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Aplikace magnetického méfeni a Mossbauerovy spektroskopie se odrazi v mnoha odvétvich
lidského védeckého badani, které poskytuje na jedné strané hledisko systematického popisu a
vykladl fyzikalnich vlastnosti, na druhé strané vysvétleni zakladnich koncepci a mechanismi
nutnych pro jejich pochopeni. Disertacni prace se vénuje vyuziti téchto experimentalnich technik
pro studium (extra)terestridlnich minerdld. Konkrétnéji je pozornost vénovana:

1. Systematickému popisu minerdlu ilmenitu z pohledu Md&ssbauerovy spektroskopie (tj.
zdroji elektrického pole kolem mdssbauerovsky aktivniho jadra, Debyeové teploté a
matematickému prolozeni Méssbauerova spektra Sesti singlety).

2. Nizkoteplotnimu narlstu magnetické odezvy pro mineral troilit pod [770 K.

3. Korektnimu matematickému prolozeni Mdssbauerova spektra polykrystalického troilitu.

4. Nizkoteplotnimu magnetickému chovani mineralu alabanditu zplsobeného povrchovou
oxidaci.

Mimo jiné je v disertacni praci predstavena novd metoda pfipravy analogli kosmického
zvétrdvani, kterd je prestavena na mineralu olivin a ktera vyuziva zminéné experimentalni

techniky k charakterizaci produkt( této pripravy.



ABSTRACT

Author: Mgr. Jan Cuda

Title of thesis: Magnetic study of FeS, MnS a FeTiO3 systems and laboratory

simulation of space weathering
Supervisor: prof. RNDr. Miroslav Maslan, CSc.

Palacky University in Olomouc

Faculty of Science, Department of experimental physics

Magnetic measurements and Mdssbauer spectroscopy are broadly reflected in scientific
research describing and interpreting physical properties of materials as well as in explanation of
basic concepts and mechanisms necessary for their understanding. From this point of view, the
thesis is focused on the application of these techniques to study (extra)terrestrial minerals. More
specifically the attention is paid to:

1. Systematic description of the mineral ilmenite by means of M&ssbauer spectroscopy (i.e.,
electrical field around the Mdssbauer active nuclei, Debye temperature and mathematical
fitting of M0Ossbauer spectra by six singlets).

2. Low-temperature magnetic evolution of troilite sample below [70 K.

3. Mathematical fitting of Mossbauer spectra of polycrystalline troilite.

4. Low-temperature magnetic behavior of mineral alabandite caused by surface oxidation.

Last but not least, the thesis presents a new method of preparation of space weathering
analogues which is introduced for mineral olivine and which also applies the above mentioned

experimental techniques to characterize the prepared products.
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Uvod

Tato dizertacni prace si klade za cil struéné predstavit vybrand studovana témata a
publika¢ni vystupy v impaktovanych anebo recenzovanych védeckych periodikach, na nichz se
vyznamnou meérou podilel autor této prace béhem svého doktorského studia. PIné verze
jednotlivych ¢lankl jsou uvedeny v podobé pfiloh k této dizertacni praci. Rozbor ¢lankl je pojat
formou kratkého volného komentare, pficemzZz samotna forma neni koncipovand jako souhrn ¢i
vyCet vSech vysledk(l a méreni, ale pozornost je vénovdna tém ¢astem komentovaného ¢lanku,
které motivovaly autora k védeckému badani v dané oblasti a na kterych se autor vyznamnou

mérou podilel.

Pfevaina cast komentovanych publikaci se zabyva antiferomagnetickymi systémy (ilmenit,
troilit a alabandit), které patfi mezi (extra)terestridlni materidly. V téchto studiich byla vyuZivana
magnetickd méreni a Mdssbauerova spektroskopie v Sirokém teplotnim rozsahu, resp. aplikaci
externiho magnetického pole. Tyto experimentalni pfistroje patii mezi stézejni techniky, kterym
se autor béhem svého doktorského studia vénoval a jejichz mensi ¢i vétsi pfinos se odrazi ve
vSech komentovanych publikacich, které se zabyvaji antiferomagnetickymi systémy. V této praci
neni uveden detailni popis fyzikalniho principu téchto experimentalnich technik ¢i jejich aplikace
na vyznamné teoretické systémy, jednotlivé interpretace a komentare k témto technikdm budou
soustfedény vyhradné ve spojitosti se studovanymi systémy. Pokud neni uvedeno jinak, pfrinos
autora této prace k reseni dané problematiky spociva v interpretaci dosazenych vysledkd pomoci

magnetického méreni a Mossbauerovy spektroskopie.
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Posledni kapitola se vénuje nové metodé laboratorni simulace kosmického zvétravani
vyvolavajici kvantitativni modifikaci reflektancnich spekter ve viditelné a UV oblasti. Tato studie
je vsoucasné dobé zastiténa Ctyfletym cesko—americkym projektem, na jehoZ reSeni se autor
podili. V ramci tohoto projektu vznikla prvni publikace, ktera je pfijata (9. 4. 2014) k publikaci

v Casopise ICARUS.
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Maossbauerovska studie a makroskopicka magneticka odezva praskového

ilmenitového (FeTiOs) vzorku

Priloha A

Cilem autorl ¢lanku bylo provést detailni moéssbauerovskou charakterizaci syntetického
ilmenitu. Tento zdmér plynul ze snahy okomplexni porozuméni problematice
hematito—ilmenitovych krystalli, které vykazuji zajimavé magnetické vlastnosti projevujici se
vysokou hodnotou saturaéni magnetizace, samovolnym namagnetovanim termoremanentni
magnetizace proti sméru magnetického pole a vysokou hodnotou vyménného pole, které muze
dosahovat hodnot az 1 T (Nord a Lawson, 1989; Nord a Lawson, 1992; McEnroe a kol., 2007;
Harrison a kol., 2008). Tyto jevy jsou popisovany na zakladé odliSnych pristupl zaloZzenych na
lamindrnim magnetizmu (Robinson a kol., 2002; McEnroe a kol., 2002; Robinson a kol., 2004;
McEnroe a kol., 2004; Robinson a kol., 2006; Fabian a kol., 2008; Kasama a kol., 2009), nebo na
zakladé sklonéného antiferomagnetického chovani v téchto systémech (Kletetschka a kol., 2002).
Existence vice védeckych pfistup(, které vysvétluji zminéné magnetické vlastnosti, poukazuje na
ne zcela jasnou odpovéd na popis téchto hematito—ilmenitovych krystalll a byla motivaci pro
studium této problematiky.

[Imenitu v minulosti nebyla z pohledu Mdssbauerovy spektroskopie vénovana takova
pozornost jako hematitu, proto byl tento mineral studovdn samostatné, aby bylo mozné lépe
pochopit a interpretovat mdssbauerovskd spektra hematito—ilmenitovych krystalll. Ziskané
poznatky plynouci z této studie jsou aplikovany v pfipravovaném manuskriptu, ktery se zabyva

zminénymi magnetickymi vlastnostmi hematito—ilmenitovych krystalu.
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V prvnim komentovaném c¢lanku jsou rfeSena Ctyfi vzdjemné nezdvisla témata zakladniho
vyzkumu na synteticky pfipraveném ilmenitu:
(i) zdroj elektrického pole kolem Mossbauerovsky aktivniho jadra,
(ii) velikost Debyeovy teploty (&b) pro Zeleznaty iont v ilmenitové strukture,
(iii) matematické proloZeni nizkoteplotniho Mdéssbauerova spektra ilmenitu pomoci
Sesti singlet(,
(iv) magnetickd méreni a Mossbauerova spektroskopie ve vnéjsim magnetickém poli
ilmenitu
Komentovany jsou jen ty vystupy, u kterych je interpretacni podil autora disertacni prace,
tj. (i), (ii) a (jii).
Zdroji elektrického pole kolem jadra Zeleznatych iontd vilmenitu se doposud nikdo
v literature nezabyval. Mdssbauerova spektroskopie nabizi velmi jednoduchy zpUsob, jak ziskat
informace o zdroji elektrického pole kolem mdssbauerovsky aktivniho jadra (tj. v nasem pripadé
jaddra Zeleznatych iontl vilmenitu), a to pomoci sledovani teplotni zavislosti Mdssbauerova
hyperjemného parametru, zvaného kvadrupdlové $tépeni® (4Eq).
Obecné existuji dva zdroje tohoto elektrického pole, tj. okolni atomy a valencni elektrony
nachdzejici se vatomovém obalu mdssbauerovsky aktivniho jadra (obr. 1). Pro jednoduchost
specifikujme tyto zdroje podle jejich teplotniho chovani a parametru 4Eq, ktery vystihuje zmény

elektrického pole obklopujici mdssbauerovsky aktivni jadro:

? Tento parametr vystihuje elektrickou kvadrupdlovou interakci nesféricky rozlozeného elektrického naboje jadra
vloZzeného do nehomogenniho vysledného elektrického pole okolnich atomU a jeho valencnich elektron(.
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1. Elektrické pole vytvaiené okolnimi atomy® — toto elektrické pole se vyrazné neméni se
zménou teploty, proto nedochazi ani ke zménam hodnot AEq vlivem tohoto zdroje
elektrického pole.

2. Elektrické pole generované valencnimi elektrony mossbauerovsky aktivniho jadra - Je-li
nezanedbatelny i tento zdroj elektrického pole kolem mdssbauerovsky aktivniho jadra, je
pozorovana teplotni zdvislost 4Eq. Zménou teploty dochdzi k jiné populaci energetickych
hladin v atomovém obalu mdssbauerovsky aktivniho jadra valen¢nimi elektrony, ¢imz

dochazi k teplotnim zménam elektrického pole obklopujiciho jadro.

