperature range (for details see [14]).

b 574 K
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'c

3

2

S, 400 K
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g 362 K
Figure 2 a) Example of local environment of iron £ 13K

at fcc binary alloy and HMF vector along (111)
direction. b) Selected Mdssbauer spectra of y-FeMn , . .

fitted simultaneously at wide temperature range. -2 -1 0 1
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A reconstruction of the three dimensional distribution of the hyperfine magnetic field, isomer shift and
texture parameter z from the Mdssbauer spectra by the maximum entropy method is presented. The method was
tested on the simulated spectrum consisting of two Gaussian hyperfine field distributions with different values
of the texture parameters. It is shown that proper prior has to be chosen in order to arrive at the physically

meaningful results.

PACS: 76.80.+y, 02.60.—x

1. Introduction

The analysis of the hyperfine parameter distribution in
the Méssbauer spectroscopy have a long history. The first
algorithms for the deconvolution problem was published
by Varret et al. [1] with later modification by Hesse
Riibartsch [2] and Window [3]. The method presented
in [1, 2] uses a matrix formulation for reconstruction
of weight function P(z) (x — hyperfine parameter).
In [3] an expansion of the distribution in the basis of
the trigonometric functions was formulated. The prob-
lem of both methods are some mathematical artefacts
which lead to unphysical oscillations in the calculated dis-
tributions from noisy Mdossbauer spectra. On the other
hand, deficiency of these methods consist in the neces-
sity of postulating of some correlations between hyper-
fine parameters, for example linear dependence of hy-
perfine magnetic filed and the isomer shift. A different
approach is to find P(z) distribution of single parameter
by the maximum entropy method presented by Brandt
and Le Caer [4].

The maximum entropy method (MEM) stems from
the Bayesian logic [5] was already used to analyze many
spectroscopic data [6, 7, 8]. This model-free method
was not frequently used to the analysis the Mdssbauer
spectra where presence of the distributions of hyper-
fine field parameters makes the spectra complicated and
interpretation becomes dependent on assumptions one
makes in order to get the hyperfine fields distributions.
The one dimensional Mossbauer spectra contain infor-
mation on the hyperfine magnetic fields (B), isomer
shift (IS), qudrupole splitting (QS), and orientation of
the hyperfine magnetic field with respect to gamma beam

* corresponding author; e-mail: satula@alpha.uwb.edu.pl

direction through magnetic texture parameter z defined
as:
I2 5 3 Sil’l2 0
T RLL_E (1)
1,6 7 (1 + cos 9)

where 6 is an angle between direction of gamma ray and
local hyperfine magnetic field. It was shown recently
that two dimensional distribution in (B, IS) space 9]
and three dimensional distribution in (B, IS, @S) [10]
space can be reconstructed from Mossbauer spectra by
the MEM technique in the first order approximation ap-
proach, where the quadrupole interaction is considered
as a small parameter. The problem not discussed in [9,
10] is reconstruction of the hyperfine field distribution for
not very thin samples for which there is nonlinear depen-
dence of the intensities of Mdssbauer lines and the thick-
ness parameter. This can lead to artifacts in the recon-
structed distribution. The method of extraction of cross
section from the Mossbauer spectra using MEM is de-
scribed in [11]. In specific problems, where a spatial ar-
rangement of the hyperfine magnetic field depends on the
field B, one needs to make reconstruction of the P(B, IS,
z) distribution. The aim of this work is to test whether
such reconstruction by MEM is feasible in the first order
perturbation approach.

z

2. Maximum entropy method

In the application of maximum entropy method to
the analysis of the Mossbauer spectra we divide whole
3-dimensional space into pixels and the value p; denotes
the probability of having given values of the chosen three
parameters within j’th pixel. Because the line intensi-
ties are linear in probability, the intensities W} mea-
sured with uncertainties o at k’th velocity channel are
described theoretically by a sum:
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Npiz
Wi =) rijpis (2)
j=1
where 7, ; is the transformation matrix.
As usual one is maximizing the Lagrangian
1
2

L=aS—- X5 (3)
where S is the information entropy described as:
Npﬂim

§==3 pm(2), (4)
J=1 o1

where p; and p,; are reconstructed and initial (prior)
distributions.
The final equations to solve are of type:

2
pojexp(— 3 )

o 2
> poy exp(— 5 22
j/:1 J
In practical applications one encounters a problem with

choosing prior as this choice can influence the response
of the MEM procedure.