Z vysledk( teplotniho chovani, konkrétné teplotniho vyvoje 4Eq (viz obr. 3a v pfiloze A), je
patrné, Ze se zménou teploty méfeni dochazi k posunu hodnoty 4Eq,. Podle vyse zminéného
chovani tohoto parametru v zavislosti na zdroji elektrického pole, Ize stanovit, Ze valencni
elektrony nachazejici se vatomovém obalu Zeleznatych iontl v ilmenitu jsou nezanedbatelnymi
prispévateli elektrického pole kolem jejich jadra. Je nutné zdlraznit, Ze pfi popisu elektrického
pole, které obklopuje mdssbauerovské aktivni jadro, hraje roli i asymetrické uspofadani naboju
vzdalenych iontl (tj. okolnich atom®)®. Vysledné elektrické pole obklopuijici jadro zeleznatych

iontd v ilmenitu je disledkem jak jeho valencnich elektrond, tak i okolnich atomd.

* Elektrické pole je vytvareno asymetrickym usporadanim ndbojd (nebo dipdll) vzdalenych iontl obklopujici
mossbauerovsky aktivni jadro, ¢imZ se pozméni polarizace nabojové hustoty elektrond, které se nachazeji nejblize
k jadru atomu, coZ se projevi zesilenim nebo zeslabenim gradientu elektrického pole ([IE.) v misté jadra (Tucek,
2008).

* llmenit nema kubickou krystalografickou mfizku, takZe okolni atomy maji podil na vysledném elektrickém poli
kolem jadra Zeleznatych iont( v ilmenitu.
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a) b)

E M= 312
I ﬂ AE,
Vom =112

Nesférické rozlozeni :

elektrického naboje jadra
apoleladia Mk 1=1/2
: ———m,= #1/2
Nehomogenni elektrické pole
kolem mossbauerovsky aktivniho jadra c) AE,

vytvorené valencnimi elektrony a

Obr. 1. (a) Elektrickd kvadrupodlovd interakce mezi nesféricky rozlozenim elektrického naboje jadra
popsaného kvadrupdlovym momentem (Q) a nehomogennim elektrickym polem kolem mdssbauerovsky
aktivniho jadra vytvareného okolnimi atomy a valencnimi elektrony, které byva charakterizovdno
tenzorem gradientu elektrického pole, (b) energetické schéma rozstépeni jadernych energetickych stavd,
kde I odpovida jadernému kvantovému cislu a m, je magnetické kvantové Cislo a (c) projev elektrické
kvadrupodlové interakce kvadrupdlovym stépenim v modssbauerovském spektru.

Stejné jako nebyly v literature zminky o zdroji elektrického pole kolem jadra Zeleznatych
iontd v ilmenitu, nebyla v minulosti vénovana pozornost ani Debyeové teploté téchto iontd.
Velikost této fyzikdlni veli¢iny, kterd vystihne tuhost vazby Zeleznatého iontu v ilmenitové
strukture, je ziskana pomoci teplotnich zavislosti izomerniho posuvu (J) a rezonanéni plochy pod
mossbauerovskou kfivkou (A) (viz obr. 3b a 3c v pfiloze A). Matematickym prolozenim® téchto
zavislosti Ize ziskat doposud prvni odhad Debyeovy teploty pro iont Zeleza v ilmenitové strukture

6h = (359 £ 27) K. Tento odhad teploty pro Zeleznaty iont v ilmenitu je porovnan s podobnymi

krystalovymi strukturami, u kterych lze prepokladat podobnou tuhost vazby, tj. i Debyeovu

> Teplotni zavislosti Ja A jsou velmi dobfe matematicky popsatelné prostfednictvim klasickych vysokoteplotnich
limitd (viz vztah 1 a 3 v pfiloze A) jak pro relativisticky posun, tak i pro relativni podil jadernych emisnich/absorpénich
prechodl bez pfenosu energie na krystalovou mtiz (Greenwood a Gibb, 1971; Chen a Yang, 2007).
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teplotu (tab. 1). Toto srovnani pfinasi uspokojivou shodu ve velikostech &, a proto Ize pouZity
postup odhadu velikosti & povaZovat za korektni, a stejné tak i pracovat se ziskanou hodnotou

Debyeovy teploty pro ilmenit v ramci fyziky pevnych latek.

Latka b [K]
(FeTi03)0,5—(Fe203)0,5 355+5
MnTiO; 37010

Tab. 1. Hodnoty Debyeovych teplot pro Zelezny iont v (FeTiO3) 5-(Fe,03)05 @ mangan v cinem dopovaném MnTiO;

(Kin a kol., 2008; Fabritchnyi a kol., 2003).

Podobné jako tomu bylo v pfipadé zdroje elektrického pole kolem mossbauerovsky
aktivniho jadra a velikosti Debyeovy teploty, nebyla také v minulosti feSena problematika pozic
jednotlivych mdssbauerovskych linii Ilmenitu v magneticky usporfdadaném stavu. U ilmenitu
dochazi k vyraznému prekryti téchto linii, které nejsou na prvni pohled patrné ¢i rozeznatelné
(obr. 2), nasledkem relativné vysoké hodnoty kvadrupdlového sStépeni (4Eq 11,44 mm/s)
k pomérné nizké hodnoté hyperjemného magnetického pole (Bys 14,5 T).

Identifikace polohy jednotlivych mdssbauerovskych linii ilmenitu bylo docileno
prostfednictvim izomernich posuvl Sesti singletd ziskanych matematickym proloZzenim
studovaného mossbauerovského spektra. Dodrzenim vSech nutnych fyzikdlnich podminek a
vazeb mezi jednotlivymi mdssbauerovskymi singlety (viz posledni odstavec na strané 61 v pftiloze
A) Ize ziskat poZadované matematické proloZeni pomoci Sesti singlet( (viz obr. 4c v pfiloze A) a

jejich izomerni pozice (viz tab. 3 v pfiloze A) pro Mdssbauerovo spektrum ilmenitu pfi 5 K.
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Ovéreni spravnosti ziskaného vysledku izomernich pozic je v komentovaném canku
provedeno nepfimo. Pomoci téchto pozic jednotlivych singletd jsou stanoveny velikosti
mossbauerovskych hyperjemnych parametr(, tj. By a 4Eq, které jsou porovndny se stejnymi
parametry ziskanymi na zdkladé matematického proloZeni stejného Mdssbauerova spektra
pomoci statického Hamiltonidnu zahrnujiciho jak magnetickou, tak kvadrupdlovou interakci (viz
obr. 4b a tab. 2 vpfiloze A). Tato srovnani dava uspokojivou shodu ve velikosti téchto
parametr(®, ¢imZ nepfimo potvrzuji spravnou polohu izomernich pozic $esti singletd (viz tab. 3

v pfiloze A).

maghemit ilmenit
— T, =t 3]2
— ), = + 3/2 m,=- 3/2
m=+12 1=32 m,=+1/2
m=-1/2 - m=- 12
2 m,=- 3/2
2
w
m=-12 ;=45 . m=- 12
—
m=+ 12 - m=+ 112
Izomerni pozice jednotlivych Izomerni pozice jednotlivych
mossbauerovskych linif mossbauerovskych linif
jsou na prvni pohled patrné nejsou na prvni pohled patrné

Obr. 2. Schématické znazornéni Stépeni jadernych energetickych hladin zakladniho a excitovaného stavu
polykrystalickych vzork(i maghemitu a ilmenitu s odpovidajicimi mdssbauerovskymi pribéhy. Maghemit
ilustruje situaci, kdy izomerni pozice jednotlivych mdssbauerovskych linii jsou na prvni pohled patrné, kde

| odpovida jadernému kvantovému cislu a m, je magnetické kvantové Cislo.

6 AEq = 1,45 mm/s (4AEq = 1,44 mm/s) a By =4,3T (By=4,5T) ziskané matematickym proloZzenim pomoci Sesti
singletd (vyuziti modelu statického Hamiltonidnu v programu MossWinn u stejného Mdssbauerova spektra).
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Nizkoteplotni magneticky prechod v troilitu: jednoduchy znak pro vysoce

stechiometricky FeS systém

Priloha B

Magnetické mineraly fascinuji lidskou spolec¢nost od praddvna a neutuchajici zdjem o né
vede kvzdjemné propojenym védeckym oblastem ve snaze o co nejlepSi popis jejich
magnetickych déja s naslednym vyuzitim v rliznych oblastech lidské ¢innosti. Vtomto duchu je
v predlozeném c¢lanku (pfiloha B) vénovana pozornost zakladnimu vyzkumu na mineralu troilitu
(FeS), konkrétnéji pozorovanému neocekavanému nardstu magnetické odezvy pod [170 K (Kohout
a kol., 2007). Troilit pfechdzi do antiferomagneticky uspotrddaného stavu pfi Néelové teploté Ty [
588 K (Wang a Salveson, 2005) a uvazime-li polykrystalickou povahu troilitu studovaného autory
Kohout a kol. (2007), je ocekdvanym vysledkem pouze pokles magnetické odezvy s klesajici

teplotou a nikoliv jeji narlst pod [70 K (obr. 3).

Neocekavany, ale experimentalné pozorovany narist
magnetické odezvy pod 70 K u antiferomagentického polykrystalického troilitu

Predpokladany vyvoj magnetické odezvy
polykrystalického antiferomagentu

Magneticka odezva

N
rd

70K T, TIK]

Obr. 3. Schematicky obrazek problematiky neocekavaného narlistu magnetické odezvy pod [170 K pro

antiferomagneticky polykrystalicky troilit studovany autory Kohout a kol. (2007).
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Tento nesoulad mezi predpokladem’ a experimentalnim pozorovénl’msvedla autory
Kohout a kol. (2007) k vysloveni hypotézy existence teplotné fizeného magnetického prechodu
Morinova typu udélujiciho troilitu pod [I70 K vysledné feromagnetické vlastnosti. Teplotné fizeny
Morinlv prechod je zndm pro mineral hematit, kde u antiferomagnetického systému vznika
feromagnetickd odezva nad [R60K (obr. 4). Kohout a kol. (2007) navrhuji analogii
s timto hematitovym Morinovym piechodem také pro mineral troilit®, pticem? feromagneticka

odezva by vznikala pravé pod teplotou [70 K.

Vysledny feromagneticky 4 [001]
moment ..

asdlni rovina: asalni rovina

: >

T,=260 K T[K]

- Podmfizkové magnetizace

Obr. 4. Usporadani magnetickych podmfizkovych magnetizaci v mineralu hematitu (Cervena resp. modra barva
reprezentuje podmrizkové magnetizace). Pod Morinovym teplotnim prechodem (T 1260 K) lezZi kolinearné
antiferomagnetické podmtizkové magnetizace podél osy [001]. Nad [R260 K antiferomagneticky usporadané
podmfizkové magnetizace se preklopi o 90° do basalni roviny, ze které nasledné slabé rotuji ve sméru osy
[001]. Podmtizkové magnetizace jiz nejsou kolinedrni nad [R60K, a davaji tak wvzniku slabému

feromagnetickému momentu celého systému (Cornell a Schwertmann, 2003).

Prozkoumame-li peclivéji data vedouci k vyslovené domnénce prfechodu Morinova typu

u mineralu troilitu pfi [7OK uvedené v Kohout a kol. (2007), zjistime, Ze postradaji

7 Pokles magnetické odezvy s klesajici teplotou pod [170 K.
® Neotekévany narist magnetické odezvy pod [70 K.

° Obracené ne? u hematitu, tj. troilit je ferimagneticky pod Morinovou teplotou a antiferomagneticky nad ni.

-21-



experimentalni potvrzeni a navic samotnd studie probihala pouze na jednom vzorku troilitu.
Proto Gattacceca a kol. (2011) navrhli jiné vysvétleni, a to Ze za zminénym nizkoteplotnim
magnetickym chovanim pravdépodobné stoji ferimagnetickd necistota v podobé mineralu
chromitu (FeCr,04). Tento minerdl prechdzi do magneticky usporadaného stavu pravé kolem
inkriminované teploty (LI70 K), coZ se projevuje narlstem magnetické odezvy pod touto teplotou.
Podle Gattacceca a kol. (2011) jeho pfitomnost v systému studovaného Kohout a kol. (2007)
modifikuje nizkoteplotni magneticky pribéh tak, jak je schematicky ukdzdno na obr. 3. Jinymi
slovy fe€eno pozorovany nizkoteplotni nartst magnetické odezvy pod [J70 K, ptipsany pUvodné
mineralu troilitu ve studii Kohout a kol. (2007), je pouze odrazem magnetického projevu zminéné
necistoty chromitu.

Clanek v pfiloze B vénuje pozornost zmindnym spornym otazkam problematiky

nizkoteplotniho narGstu magnetické odezvy, kterymi jsou:

(i) nalezeni dalSiho velmi Cistého a stechiometrického troilitu potvrzujiciho, Ze
anomalie pfi teploté [I70 K neni jen vlastnosti jednoho vzorku, ale je ,obecnym”
rysem mineralu troilitu,

(ii) ovéreni spravnosti pouzité terminologie ,prechod Morinova typu“ pro
nizkoteplotni magnetickou anomalii pfi (70 K u troilitu zavedené autory Kohout a
kol. (2007) a

(iii) prostudovani nizkoteplotniho magnetického déje pod 70 K jakoZto moZného

projevu necistoty v podobé chromitu navrzené Gattacceca a kol. (2011).
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Pro studium nizkoteplotni anomadlie pfi [I70 K jsou v ¢lanku pouZity dva extraterestridlni
polykrystalické troility ziskané z chondritickych meteoriti Cape York IIIAB (FeS_Cape_York) a
Bruderheim L6 (FeS_Bruderheim). Vzorek FeS_Bruderheim je totoZny stim, ktery byl jiz dfive
pouzity ve studii Kohout a kol. (2007), a pro néhoZz byl na zakladé teplotniho magnetického
méfeni navrhnut MorinGv prfechod pro mineral troilit pfi teploté [70 K. Prevdina cast
srovnavajicich méreni s nové studovanym troilitickym vzorkem (FeS_Cape_York) je uvedena
v doplniikové pfriloze k ¢lanku (supplementary k pfiloze B). Je potfeba upozornit, Zze se jednd o
méreni, ktera nebyla v drivéjsi védecké praci Kohout a kol. (2007) provedena ¢i publikovana.

Prvnim cilem autord ¢lanku (pfiloha B) bylo nalezeni dalSiho stechiometrického troilitu
s ,neocekavanym® nardstem magnetické odezvy pod [I70 K podobny tomu, jaky pozorovali
Kohout a kol. (2007). Zpohledu magnetického méreni ma nové studovany troilit (tj.
FeS_Cape_York vzorek) stejny nizkoteplotni projev v podobé narlstu magnetické odezvy pod
[7OK (viz obr. 3a a 3b vpfiloze B), jako dfive studovany troilit Kohout a kol. (2007).
Experimentalni techniky slouzici ke stanoveni krystalové struktury, stechiometrie a Cistoty
prokazuji strukturu troilitu s témér stechiometrickym pomérem Zeleza a siry bez dalSich zjevnych
necistot pro vzorek FeS_Cape_York. To doklada, ze se autoriim podafrilo najit dalsi velmi Cisty a
stechiometricky troilit, ktery ma stejné nizkoteplotni magnetické chovani srovnatelné s jiz drive
studovanym troilitem Kohout a kol. (2007).

Mossbauerova spektroskopie byla pouZita pro potvrzeni anebo vyvraceni druhého
vytyceného cile tykajiciho se spravnosti uZité terminologie , pfechod Morinova typu” pro troilit

pfi [70 K vyslovené Kohout a kol. (2007). Z pohledu Mdssbauerovy spektroskopie se Morin(v

-23-



pfechod projevuje vyraznou zménou hyperjemného parametru 4Eq ziskaného nad a pod timto
prechodem®®. Srovname-li tento charakteristicky znak Morinova ptechodu s vysledky ziskanymi
pro nové studovany troilit (FeS_Cape_York vzorek), nepozorujeme Zadnou zménu hyperjemného
parametru 4Eq nad a pod [70 K (viz tab. 2 v pfiloze B). Studovany troilit tedy nespliuje
pozadovany charakteristicky znak Morinova pfechodu ve zméné velikosti 4Eq. Stejného vysledku
je dosazeno i vramci srovnavaciho méreni pro FeS_Bruderheim vzorek, tj. Zddna zména ve
velikosti 4Eq nad a pod inkriminovanou teplotou. Autofi ¢lanku na zdkladé téchto vysledk
vyjadfuji zavér, Ze pozorované nizkoteplotni magnetické chovani u troilitu pfi [70 K neni
strukturné fizeny Morinlv prechod z pohledu Mdssbauerovy spektroskopie a uziti terminologie
»prechod Morinova typu“ pro tento déj mlze byt do jisté miry zavadéjici, ¢i chybné.

Posledni sporna otdzka vychazi ze studie Gattacceca a kol. (2011), ktefi tvrdi, Ze
»,heocekavany” narlst magnetické odezvy pod [I70 K je odrazem pouze ferimagnetické necistoty,
kterd prechdzi do magneticky usporddaného stavu kolem inkriminované teploty (LI70 K).
Gattacceca a kol. (2011) navrhuji vhodného kandidata v podobé chromitu prechdzejiciho do
ferimagnetického stavu pfi [I70 K.

Pro potvrzeni ¢i vyvrdceni pritomnosti chromitu vnové studovaném troilitu
(FeS_Cape_York vzorek), ktery vykazuje ,neocekdvany” narlst, byla provedena mineralogicka,
strukturni a chemicka analyza s ohledem na pfipadnou kontaminaci studovaného vzorku touto

latkou. Detailni rozbor vysledkid a atributl téchto pozorovani poukazuje na pfitomnost chromitu

' U mineralu hematitu dochazi k vyrazné zméné hyperjemného Médssbauerova parametru 4Eq nad a pod

Morinovym pfechodem. Pro pfedstavu pod inkriminovanou teplotou Morinova pfechodu je 4Eq 10,37 mm/s, ale
nad touto teplotou nabyva zapornych hodnot 4Eq J-0,19 mm/s (Vandenberghe a kol., 1990; Zbof¥il a kol., 2002).
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ve studovaném FeS_Cape_York systému, aviak ve velmi nizké koncentraci, neschopné uspokojivé
vysvétlit jeho sledované nizkoteplotni magnetické chovani pod [70 K.

Nové provedend magnetickd méreni (viz obr. 3c v pfiloze B) pro FeS_Cape_York vzorek
poodkryvaji pfipadny charakter daného magnetického prechodu pro troilit pfi [70 K. Patrna
zména trendu v ,room temperature saturation isothermal magnetization cycle"11 (RT SIRM cycle)
pfi [I70 K odpovida prechodu z feromagnetického do antiferomagnetického stavu spiSe nez
transformaci z paramagnetického do ferimagnetického stavu, ktera by odpovidala mineralu
chromit podle Gattacceca a kol. (2011). ,RT SIRM cycle” méreni tedy vybizi k plvodni myslence
zavedené autory Kohout a kol. (2007), Ze uvedené nizkoteplotni magnetické chovani pfi
teploté [70 K je pravdépodobné charakteristickou vlastnosti minerdlu troilitu.