3. Results and discussion

In order to test the possibility of the reconstruction of
P(B, IS, z) using maximum entropy method, the simu-
lated spectrum in thin absorber approximation approach
shown in Fig. 1a was used. The spectrum consists of two
sextets with Voigt line shapes with hyperfine parameters,
(B, o, IS, QS, z), equal to (30 T, 3 T, 0 mm/s, 0 mm/s,
2) (20 T, 4 T, 0 mm/s, 0 mm/s, 1). The integrated
intensities of both sextets were assumed to be equal. As-
sumed hyperfine field distribution is shown in the inset
of Fig. la. The Gaussian noise on the level of 1% of ef-
fective absorption was added to the simulated spectrum.
Assumed behavior of z(B) is shown in Fig. 1b. One can
should point out that the reconstruction of such simu-
lated spectrum presents one of the most difficult tasks
because the lines no 1, 2 and 5, 6 of low field compo-
nent are located in the positions of lines no. 2 and 5 of
the high field component. One can thus expect a strong
correlations between reconstructed texture parameters of
both components.

8 gi—
2 b -
€ .
1)
< -
o
r
r1l ‘5 ll) 5 1IU 1‘0 ZID 3‘0 4‘0 5‘0
velocity [mm/s] hyperfine field [T]
Fig. 1. a) The simulated Mossbauer spectrum and

b) its z(B) function. The hyperfine magnetic field dis-
tribution is shown as a inset.

At first, flat initial prior was assumed. It means that
the response of MEM to the complete lack of knowledge
of the distribution was tested. The results of MEM pro-
cedures are presented in Fig. 2a. As one can see the the-
oretical line fit well to the simulated spectrum. The re-
constructed marginal distribution P(B, IS) (see Fig. 2b)
shows two distinct maxima located at B ~ 20 T and
30 T what qualitatively agree with assumption done in
simulated spectra. One notes that the distribution of IS
parameter, originally assumed to be delta-like, appeared
to be rather broad. This shows a degree of uncertainty
of this parameter hidden in the simulated spectrum, aris-
ing from correlations between reconstructed field B and
the isomer shift IS. On the other hand, such broad distri-
bution of IS reflects our state of knowledge on this param-
eter. Because of the inherent property of the Maximum
Entropy Method, a flat prior used in the IS reconstruc-
tion results in much broader distribution (Fig. 2b) than
those obtained with Gaussian prior (Fig. 3b). The shape
of the reconstructed marginal P(B) distribution (Fig. 2¢)
is wider than the simulated one. Moreover, the low mag-
netic field component is moved towards lower values of B
(Fig. 2¢). When behavior of z(B) (Fig. 2d) is concerned,
one notices that it is quantitatively clearly different than
the one used in simulation, yet it indicates that there
are different texture values for high magnetic fields than
for lower. In conclusion, one can say that the use of flat
prior results in good description of the Mossbauer spec-
trum but only in a qualitatively good reconstruction of
the simulated distribution of hyperfine parameters.

transmission
probability
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g- 28
8 «Fd i
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e e
hyperfine magnetic field [T] hyperfine magnetic field [T]
Fig. 2. a) The simulated Mdssbauer spectrum (points)

and fitting line (solid line); b) marginal P(B, IS) distri-
bution; ¢) marginal P(B) distribution and d) z(B) are
obtained using flat prior. The solid lines in (¢) and (d)
represents the results of simulation.

In the second step, the prior was assumed to be a su-
perposition of two broad Gaussian shapes (see Fig. 3a)
which follow from quick inspection of the simulated Moss-
bauer spectrum. The position of the spectroscopic lines
in the simulated spectrum shows beyond the doubts that
at least two components, one at about B ~ 30 T and sec-
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ond somewhere in the central part of spectra, must char-
acterize the distribution of hyperfine parameters. The re-
sponse of MEM to the chosen prior is such presented in
Figs. 3b, 3¢ and 3d for P(B,IS), P(B) and z(B), re-
spectively. As it follows from inspection of these Figures,
this time the reconstructed distributions agree much bet-
ter with the simulated ones than previously. P(B) dis-
tribution differs from the assumed one a little only, and
the behavior of z(B) also fits better to the simulated
one, and shows existence of two magnetic configurations
of iron magnetic moments.

probability
0430 0280 0390

probability

E

o 6 ) ER % 5 10 15 20 25 0 35 40 45 50
hyperfine magnetic field [T] hyperfine magnetic field [T]

Fig. 3. a) The assumed prior distribution; b) marginal
P(B, IS) distribution; c¢) marginal P(B) distribution
and d) z(B). The solid lines in (¢) and (d) represents
the results of simulation.

4. Conclusion

The results of our analysis show that even in very dif-
ficult case like the one analyzed in this paper, one can
obtain reliable distributions of the hyperfine parameters,
and obtain good indication concerning the magnetic mo-
ment configuration distribution in the considered sample.
The paper shows that the use of biased prior (flat one in
our case), i.e. much different from the one clearly evi-
dent from the observed spectrum, leads to distorted dis-

tributions with respect to the real ones. This paper also
strengthens conclusions drawn from similar analysis [11]
carried out for Fe-Ni Invar alloy for which a non-collinear
arrangement of magnetic moments was predicted theo-
retically. The results of this paper show that the MEM
can be used in situations where different magnetic mo-
ment arrangements of iron are expected. As a minimum,
a qualitative picture of the real P(B, IS, z) distributions
can be obtained and may serve as an excellent start-
ing point to the interpretation of complicated Mossbauer
spectra.
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A single line source of linearly polarized radiation in a conventional Mdssbauer setup working at room
temperature with >’Co in Cr matrix was constructed. The ordered Fe;Si was used as a filter. The estimated
degree of polarization of the source depends on the preparation and thickness of the polarizer. The best
polarization degree (92 + 8)% was achieved. The measurements with polarized radiation lead to signifi-
cant simplification of the complex spectra and allow to study components arising from various polariza-
tions separately. In particular, it is possible to extract Am =(1, —1) and Am =0 transitions by use of a
linearly polarized beam. Moreover polarized beam can be used for determination of texture parameters
related to spatial arrangements of spins in the plane perpendicular to the radiation beam. Such param-

eters are not easily measurable by other methods. The Mossbauer spectra of invar FegsNi3s measured
by monochromatic linearly polarized radiation are shown as an example.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The usefulness of polarized gamma rays was recognized soon
after discovery of Mossbauer effect [1,2] and was used to deter-
mine information about electric field gradient [3], the direction
of the magnetic hyperfine field (m.h.f.) vector [4] and spin struc-
ture for single crystal absorbers [5]. A number of methods was
developed in order to obtain polarized resonant radiation. Most
of them were cumbersome and too complicated for regular studies.
The recently developed multiline linearly polarized Mdossbauer
source was reported [6]. However, the most promising approach
is to use the filter technique which allows one to obtain single line
polarized beam [7-10].

The monochromatic circularly polarized Méssbauer source con-
structed by us [8] allow for very easy determination of the sign of
the hyperfine magnetic field. The method is site selective and is
particularly attractive for studying the magnetic moments config-
uration in materials with nonhomogeneous magnetization distri-
bution. The usefulness of the method was demonstrated on
ferrimagnetic HoFe, [8] in which the magnetic moments of iron
are known to be oriented antiparallel to the direction of the mag-
netization. Another example is magnetite measured in external
field with circularly monochromatic radiation. Two nonequivalent
Fe sites [11] are separated in the spectrum so the numerical anal-
ysis is not required for detection of antiparallel orientation of mag-
netic moments of the two sites. The next example showing
advantage of the Mossbauer polarimetry is ferrimagnetic Er-Fe-B

* Corresponding author.
E-mail address: satula@alpha.uwb.edu.pl (D. Satufa).