Na zakladé dosaZzenych vysledk( se autofi ¢lanku priklanéji k interpretaci, Ze nizkoteplotni
narust magnetické odezvy je charakteristickou vlastnosti mineralu troilitu spiSe nez projevem
ferimagnetické necistoty chromitu, pficemZz tento déj pfi [I70 K nemd povahu Morinova
pfechodu. Na druhé strané korektné uvedme, Ze publikovand studie nedokaZe jednoznacné
vysvétlit proces vzniku feromagnetické odezvy pod inkriminovanou teplotou, proto mechanismus

magnetické odezvy pod [170 K zlstal neobjasnén.

11 s , . . v p . . /

RT SIRM cycle — zaznamenavani teplotni magnetické odezvy saturacni remanentni magnetizace z pokojové teploty
na nizkou a zpét, kdy saturacni remanence je vtisténa pomoci dostatecného vnéjsiho magnetického pole pred
zacatkem méreni.
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Maossbauerova studie a magnetické méreni mineralu troilitu ziskaného

z Zelezného meteoritu Natan

Priloha C

Clanek v pfiloze C volné navazuje na predchozi komentovany &lanek tykajiciho se
antiferomagnetického mineralu troilitu. Hlavni pfinos i motivace autord c¢lanku spociva
ve zndzornéni spravného matematického prokladani nizkoteplotniho mossbauerovského spektra
ve vnéjSim magnetickém poli, a to pro polykrystalicky antiferomagneticky FeS systém.

Nez pristoupime k obecnéjSimu popisu projevu aplikovaného externiho magnetického
pole na Mossbauerova spektra polykrystalického antiferomagnetického materidlu, vénujeme
pozornost problematice antiferomagnetické latky v magnetickém poli z pohledu Mdssbauerovy
spektroskopie. Stru¢né zminime dva mezni pfipady pro antiferomagneticky monokrystal:

1. plsobi-li vnéjsi magnetické pole podél osy antiferomagnetické latky, dochazi k zvyseni
podmfizkové magnetizace paralelni sexternim magnetickym polem (Bex) a snizeni
podmfizkové magnetizace antiparalelni s Bey, cOZ je odrazem pficteni ¢i odecteni Bey od
pole popisujictho chovani magnetizace na jednotlivych podmfizkach. Z pohledu
Mossbauerovy spektroskopie je pozorovan podobny vyvoj jako v pfipadé ferimagnetické

latky, kdy se plvodni Mossbauerovo spektrum stépi do dvou subspekter vektorovym

2 Antiferomagnetickym monokrystalem je pro jednoduchost minéna kolinedrni jednoosa antiferomagneticka latka,
kterd je sloiena ze dvou vykompenzovanych magnetickych podmfizek s magnetizacemi M; a M,, a s jednou
krystalografickou pozici pro mossbauerovsky aktivni jadro. V takovém pripadé Mossbauerovo spektrum bez vnéjsiho
magnetického pole vykazuje pouze jeden sextet pod Ty (obr. 5a a 6a).
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Vv

prictenim a odectenim Bey od Bps na jednotlivych podmtizkach (obr. 5b). Jakmile Bey:

nabude hodnoty spinového preklopeni (Johnson, 1989):

Bst = /(2 Bg + Bp)Ba, (1)
kde Bz a Ba jsou vyménné, resp. anizotropni pole, jsou magnetické momenty
podmfizkovych magnetizaci M; a M, preklopeny do osy kolmé k vnéjsSimu magnetickému
poli. Dvé rozStépend mossbauerovskd subspektra (v pfipadé Bex Z 0 T @ Beyxt < Bgf) se
zhrouti do jednoho sextetu s vyraznym nar(istem 2. a 5. spektrdlni linie. Sextet ma nyni
limitni pomér mezi liniemi 3:4:1 (obr. 5c). Dalsi zvySovani hodnoty vnéjsiho
magnetického pole nataci podmftizkové magnetizace do sméru tohoto pole, ¢imz dochazi
u sextetu k mirnému zvySovani hodnoty efektivniho hyperjemného magnetického pole
(Beff) @ postupnému vymizeni 2. a 5. linie (obr. 5d). Linie 2. a 5. zcela vymizi v pfipadé

uplného kolinearniho nato¢eni podmftizkovych magnetizaci M; a M, do sméru Beyt.

a) b A o) d) A
M, M,
B... B... B...
M, M, M,
y-foton y-foton v y-foton y-foton
B,#0T B,#0T B..20T B..20T
B..<B, B..= B, B..> B,
‘ ‘ ‘ | y h ' V .a 5 linie
. a . Rotaci M, a M,do sméru B,
Analogie s ferimagnetikem Dvé subspektra se zhrouti do e st S S
P o e o dochazi k odpovidajicimu vymizeni
(patrna dvé subspektra) jednoho sextetu; narast 2. a 5. linie 2. a 5. linie a narastu B,

Obr. 5. Schématické znazornéni vlivu vnéjsSiho magnetického pole plsobiciho podél
antiferomagnetické osy podmfizkovych magnetizaci M; a M, a odpovidajici mdssbauerovské spektra,
kde B, pfedstavuje externi magnetické pole, B pole nutné pro indukovani spinového preklopeni, Bes

efektivni hyperjemné pole a y-foton predstavuje chod gama paprsku Mdéssbauerovy spektroskopie.
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2. Aplikujeme-li magnetické pole na zacatku kolmo na osu antiferomagnetické latky
u monokrystalu, magnetické momenty lezici plvodné podél této osy (obr. 6a) zacinaji
rotovat do sméru pUsobiciho pole (obr. 6b a 6c). Odpovidajici mossbauerovska
subspektra jednotlivych magnetickych podmtiZzek jsou rovnocenna, pricemZ dochazi
k mirnému narlstu Bes na mossbauerovsky aktivnich jadrech v dUsledku zvySovani

hodnoty Bey: (Frankel, 1974; Pankhurst, 1991; Johnson, 1996).

Bexi Bel(
—> \/ L \/ M,

M, M, M, M,
y-foton y-foton y-foton

T T T

= B,.>0T B,.>>0T

Obr. 6. Schématické zndzornéni vlivu Be puUsobujici kolmo na antiferomagnetickou osu

podmfizkovych magnetizaci M, a M, a odpovidajici méssbauerovské spektra, kde B.,; pfedstavuje

externi magnetické pole, B efektivni hyperjemné pole a y-foton pfedstavuje chod gama paprsku

Mossbauerovy spektroskopie.

Mnohem slozZitéjsi situace nastdva v pripadé aplikace vnéjsiho magnetického pole na
polykrystalické antiferomagnetické latky, kde dostdvame zprimeérované vysledné Mdossbauerovo
spektrum pres vSechny mozné a zcela nahodné sméry antiferomagnetickych os u jednotlivych
domén v polykrystalické latce. Jinymi slovy se zde projevuji vyse zminéné mezni pfipady pro

antiferomagneticky monokrystal v magnetickém poli (obr. 5 a 6). Pro jednoduchost vénujme
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pozornost pouze vysledkim vnéjsiho magnetického pole na vysledné Mdssbauerovo spektrum.
To vykazuje narlst 2. a 5. linie a rozsifeni vSech linii v porovnani se spektrem méreného
v nulovém magnetickém poli (obr. 7a), pficemz sitka linie klesa od vnéjsich k vnitfnim liniim (obr.
7b a 7c). RozSifovani linii se zastavi pfi hodnoté Be: = By, kde pozorujeme zpétné zuzeni
maossbauerovskych linii (obr. 7d) (Pankhurst a Pollard, 1990). Aplikace vétSiho magnetického pole
nez Bs (tj. Bext > Bsf) vede jiz k postupnému vymizeni 2. a 5. linie a odpovidajicimu narQstu Bes

(obr. 7e a 71).

Transmise

a)
Y 1 e B B,=0T
b)

B,>0T

Narast 2. a 5. linie
v porovnani se spektrem bez c)
vnéjsiho magnetického pole, tj. B,,= 0T

B,.>0T

ext

Markantni rozsifovani vnéjsich %il’ d)

B, =B,
Zpétné zazeni vdech linii ] >
e)

V V Y VY \r‘l[_ B, > B,
f)

m Bm >> Bsf 4

ajod oyasjonaubew oyisfoua nysnieu Jows

M S
T 7z
0 Rychlost [mm/s]

Obr. 7. Schématické zndzornéni vyvoje mossbauerovského spektra polykrystalického antiferomagnetu
v externim magnetickém poli, ktery ma jednu krystalografickou pozici pro mdssbauerovsky aktivni jadro,

kde Bey predstavuje externi magnetické pole a B pole nutné pro indukovani spinového preklopeni.

Pti pohledu na nizkoteplotni mossbauerovské spektrum v externim magnetickém poli 5T

pro antiferomagneticky polykrystalicky troilit (FeS_Natan vzorek) (viz obr. 2c v pfiloze C), je
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patrné, Ze jsou splnény uvedené predpoklady pro polykrystalicky antiferomagnet v magnetickém
poli z pohledu Mdssbauerovy spektroskopie (a to pro pfipad Bs > Beyt, Viz také obr. 7b ¢i 7c). To
potvrzuje interpretaci, Ze matematické proloZzeni vyse uvedeného spektra studovaného troilitu
v magnetickém poli vyZaduje uZiti modelu pro polykrystalicky antiferomagneticky systém.
Uvedené spektrum bylo matematicky prolozeno prostfednictvim distribuce efektivniho
hyperjemného pole majici pouze jedno maximum (viz obr.2d v pfiloze C), coZ odpovida
predpokladu jedné krystalografické pozice pro Zeleznaty iont ve strukture troilitu a uziti pouze
jednoho sextetu pro korektni matematické proloZzeni Mossbauerova spektra troilitu v externim
magnetickém poli.