0168-583X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2011.07.012

amorphous material with compensation temperature. Reversal of
the sign of magnetic moments of Fe with temperature was unam-
biguously shown [12]. In general, the application of polarized radi-
ation simplifies the measured spectrum and allows correct
determination of the complex hyperfine magnetic field distribu-
tion [13].

In the case of Mdssbauer polarimetry with a monochromatic,
linearly polarized radiation, one notes that some of the published
constructions suffer from use of chemical materials not stable at
ambient conditions [14,15]. Very convenient system which can
be operated for long time was constructed in our laboratory. The
single line linearly polarized Md&ssbauer source allows a remark-
able simplification of measured absorption spectra and separation
of the nuclear transitions arising from Am=(1,-1) and Am=0.
Thus complex spectra can be unraveled by analyzing components
for various polarization separately.

One of serious problems in study of magnetic materials is deter-
mination of the magnetic texture. The relative line intensities of
magnetically splitted Mdssbauer spectra yield information on the
angular distribution of the magnetic hyperfine field vectors de-
scribed by the polar angles 6 and ¢, defined in the inset in Fig. 1.
Using unpolarized radiation, an information about <cos?0> (0 is
the angle between gamma direction and hyperfine magnetic field
vectors, the brackets, <>, denote averaging with magnetic texture
function and will be explained later) can be obtained in single mea-
surement. The Mossbauer polarimetry brings more information. In
the case of circularly polarized source it is possible to determine
<cos0> which allows also to determine direction of hyperfine mag-
netic field vector. The linearly polarized radiation offers the possi-
bility of determination of additional magnetic texture parameter
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Fig. 1. Schematic presentation of single site Mossbauer spectra of monochromatic
linearly polarized gamma ray.

<cos®¢ sin®0> where ¢ is an angle in the absorber plane. In partic-
ular, for 0 = /2 this parameter contains information about angular
distribution of the m.h.f. vector in the sample plane perpendicular
to the beam.

2. Intensities of the absorption lines for single line source of
linearly polarized radiation

In case of completely polarized gamma radiation and the hyper-
fine magnetic field oriented at angles 0 and ¢, a single site
Mossbauer spectrum consists of six lines with normalized intensi-
tiesI? (i=1,2,3,4,5,6)[16]:

ety = (30 -59): (3): (50 -9) 1)

IR (YUl (R @(1 —cs)> (3): (%(1 —cs)> 2)

where ss =sin?¢p sin?0 and cs=cos?¢ sin%0 and p refer to two
orthogonal polarization states p=1, or p = —1. It follows from (1)
and (2) that I : I§ , = 3. Also, in the special case of 0=m/2, ¢ =0,
the intensities of the absorption lines are I\}:L: I, =
3/8:0:1/8and I\ 15, : ;) = 0:1:0.Itis clear that a single line
linearly polarized gamma source allows for a remarkable simplifica-
tion of absorption spectra in the Mdssbauer experiment and the
determination of ¢ angle of the m.h.f. vector in the absorber plane.
Let us abbreviate sextets S and SV described by relations (1) and
(2), respectively. Schematic Méssbauer spectra SV and S™" for
aforementioned special values of angles 6 and ¢ are presented in
Fig. 1.

In case of incomplete polarization of the radiation emitted by
tl(le])source. the total spectrum is a linear combination of S and
S

ST STV 3)
where n¢;y and n¢_4) are the fractions of photons with each polariza-

tion in the beam. Using the normalization condition ng;) + n_y, =1,
the degree of polarization p can defined as:

p=na) — N (4)

One should stress that in such definition of degree of polariza-
tion the p value can vary in the range from 1 to —1. In our notation
(1) and (2) p>0 corresponds to (ng)>n_y)) while p<0 corre-

sponds to (n¢1) < n¢_1)). For n¢yy=n¢_4) the radiation is unpolarized
and p = 0. Using relations (1)-(4) the normalized line intensities
are:

3p+1 3
Be:Bo: 15, = (% (cs —ss) +§(1 - cs))

; <(pzl)(ss—cs)+§) : <(p+1)(CS—SS)+%(1 —CS)> (%)

2 16

In special case of unpolarized beam, p = 0, one gets from (5):

Be:15:15,= <13—6(1 +cc)> : (}1(1 —cc)) : <11—6(1 +cc)> (6)

where cc = cos20. Eq. (6) is equivalent to the sum of two spectra mea-
sured with two opposite polarizations, p and —p. Because of the
identity ss + ¢s + cc = 1 and Eq. (6), the line intensities I, and Is mea-
sured with unpolarized radiation are described by the relation:

A =cs+ss=1-cc (7)

3. Determination of the magnetic texture

The foregoing analysis was sufficient for the consideration of
the problem of a single m.h.f. direction in the absorber. In real
cases one has to consider a problem of the m.h.f. direction having
certain angular distribution known as the magnetic texture func-
tion P(6, ). This distribution is usually represented as a series of
spherical harmonics [17,18]. Mdssbauer measurements with unpo-
larized radiation bring information about <cos20>, while circularly
polarized beam allows one to determine <cos6>. The sign of <cos6>
is related to the orientation of m.h.f. vector with respect to gamma
beam direction. The averaging is performed in standard way:

1 .
o) = 4~ /5 phere(o)P(O’ @)sind do do 8)

The Mdssbauer measurements using linearly polarized beam
deliver additional information about the texture function P(0, ¢)
through the averages <cs> or <ss>. When 0 = /2, parameters <cs>
and <ss> give information about preferred orientation of the
m.h.fs. in the plane of the studied sample. The linearly polarized
gamma radiation with polarization degree equal p allows to deter-
mine the texture parameter <cs> using Eqs. (5) and (7). Because
I ¢ =3I54 (see. Eq. (5)) and normalization condition the parameter:

0 P
cesso s 4P —f5) 9)
p

Parameters <cs> and <ss> are not easily available in single mea-
surement with unpolarized or circularly polarized beam. Determi-
nation of <cs> and <ss> requires multitude of measurements, see
details described in Refs. [17,19-21].

4. Construction of the linearly polarized monochromatic source

Source of the monochromatic, linearly polarized radiation, con-
structed in our lab is working at room temperature on the com-
mercially available 5’Co source in Cr matrix and is shown
schematically in Fig. 2 together with the definition of the orienta-
tion of the m.h.f. in the absorber (6, ¢). The polarizer is made from
magnetically ordered >’Fe, gsSi; 15 alloy glued to the source and
mounted on the standard Mossbauer transducer working in con-
stant acceleration mode. The detailed procedure of selection of
the material of the polarizer is described in Ref. [7]. In order to test
an influence of the method of preparation of the polarizer on its
quality, five different filters presented in Table 1 were tested. For
all polarizers the powder of Fe-Si was mixed with epoxy glue.
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Fig. 2. The schematic layout of the polarized source. Direction of the polarized
beam is in the z axis.

Table 1
Polarizers made of °’Fe, gsSiy 15 used in the experiment.
Symbol  Area density Description
(mg/cm?)
A 20 Solidified in magnetic field
B 30 Solidified in magnetic field
C 40 Solidified in magnetic field
D 34 Solidified in magnetic field, slightly different
degree of structural ordering and different size of
grain of the powder
E 40 Solidified without magnetic field