Vtomto pfipadé neni mozZné pouzZit teoreticky model matematického prokladani
Mossbauerova prabéhu zaznamenaného ve vnéjsSim magnetickém poli pro antiferomagnetikum,
které ma neidedlni antiferomagnetické chovani™® (Cuda a kol., 2010) a na jeho zakladé
interpretovat Mossbauerovskd spektra polykrystalického antiferomagnetického troilitu ve
vnéjsSim magnetickém poli. K pouziti tohoto modelu svadi ,neobvyklé” rozsifeni vnéjsich linii
u polykrystalického troilitu'® (viz obr. 2c v pfiloze C), které na prvni pohled naznatuje nekorektni

pouziti dvou sextet(, jenzZ jsou typické pro zminény teoreticky model.

 Tento model prepoklada antiferomagneticky systém se dvéma rovnocennymi magnetickymi podmtizkami a jednu
krystalografickou pozici pro Zelezny iont ve strukture (stejné jako v ptipadé troilitu). Ddle se predpoklada, Ze vlivem
vnéjsiho magnetického pole se jednotlivé podmfizkové magnetizace chovaji na sobé vzajemné nezavisle, tj. neidedlni
antiferomagnetické chovani tohoto systému ve vnéjsSim magnetickém poli. Potom je Mdssbauerovo spektrum ve
vnéjsim magnetickém poli proloZzeno ne pomoci jednoho sextetu (jako v pfipadé troilitu) ale dvou, pricemz kazdy
sextet odpovida jedné magnetické podmfizce.

' Obecny pfiklad polykrystalického antiferomagnetu v magnetickém poli, kdy By < B; (obr. 7b a 7c).
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Nizkoteplotni magnetizmus mineralu alabanditu: stézejni role povrchové oxidace

Priloha D

Za jistych okolnosti magnetickd méreni pracuji jako experimentdlni nastroje poskytujici
informace o fazovém sloZeni, principalné zaloZzené na hledani zndmych magnetickych znakd,
které jsou neoddiskutovatelnym magnetickym podpisem dané faze. Ve zminéném duchu
Petrakovski a kol. (2001) publikovali tento charakteristicky magneticky znak ¢i podpis
nestechiometrickych alabanditli bohatsich na mangan (Mn,S; 1 <x<1,25), ktery udéluje témto
antiferomagnetickym systému feromagnetické vlastnosti pod [A0 K (obr. 8).

Citovana studie (Petrakovski a kol., 2001) nebere v uvahu klicovou otdzku Ccistoty
studovanych systéml, a vrha tak stin pochybnosti na mozné aplikace tohoto charakteristického
znaku z pohledu magnetického rozpoznavani nestechiometrickych alabanditovych systéma.
Pripadna pritomnost feromagnetické ¢i ferimagnetické nedistoty, u které nardsta magneticka
odezva prechodem do usporadaného magnetického stavu kolem inkriminované teploty (LA0 K),
by mohla vysvétlit pozorované nizkoteplotni magnetické chovani studované Petrakovski a kol.
(2001). V takovém pripadé je narlist magnetické odezvy pouhym magnetickym projevem
zminéné necistoty a nikoliv charakteristickym magnetickym znakem téchto nestechiometrickych
albanditovych systém(. Nasledné vyuziti tohoto jevu pfi magnetickém identifikovani
nestechiometrickych alabanditl bohatsSich na mangan (tj. Mn,S; 1 < x <1,25) napfiklad v mnoha

fazovém systému by bylo zavadéjici, ¢i pfimo chybné.
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/N Narust magnetické odezvy pod T, interpretovany jako feromagneticka viastnost
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Obr. 8. Schématicky obrazek narlstu magnetické odezvy pod (40 K u nestechiometrickych alabanditi,
interpretované jako jejich feromagneticka vlastnost Petrakovski a kol. (2001), kde Ty oznacuje Néelovu
teplotu téchto systému. (Zero-field-cooled) ZFC kfivka odpovidd méreni, kde je vzorek bez pfitomnosti
vnéjsiho magnetického pole vychlazen z pokojové teploty na nizkou teplotu (napf. 5 K). Samotné
magnetické méreni probiha pfi ohfevu z této nizké teploty na pokojovou teplotu v pfislusném vnéjsim
magnetickém poli. Field-Cooled (FC) kfivka je dlsledkem velmi podobného méreni jako ZFC kfivka, jen
s tim rozdilem, Ze vzorek je chlazen na nizkou teplotu jiz v pfitomnosti pfislusného vnéjsiho magnetického
pole.

Clanek v pfiloze D zabyvajici se nizkoteplotnim magnetizmem minerélu alabanditu Fesi
zminénou problematiku pritomnosti nelistoty a jejiho pripadného vlivu na nizkoteplotni
magnetickou odezvu téchto nestechiometrickych alabanditl. Nez-li budou uvedeny tyto zavéry,
vénujme v kratkosti pozornost vysledkiim dosazenym ve studii v pfiloze D.

V ¢lanku jsou zkoumany tfi alabanditové systémy, a to jeden pfirodni (NA vzorek) a dva
synteticky pripravené (SA1 a SA2 vzorky). Z pohledu magnetického méreni je u nich patrny jev
narlstu magnetické odezvy pod [40 K (viz obr. 2 v pfiloze D) podobny tomu, jaky pozorovali pro
nestechiometrické alabandity pod [40 K Petrakovski a kol. (2001). Toto magnetické chovani je

ale prekvapivym vysledkem v pfipadé NA a SA2 vzorkl, protoZe rentgenova a elementarni

analyza zarazuje tyto dva systémy do oblasti vysoce stechiometrickych prikladd alabanditu (viz
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obr. 1 a tab. 1 v pfiloze D). Jak je zndmo, ten ma antiferomagnetické usporadani pod Ty [1153 K
(Heikens a kol., 1977; Pearce a kol., 2006) a spolu s polykrystalickou povahou téchto vzorka je
predikovanym vysledkem pouze pokles teplotniho pribéhu magnetické odezvy pod [1153 K a
nikoliv jeji narlst pfi nizsi teploté (tj. pod [MOK). Toto neocekdvané avSak pozorované
magnetické chovani u NA a SA2 vzork( naznacuje pritomnost feromagnetické ¢i ferimagnetické
necistoty v téchto systémech. Na zdkladé nize uvedenych bod( je predpokladano v ptiloze D, Ze
necistotou je feromagneticky mineral hausmanit (Mn3z0y):

1. Hausmanit ma Currierovu teplotu Tc041-43 K (Dwight a Menyuk, 1960; Robie a
Hemingway, 1985) velmi blizko inkriminované teploté (40 K — pod touto teplotou dochazi
vlivem prechodu do ferimagnetického stavu knarlstu jeho magnetické odezvy.
Pfitomnost tohoto mineradlu ve studovanych systémech (NA a SA2) muZe vysvétlit
»prekvapivy“ narlist magnetické odezvy pod 40 K.

2. Detailni rentgenova analyza poukazuje na minoritni pfitomnost oxidu manganu v podobé
mineralu hausmanitu v NA systému. Rietveldovou analyzou uréené zastoupeni
hausmanitu v NA vzorku ([5,9 hm. %) koresponduje s potfebnym mnozstvim této latky (tj.
(5,3 hm. %) pro vysvétleni magnetického chovani tohoto vzorku pod [0 K. Nizkoteplotni
magnetické chovani pod [0 Ku NA vzorku je odrazem hausmanitu a nikoliv majoritni
faze mineralu alabanditu (83,1 hm. %).

3. Zamérnym zoxidovanim povrchu zrn praskového vzorku SA1 dojde k zvySeni pfitomnosti
mineralu hausmanitu v SA1 systému (viz obr. 1d v pfiloze D). Teplotni zavislost

magnetické odezvy tohoto povrchové modifikovaného systému (oznaceného
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v komentovaném c¢lanku jako SA1_OX vzorek), vykazuje stejny profil nizkoteplotniho
magnetického chovani s pfedpokladanym vétsim magnetickym ndarlstem pod 40 K (viz
obr. 5 v pfiloze D). Magneticky ndrlst je vsouladu s uréenou pritomnosti hausmanitu
v povrchové modifikovaném systému (SA1_OX vzorek). Rietveldovou analyzou urcené
zastoupeni hausmanitu (22 hm. %) odpovida potfebnému mnozstvi toho mineral(
(CR0 hm. %), které je nutné pro vysvétleni nizkoteplotniho magnetického chovani SA1_0OX
vzorku.

4. PFitomnosti pozorovaného Hopkinsonova vrcholu®™ na ZFC k¥ivkach pro viechny
studované systémy (NA, SA1, SA2 i SA1_OX) (viz obr. 2 a 5a vpfriloze D), ktery je
pozorovan v pfipadé transformace z magnetického usporadaného stavu do

paramagnetického (Dunlop a Ozdemir, 1997), coz je pfipad pravé hausmanitu.

Dosazené vysledky poukazuji na fakt, Ze narGst magnetické odezvy pod [A0 K (viz obr. 2 a 5a
v priloze D) je disledkem minoritni prfitomnosti hausmanitu ve studovanych systémech (NA, SA1,
SA2, SA1_OX). Hausmanit vstupuje do ferimagnetického stavu kolem inkriminované teploty, coz
je doprovazeno narlstem jeho magnetické odezvy pod [0 K, kterd modifikuje nizkoteplotni
magnetickou odezvu celého systému (NA, SA1, SA2, SA1 OX) s intenzitou odpovidajici
pritomnosti hausmanitu.

Podivame-li se na studii provedenou Petrakovski a kol. (2001) pro synteticky pfipravené

nestechiometrické alabandity bohatsi na mangan (tj. Mn,S, 1 <x<1,25), miZeme vyslovit zavér

15, , . , , v
Viz schématické znazornéni toho vrcholu na obr. 8.
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smérem k této studii. Systémy studované Petrakovski a kol. (2001) maji stejné ¢i velmi podobné
nizkoteplotni magnetické chovani pod [0 K jaké pozorujeme pro vzorky NA, SA1, SA2 a SA1_OX.
Petrakovski a kol. (2001) pfipisuji tento narlist magnetické odezvy pfitomnosti charakteristického
feromagnetického prechodu v nestechiometrickych alabanditech a nikoliv necistoté. Lze se vSak
domnivat, Ze ndarlist magnetické odezvy je vtomto pripadé opét zplisoben pouhou pritomnosti
ferimagnetické nedistoty v podobé hausmanitu. Ten vznikd nejpravdépodobnéji v priibéhu
syntézy téchto alabanditd bohatSich na mangan (tj. Mn,S, 1< x<1,25), kde nadstechiometricky
mangan nevstupuje do struktury alabanditu, ale reakci s kyslikem vytvafi oxidy manganu
zahrnujici i hausmanit. Tomuto zavéru pfispivd i pozorovany Hopkinsontv vrchol na ZFC
kiivkdch'® pro viechny nestechiometrické alabandity studované Petrakovski a kol. (2001),
kterému v citované praci nebyla vénovana pozornost a ktery nyni mGzeme interpretacné pripsat
pravé prechodu z ferimagnetického do paramagnetického stavu hausmanitu. Potom korelace
mezi mirou narlstu magnetizace a koncentraci nadstechiometrického manganu je zpUlsobena
pfitomnosti hausmanitu a nikoliv nestechiometrii téchto systému ve studii Petrakovski a kol.
(2001).

Predlozend prace v Pfiloze D tedy vrha stin pochybnosti na mozné magnetické aplikace
charakteristického znaku pfi [M0 K pro nestechiometrické alabandity bohatSich na mangan

studované Petrakovski a kol. (2001).

18 Viz obr. 2 ve studii provedené Petrakovski a kol. (2001).
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Laboratorni simulace kosmického zvétravani prostrednictvim kontrolovaného

rustu nanocastic Zeleza na povrchu mineralu olivinu

Priloha E

Kosmické zvétravani je proces, kdy je povrch vesmirnych téles bez atmosféry neustale
vystaven proudu sluneéniho vétru (ionizovaného vodiku — protond) a dopadim drobnych
prachovych ¢astic (mikrometeoritll), ¢imz dochdzi k modifikaci fyzikalnich, chemickych i
mineralogickych vlastnosti plivodniho povrchu téchto téles. Souhrnné i zamérené védecké prace
ukazuji, ze vlivem kosmického zvétravani na povrchu kosmickych téles dochazi k proceslim
rozruSeni krystalové mfize, bodovému nataveni a vyparovani hornin. Béhem ndsledné depozice
par pak dochazi v povrchovych vrstvach Zelezo—obsahujicich kosmickych materidll k tvorbé
sklovité povrchové vrstvy obohacené o nanotastice redukovaného zeleza (npFe®). Reflektanéni
spektra (v optické, ultrafialové a infracervené oblasti) nasledné vykazuji bud" méné vyrazné
absorpéni pdsy obsaZzenych silikatl (olivinu, pyroxenu) s pozitivnim sklonem k vy$sim vinovym
délkdm ¢i pouze pozitivni sklon u kosmickych téles chudych na zminéné silikaty (obr. 9) (McCord
a Johnson, 1970; Adams a McCord, 1973; McCord a Adams, 1973; Pieters a kol., 2000; Noble a

kol., 2001; Sasaki a kol., 2001; Hapke, 2001; Chapman, 2004; Marchi a kol., 2005; Lazzarin a kol.,

Vlivem kosmického zvétravani dochazi k tvorbé nanocastic
kovového zeleza v povrchovych vrstvach kosmického télesa N 5
................. o y | 4 > o My$lena ¢ara
Kosmické zareni 2 L naznacujici sklon
\/\/\M A g k vy$sim vinovym délkam
2
. .............................................................. uq—) ] ) 3 3 o
Impakt mikrometeoritu T, ha Spektrum kosmického télesa s zeleznymi
................................................. > nanocasticemi na povrchu
........ \
- z L
Kosmické téleso VInova délka

Obr. 9. Schématické zndzornéni kosmického zvétravani a vlivu na reflektanéni spektrum.
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Pro laboratorni simulaci kosmického zvétravani se vyuzivd dvou metod, zaloZzenych bud’
na kratce trvajicim laserovém ozareni, nebo na bombardovani povrchu studovaného mineralu
ionty (Marchi a kol., 2005; Brunetto a kol., 2006; Lazzarin a kol., 2006). Avsak tyto metody
neposkytuji dostate¢nou kontrolu jak ve velikostni distribuci vznikajicich npFe®, tak ani v jejich
koncentraci na povrchu (Brunetto a kol., 2006). Ztohoto pohledu je kvantitativni studie
kosmického zvétravani tézko proveditelna. Pouze metody zalozené na tvorbé npFe’ v substratu
porovitého silikagelu s pory o rlizné velikosti umozni ovlivnit velikostni distribuci oneO, atedyi
kvantitativni analyzu vlivu npFe® na spektralni vlastnosti (Allen a kol., 1996; Noble a kol., 2007).

Predlozeny clanek (ptiloha E), ktery byl pfijat (9. 4. 2014) k publikaci v ¢asopise ICARUS,
vénuje pozornost zminénému fenoménu kosmického zvétravani a jeho laboratorni simulaci.
Konkrétnéji motivaci autor( ¢lanku bylo vyuzit bohaté zkuSenosti na pracovisti autora této
dizertacni prace s pfipravou a naslednou charakterizaci nanolastic na bazi Zeleza a tyto
zkuSenosti aplikovat v podobé nového pristupu k laboratorni simulaci kosmického zvétravani,
kterd umozni kvantitativni analyzu. Sekundarni motivace spocivala vroviné vyuZiti nového
pFistupu ke studiu vlivu npFe® na reflektanéni spektra minerélu olivinu, jakozto reprezentativniho
prikladu silikdtového mineralu, ktery se vyskytuje v planetkach (S komplex) ¢i u chondritd a
podléha pfirozenému kosmickému zvétravani ve vesmiru.

V ¢lanku je predstavena nova dvoukrokova metoda pfipravy analogli kosmického
zvétravani na mineralu olivinu, zaloZzend na teplotni dekompozici, pficemz pozadované velikostni
distribuce i koncentrace one0 v povrchovych vrstvach je docileno pomoci zmén teploty a doby

Zihani studovaného systému. V prvnim kroku je olivin Zihan za pfristupu kysliku vedoucimu
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k ¢astecné oxidaci Zeleznych iontl ve struktufe, zvlasté téch nachdzejicich se blizko povrchu
studovaného systému. Oxidace Fe®" iontt vede k nabojové nerovnovaze ve struktufe zpUsobuijici
difuzi Fe*" atomd smérem k povrchu, kde precipituji ve formé Fe* oxid{ Zeleza (obr. 10). Ziskani
npFe® v povrchovych vrstvach studovaného systému se dosahuje prostiednictvim druhého kroku,
kdy povrchové nanotastice Fe** oxidii Zeleza jsou redukovéany zihanim v redukéni vodikové
atmosféie na pozadované npFe’. Vysledkem této dvoukrokové metody je povrch studovaného

systému zménén na sklovitou vrstvu s npFe’.

Zelezny ion Fe” oxiduje na Fe*a difunduje k povrchu, kde precitipuje
ve formé oxidl Zeleza

.. Sklovita vrstva

Oxid zeleza 7

Olivin na zac¢atku Olivin po 1. kroku

Obr. 10. Schématické znazornéni prvniho kroku pfipravy analogl kosmického zvétravani pro

mineral olivin. Zihdnim v peci za pfistupu kysliku dochazi k tvorbé sklovité vrstvy s oxidy zeleza.

Zminény postup pripravy analogl kosmického zvétravani je ukazdn na mineralu olivinu,
kdy je ziskan npFe® v povrchovych vrstvach (viz snimky z transmisni elektronové mikroskopie obr.
2 a 3 v priloze E) podobnym tém, které zndme u pfirodné kosmicky zvétralych systémua (Pirters a
kol., 2000; Hapke, 2001). Skutecnost, Ze se podafilo povrchové modifikovat zrna minerdlu olivinu
systémem npFe’, je prokazovana na zakladé téchto poznatka:

1. mtizkové roztete téchto npFe® maji hodnotu typickou pro kovové Zelezo (viz obr. 4

v pfiloze E),
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2. elementdrni analyza téchto castic ukazuje pouze kovové Zelezo bez pritomnosti kysliku
(viz obr. 5 v ptiloze E) a
3. Mossbauerova spektroskopie ukazuje ve studovaném systému pouze pritomnost

mineradlu olivinu a kovového Zeleza (viz obr. 6 v pfiloze E).