Polarizers abbreviated by A,B,C and D with different density of Fe-
Si (20, 30, 40 and 34 mg/cm? respectively) were solidified in an
external magnetic field parallel to the plane of the filter. Moreover,
the polarizer D, prepared at initial stage of project, was made of Fe-
Si alloys with probably slightly different size of grains and degree
of structural order. Polarizer E with density 40 mg/cm? was solid-
ified without usage of external magnetic field. The external mag-
netic field during preparation of the polarizers was used in order
to induce an easy axis of magnetization which should cause easier
saturation of the filter. The external magnetic field of about 1T pro-
duced by a setup of permanent magnets acts in the plane of the
polarizer and aligns its magnetic moments. The schematic con-
struction of permanent magnets is shown in Fig. 3. The gamma
beam transmitted through the ideally polarizing filter contains
the polarization orthogonal to that absorbed by the filter. The
Mossbauer measurements for two states of polarization of the
beam for all filters were carried out on the «-Fe foil with thickness

]

Fig. 3. The schematic view of permanent magnets used to magnetize polarizer. The
arrows indicate directions of permanent magnetization. The polarizer is located in
the center of the cylinder and the magnetic field acts in its plane, perpendicular to
the cylinder axis.

6 um placed in the identical permanent magnets as used for mag-
netization of the polarizer. For the polarizer with highest degree of
polarization the invar alloy FegsNiss as an example was measured.

5. Determination of the degree of polarization

Based on relation (9) one can easily obtain an equation which
allows to estimate the degree of polarization of the source:

20195 - I )

_ 10
<cs> =205, (10)

In order to determine polarization degree p, one needs an infor-
mation about <cs> for the absorber and intensities of the lines of
Mossbauer spectra measured with polarized as well as unpolarized
beam. The intensities of line I35 can be determined in two ways.
One can carry out measurements with unpolarized radiation (7)
or to add the two spectra measured with polarizations p and —p.

Fig. 4 presents the spectra measured for both polarization states
on o-Fe foil in the external magnetic field B=1T with direction
along x axis ((0, ¢) = (7/2, 0)). In order to determine line intensities
for p and —p transmission integrals were used. The solid lines in
Fig. 4 represent the best fits. The determination of the lines inten-
sities I5 5 for both polarization states give directly the information
about line I3 ;. Because all measurements were carried out on the
same iron foil the alignment of the magnetization in the absorber
is the same for all measurements and equal I3 ; = (0.24 + 0.01).

As one can see, the spectra for all polarizers show six absorption
lines for both polarization states of beam, p and —p. The lines nos 2
and 5 for p and lines nos 1,3,4 and 6 for —p are suppressed accord-
ing to relations (1) and (2), respectively. Such shapes of spectra can
arise because of the following two reasons. One is connected with
incomplete polarization of the gamma beam, and second can be
connected with not perfect magnetization of the measured iron
foil. Incomplete polarization of the beam can follow from not per-
fect magnetization, too small thickness and not perfect homogene-
ity of the polarizer. The homogeneity of the filter is the crucial for
the quality of the filter. The lack of perfect homogeneity causes
that some parts of the beam do not interact with the polarizing
medium. Thus some unpolarized radiation is transmitted trough
filter. It is clear that intensity lines nos 1,3,4,6 for polarization p
and lines nos 2 and 5 for —p decrease with the increasing area den-
sity of polarizer (polarizers A, B, C). Polarizers C and E have the
same Fe-Si density, differ in the field applied during solidification
(see Table 1) and produce spectra of the same shape (compare C
and E in Fig. 4). It means that the alignment of the m.h.f. vectors

T T T T T T
polarization 8" polarization 8"’

Y .
VT ;--
A AR M

D

™

transmission [arb.unit]

-5 0 5
velocity [mm/s]

velocity [mm/s]

Fig. 4. Polarized Mossbauer spectra measured of «-Fe foil for different polarizers.
The solid line represents the best fit using transmission integral procedure.
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Fig. 5. Polarization degree |p| for different polarizer (a) as a function of area density
of the filter, (b) as a function of rate of total area under spectrum and background.
The points at (a) for particular filters were moved a little in the x axis for better
presentation. The solid lines are guide only.

in the polarizers C and E caused by the external magnetic field
B=1T are similar. So in external field solidification does not cause
detectable improvement. The best spectra showing minute con-
tamination of unwanted lines were obtained for polarizer D.