Kvantitativni analyza ziskanych vysledkl na minerdlu olivinu ukazuje, Ze pozorované
zmény reflektanénich spekter jsou dusledkem pouze miry koncentrace npFe® v povrchovych
vrstvach. Porovnanim se spektrem pro Cisty olivin je patrny trend, Ze s rostouci koncentraci one0
jsou méné vyrazné absorpéni pasy minerdlu olivinu s pozitivnim sklonem kvys$Sim vinovym
délkam (viz obr. 7 v p¥iloze E). Dale je patrnd linedrni vazba mezi mirou koncentrace npFe’
v povrchovych vrstvdach olivinu a absorpénim pasmem 1 pm (viz obr. 8 v pfiloze E) a logaritmicky
trend jak mezi mirou koncentrace one0 a odrazivosti, tak 1 pum absorpénim pasmem a
pozitivnim sklonem k vy$sim vinovym délkam (viz obr. 9 v pfiloze E).

Usp&sné navrhnutd dvoukrokovd metoda tvorby analogl kosmického zvétravani,
predstavené na mineralu olivinu, umoZiuje aplikovat tuto metodu i pro jiné systémy a studovat
vliv velikosti a koncentrace npFe® na jejich reflektanéni spektra. Nad ramec ¢lanku v pfiloze E byla
dvoukrokovd metoda aplikovand na mineral pyroxen a pfirodni extraterestridlni vzorek
meteoritu. Tyto prvotni studie davaji uspokojivé vysledky vzamérné povrchové modifikaci
systémem npFe’. To doklada, e nové dvoukrokovad metoda simulace kosmického zvétravani je

realné vyuzitelnd pro kvantitativni studium tohoto jevu.
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Abstract. In this article, the commercial synthetic powdered sample of ilmenite (FeTiO3) has
been re-examined by Mdossbauer spectroscopy in the paramagnetic regime from 77 K to 280 K
and in a magnetically ordered state below 57 K. The effective vibrating mass and the Debye
temperature was found to be (78 £3)amu and (359 £ 27) K, respectively. The two sextet
components were used for correct fitting of the Mossbauer spectra recorded at 5 K and 45 K in
an external magnetic field of 5 T. Moreover, the macroscopic magnetic measurements were
carried out by an MPMS XL-7 magnetometer to determine a temperature dependence of the
molar susceptibility and hysteresis loops of this sample. The Maossbauer spectra and
magnetization measurements confirm that below the ordering temperature of ilmenite, it behaves
as a non-ideal antiferromagnetic material with a significant magnetic hardening at low
temperatures. In addition, the magnetic molar susceptibility follows a Curie-Weiss law with
Cn = 5.8 x 107 K m*/mol, and Weiss temperature 6,=30.6 K.

Keywords: Ilmenite, FeTiOs;, zero-field and in-field Mdssbauer spectroscopy, hyperfine
interactions, low-temperature magnetic regime.
PACS: 76.80.+y, 75.50.Ee

INTRODUCTION

The iron titanium oxide has the chemical formula of FeTiO; and it occurs as an
igneous and metamorphic hard rock with a typical dark brown or black color. In
addition, it forms solid solutions in combination with other phases (hematite in most
cases) in which it governs unusual magnetic properties of these compositions such as
in the hematite-ilmenite solid solutions. This solid solution exhibits a significant
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exchange bias phenomenon with an exchange bias field of up to 1 T and anomalously
high thermoremanent magnetization being stable for a long period of time [1,2].

Crystal structure of FeTiO; can have three possibilities depending on the
temperature and pressure conditions [3,4]. Among them, ilmenite structure with space
group R-3 is regarded as the most stable phase at ambient conditions. There are
alternating layers of Ti and Fe ions perpendicular to crystallographic c-axis with
oxygen layers between them. The neutron diffraction data have been discussed in
several papers [5-8] proposing that FeTiOs; has an antiferromagnetic magnetic
structure below its Néel temperature in the range of 56-58 K with magnetic moments
of Fe ions lying parallel or antiparallel along the c-axis. At low temperatures, magnetic
moments are still collinear but oblique from c-axis with a small angle of about 2°.

A metamagnetic phase transition at low temperatures is also observed in FeTiOs.
FeTiO; undergoes the metamagnetic transition under about 8 T at 4.2 K and the whole
phase diagram was published in [9]. Time evolution of the magnetic response through
this transition was investigated in [10].

A nominal valence state of Ti and Fe ions is 4+ and 2+, respectively, which has
been confirmed in [11]. On the other hand, it is possible to find oxidation states Ti*
and Fe®* in the natural ilmenite and synthetic specimen due to close energy levels
between Fe** a Ti*" ions [3,12-15].

In the present paper, we have re-examined the Modssbauer spectra in the
paramagnetic and also in the antiferromagnetic regime together with the results
acquired from the magnetization measurements. From the temperature evolution of the
zero-field Mossbauer spectra, we have derived the effective vibrating mass and the
Debye temperature and we show that ilmenite does not behave as a collinear
antiferromagnetic material as evidenced by a deconvolution of the in-field Mossbauer
spectra and temperature behavior of the molar susceptibility and coercivity.

EXPERIMENTAL DETAILS

The commercial synthetic powdered specimen of FeTiO; was bought from Sigma
Aldrich Company with sizes of particles being less than 150 microns. Before other
studies, we have checked a crystal structure and stoichiometry of this sample by X-ray
powder diffraction (XRD) and X-ray fluorescence (XRF), respectively. XRD
experiments were performed with a PANalytical X Pert PRO instrument (CoK,
radiation) equipped with an X Celerator detector. Samples were spread on a zero-
background Si slides and step-scanned in the 26 range of 10-100° in steps of 0.017°
for 720 s per step. The XRF analysis has been carried out by an X-ray Fluorescence
Spectrometer Wavelength dispersive XRF S4 Pioneer. The zero-field Mdossbauer
spectra were recorded in the temperature interval from 5 to 280 K in a constant
acceleration mode with a 50 mCi 57Co(Rh) source. The values of the center shift are
reported with respect to a-Fe at room temperature. The in-field Mdossbauer
measurements were performed in a constant acceleration mode when the sample was
placed in a cryomagnetic system (Oxford Instruments) at a temperature of 5 and 45 K
and exposed to an external magnetic field of 5 T, applied parallel to the direction of y-
rays. To fit the collected Mossbauer spectra, MossWinn software package has been
employed. A superconducting quantum interference device (SQUID, MPMS XL-7,
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Quantum Design) has been used for the magnetic measurements. The hysteresis loops
were recorded in external magnetic fields of up to £ 5 T. The temperature dependence
of the magnetic molar susceptibility was measured in the settle mode in the
temperature range from 5 to 300 K and in an external magnetic field of 0.1 T.

RESULTS AND DISCUSSION

XRD and XRF Analysis

The X-ray pattern of the investigated sample is depicted in Fig. 1. It shows the
presence of crystalline ilmenite structure of R—3 space group and peaks corresponding
to this structure are marked by arrows (JCPDS card No. 01-075-1209). As far as the
stoichiometry is concerned, the analysis of the XRF spectrum indicates that titanium
and iron atoms are present in the ratio of 1.02 in the studied sample in contrast to 1
expected for precisely stoichiometric specimen. That implies a presence of either a
small amount of vacant sites of iron or a small amount of another phase in the sample
which may increase this ratio and/or both two possibilities occur simultaneously.
According to the XRD pattern, TiO, probably seems to be another phase and its
presence was determined to be less than 1%. Thus, our studied sample can be
considered as an almost single-phase sample because the presence of vacancies and/or
impurities (TiO,) is negligible as evidenced from the X-ray pattern and stoichiometry
study.

v corresponds to
ilmenite structure
(FeTiO,)

Diffraction intensity (a. u.)

¥
vy
v
. v
Ve LL'vv"v"
T T T T T T 7T 717

10 20 30 40 50 60 70 80 90
26 (°) CoK,,

FIGURE 1. XRD pattern of the powdered FeTiO; sample.
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Maossbauer Study

In order to study the temperature dependence of the physical properties of FeTiOs,
we measured the Mossbauer spectra in the paramagnetic region above the Néel
temperature. Each of 12 Mdssbauer spectra were recorded in the temperature range
from 77 K to 280 K and they were fitted well by means of one symmetric quadrupole
doublet indicating an absence of any texture in our sample. The Mossbauer spectra at
77 K and at 280 K are depicted in Fig. 2 and relevant parameters of the temperature
evolution of the quadrupole doublet are listed in Table 1. It is clearly seen that the
value of the center shift at 280 K (i.e., 1.10 mm/s) corresponds to ferrous component
of iron in spin state of S = 2 which is in agreement with a presumption for iron ions in
FeT103.