In order to determine low limit of <cs> parameter it was assumed
that best polarizer D transmits fully polarized beam. It means that all
nonexpected lines come from not perfect alignment of m.h.f. vector
in the absorber. Using Eq. (9) and intensities of the absorption lines
from the fit one gets <cs> = (0.93 + 0.02). The upper limit of <cs> is
equal unity. In that case, all unwanted lines are associated with
not fully polarized beam. Such values of <cs> together with intensi-
ties of the absorption lines were used to estimate the degree of polar-
ization p for all filters. The obtained results of |p| for both states of
polarization are presented in Fig. 5a as a function of area density
of the filters. It is clear that there is no systematic relation between
|p| and area density of polarizer. The polarizer D (34 mg/cm?) has the
highest degree of polarization |p| = (0.92 + 0.08). Lack of monotonic
relation between density and degree of polarization results from the
effects of homogeneity in the polarizer. In Fig. 5b the value of |p| ver-
sus ratio of total area under spectrum (ARE) and background (BAS) is
shown. Such presentation reflects in much better way possible rea-
sons of incomplete polarization of the beam. The results lead to con-
clusion that solidification of filters in the external field improves the
arrangements of the m.h.f. vector of polarizers but does not lead to
better degree of polarization because of worse homogeneity of the
filters. Such behavior was observed much more clear in the study
of circularly polarized beam. Fig. 6 displays two Mdssbauer spectra
of iron foil using two filters which differed only by solidification in
or without external magnetic field perpendicular to their surface.
In the case of Mossbauer spectra measured using circularly polar-
ized beam presented in Fig. 6 the unwanted lines are nos. 1, 2, 4
and 5. As one can see, much better degree of polarization was ob-
tained for filter not solidified in magnetic field. It means that homo-
geneity of the filters were lost during solidification process. The
detailed rapport concerning the filters for circularly polarized beam
will be published elsewhere.

The linearly polarized radiation was tested on the invar alloy
FegsNiss measured in the external field 1T. Spectra with two
orthogonal linear polarizations together with the measurement
using unpolarized beam are presented in Fig. 7. Apparently in the
spectrum for p state of the beam, polarization lines 2 and 5 are sup-
pressed, while for —p the lines 1, 3, 4, 6 are suppressed. This shows
how easy separation of Am=(1, —1) and Am = 0 transitions is by
use of a linearly polarized beam.

] . 1 i 1
solidified in external field

Y

transmission [arb.unit]

i 1 A 1 A
-5 0 5

velocity [mm/s]

Fig. 6. Mossbauer spectra of «-Fe foil measured by beam filtered by filters of the
same thickness and prepared in two different way: one solidified in the external
field and in zero field.
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Fig. 7. Mossbauer spectra of FegsNiss invar alloy measured with linearly polarized
radiation and with unpolarized beam.

6. Conclusion

The paper describes successful construction of the monochro-
matic, linearly polarized Mdéssbauer source of 14.4 keV working
in a conventional Mgssbauer setup at room temperature with sin-
gle line unpolarized 5”Co:Cr. The different methods of preparation
of polarizers were tested. It was concluded that the quality of the
polarizer strongly depends on the homogeneity of the filter. The
latter can be lost during solidification process in the external mag-
netic field. In that case the better arrangements of the magnetiza-
tion vectors in the polarizers do not lead to better degree of
polarization of the beam because of worse homogeneity of filter.

A useful correlation between polarization degree p and (ARE/
BAS) ratio was found. This correlation is of great practical impor-
tance since one is able to predict how much intensity is lost when
approaching to high polarization degree.

The best degree of polarization achieved in the experiment was
equal 92 +8%. The monochromatic single line linearly polarized
source serves as very effective tool for determination of the texture
parameter <cos®¢ sin?6> which give the information about the dis-
tribution of m.h.f. vectors in the sample plane. Moreover, the
Mossbauer measurements carried out using linearly polarized
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source results in remarkably simplified spectra. This in turn helps a
lot in interpretation of the magnetic hyperfine field distribution for
absorber characterized by broadened and overlapped absorption
lines.
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