Further, we constructed the temperature dependences of the quadrupole splitting
AEq and the center shift 8. The temperature behavior of these hyperfine parameters is
shown in Fig. 3. We observe a quite strong temperature dependence of the quadrupole
splitting parameter (see Fig. 3a). In principle, there are two main sources which can
contribute to the electric field gradient (EFG) if the electric charge distribution around
a Mossbauer nucleus is non-spherical [16,17]. The first term arises from a lattice
contribution (V)i where the dominant source for the EFG tensor is governed by an
electric charge belonging to atoms surrounding the probed Mossbauer atom, however,
this term is hardly affected by temperature. On the other hand, the second one which
can display a temperature dependence is called the valence electron contribution
(V2)var and reflects an anisotropic electron distribution in the valence shell of the
Mossbauer atom. Therefore, in our case, (V;)va is the main source for EFG tensor of
the Mossbauer-active atom in FeTiO;. Moreover, the temperature dependence of the
center shift has been taken into account and is illustrated in Fig. 3b. Employing a
linear curve to account for the decrease in J with raising temperature, the derived
value of the correlation coefficient of the linear regression is found to be 0.99. This
value of the correlation coefficient is larger than 0.95 which is the lowest limit value
for mathematical acceptance of the linear regression. Therefore, the effective vibrating
mass Mg can be calculated according to the expression valid for a classical high-
temperature limit [17,18], i.e.,

dé 3 Eky

a7 2 M
where T denotes the temperature, E, represents the energy of the Mossbauer gamma-
photon, kg stands for the Boltzmann constant, M. is the effective vibrating mass and ¢
corresponds to the speed of light. From the observed temperature behavior of &, Mes
was evaluated to be (78+3) amu for the Mossbauer probed atom. If Mg is
determined, the Debye temperature @, can be calculated on the basis of the formula of
the recoil-free fraction. It is known that an area A(T) under the absorption resonance
curve of a Mossbauer spectrum is connected with a recoil-free fraction f{7T) and the

temperature evolution of f{7T) can be accompanied by the temperature behavior of
A(T). Then

ey

dlnA dInf

dr ar @
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The Debye temperature & was determined using a high temperature limit of the
recoil free fraction because we observed almost a linear character of the natural
logarithm plots of the resonance areas (normalized to 77 K) at the temperature range
of 77 £ T <280 K as evidenced in Fig. 3c. Then, with regard to Eq. 2, we can write
that
dinA _ 6E; _ 3E, 3)
dr k@) kM .0}’

where Ey represents the recoil energy. It was found that & is (359 + 27) K by means
of the linear regression through the experimental data (solid line in Fig. 3c) and by
substitution of M= 78 amu in Eq. 3 derived from the second-order Doppler shift
described by Eq. 1. The Debye temperature points to the strength of the bonds
between the lattice and Mossbauer-active atom and is higher than 300 K reported for
most metallic materials. However, we were unable to found out any estimation of it by
help of Mossbauer spectroscopy in the literature. Nevertheless, the determined Debye
temperature for FeTiO3; can be compared with that for materials with related crystal
structures such as ilmenite-hematite solid solution and tin-doped ilmenite MnTiOs. For
(FeTi03)g 5-(Fex03)0 5 solid solution, the Debye temperature was found to be equal to
(355 5) K [19] and (370 + 10) K for tin-doped ilmenite MnTiO3 [20].
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FIGURE 2. Mossbauer spectra of the powdered FeTiO; sample measured at 280 K (a) and 77 K (b).
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FIGURE 3. Temperature behavior of the quadrupole splitting parameter in the temperature range from
77 K to 280 K (a), temperature dependence of the center shift parameter in the temperature range from
77 K to 280 K (b), natural logarithm of area under the Mdssbauer absorption resonance curve
(normalized to 77 K) of the powdered FeTiO; sample at various temperatures (c).

TABLE 1. Summary of parameters for the powdered FeTiO; sample derived from the measured
Mossbauer spectra in the paramagnetic region where o corresponds to the center shift, AEq represents
the quadrupole splitting, I" is the linewidth, A(7) is the resonant area under Mossbauer spectrum at a
temperature 7, Mg refers to an effective mass of the Mossbauer probed atom and @ is the Debye

temperature of the solid.

77K 280 K
o (mm/s) 1.20£0.01 1.10£0.01
AEq (mm/s) 1.06 £0.01 0.71£0.01
I' (mm/s) 0.40+0.01 0.39£0.01

dAE/dT (mm/s K™

d&dT (mm/s K

M.i; (amu)

dIn[A(TY/A(77 K)1/AT (K™
& K)

~1.77%x 107
-534%10*
78 + 3
-7.70 %10
359 +27
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Now, we will briefly focus on the Mossbauer spectra in the magnetic ordered state
of FeTiO; below 57 K. The zero-field Mossbauer spectra at 45 T and 5 K are shown in
Fig. 4a and 4b. Looking at the measured Mossbauer spectra, it is evident that the
individual peaks of the sextet are significantly overlapped due to the high value of the
quadrupole splitting and relatively small value of the magnetic hyperfine field.
Further, the point symmetry of the Fe®* sites which are crystallographically equivalent
suggests that the electric field gradient (EFG) is axially symmetric (i.e., 7 =0, wheren
is the asymmetry parameter) and the hyperfine magnetic field is parallel to V_, (i.e., the
diagonal element of the electric field gradient tensor along the z principal axis) [21].
Therefore, to fit correctly the low-temperature Mossbauer spectra of our investigated
sample, we used a model which is implemented in the MossWinn program involving a
static Hamiltonian [22] for mixed magnetic and quadrupole interactions in order to
determine hyperfine parameters of Fe** ions. They are summarized in Table 2. A
profile of the Mossbauer spectrum recorded at 5 K is comparable with the spectrum
obtained by Grant et al. [21]. From the analysis of the measured Mossbauer spectrum,
the quadrupole splitting was determined to be 1.44 mm/s at 5 K which is the same
value reported by Grant et al. at the given temperature [21]. The center shift is also
consistent with the previously published value.

It is worth to mention that the hyperfine magnetic field involves several
contributions. Apart from usual Fermi-contact term, for Fe”* ions, orbital and dipolar
hyperfine magnetic terms do contribute to the value and the direction of the overall
hyperfine magnetic field. Thus, below the ordering temperature, the temperature
dependence of the hyperfine field do not need to obey the Brillouin function with S =
2. The sign of the hyperfine magnetic field at low temperatures is negative according
to analysis of the orbital, dipolar and Fermi-contact contributions to the hyperfine
magnetic field in FeTiO3 [21,23]. In such a case, the magnetic hyperfine field at the
Maossbauer-active nucleus is oriented antiferromagnetically to direction of an applied
external magnetic field.

The Mossbauer spectrum at 5 K and 0 T was fitted again by means of six singlets to
show the position of each sextet line in the overall fitting. This time, during the fitting
procedure, we fixed the relative line intensities to be 2:1:1:2:3:3 for randomly-oriented
powdered non-magnetized sample because of a small magnetic hyperfine field and a
large quadrupole interactions which cause that the transition from — 3/2 excited state to
— 1/2 ground state has a higher energy than the energy corresponding to the transition
from + 1/2 excited state to + 1/2 ground state. Furthermore, the width of each six lines
was held to have the same value and the difference between the 4™ and the 2™ line
was held to be equal to the difference between the 5™ and the 3™ line. The fitting of
this spectrum is depicted in Fig. 4c and the parameters of six singlets are listed in
Table 3. The calculated value of the magnetic hyperfine field is equal to 4.3 T from
the difference between the 4™ and the 2™ line and the calculated quadrupole splitting
is equal to 1.45 mm/s from the positions of the 6", 5™ 2™ and 1% line. These values
are in agreement with those derived from the same zero-field Mossbauer spectrum at 5
K fitted by the static Hamiltonian model in the MossWinn software program (see
Table 2).
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FIGURE 4. The Mossbauer spectrum of the powdered FeTiO; sample measured at 45 K and O T fitted
by means of the static Hamiltonian model for mixed magnetic and quadrupole interactions (a), the
Maossbauer spectrum measured at 5 K and O T fitted by means of the static Hamiltonian model for

mixed magnetic and quadrupole interactions (b) and the Mossbauer spectrum at 5 K and O T fitted by
six singlets (c).

TABLE 2. Hyperfine parameters of the zero-field Mdssbauer spectra of the powdered FeTiO; sample
at 5 K and 45 K, where T is the temperature of measurement, Jis the center shift, V,, is the diagonal
element of the EFG tensor along the z principal axis, AE, is the quadrupole splitting, By is the
magnetic hyperfine field, and I' is the linewidth.

T 5 +0.01 V,, £ 0.06 AEq +0.01 By +0.3 r'+0.01
(K) (mm/s) (10* Vim?) (mm/s) (T) (mm/s)
5 1.18 8.67 1.44 45 0.39
45 1.17 7.90 1.31 4.0 0.40

TABLE 3. Parameters of six singlets used for fitting the zero-field Mossbauer spectrum at 5 K,
where Jis the center shift and I is the linewidth.

Line Relative 4 £0.01 r+0.01
from Fig. 4b intensity (mm/s) (mm/s)
2 2 0.04 0.39
3 1 0.36 0.39
4 1 0.55 0.39
5 2 0.87 0.39
1 3 1.18 0.39
6 3 2.62 0.39

To the best of our knowledge, the Mossbauer spectra of FeTiOs in external
magnetic fields have never been investigated. Fig. 5a and 5b display the Modssbauer
spectra measured at 45 K and 5 K, both in an external magnetic field of 5 T. As one
can see in Fig. 5, two sextets have been used in order to correctly fit the experimental
profiles. Each of the two sextets occupies 50% of overall fitting area of the M&ssbauer
spectrum at 45 K and 5 K. All the corresponding hyperfine parameters are listed in
Table 4 for both spectra. We suggest that the application of the external magnetic

62

-55-



field, applied along the direction of propagation of y-rays, leads to the separation of
magnetic sublattices in the structure of FeTiO; because the applied magnetic field
differently influences the magnetic moments of Fe** atom situated on the two
magnetic sublattices of FeTiOs;. Thus, one sextet corresponds to the magnetic
moments that lie parallel along the main crystallographic axis and another one belongs
to the antiparallel orientation of Fe?* magnetic moments pointing along this axis. The
distinguishing of both magnetic sublattices in this almost precisely stoichiometric
powdered FeTiOs; implies the imperfect antiferromagnetic behavior below the
magnetic ordering temperature. For polycrystalline pure antiferromagnetic material,
only one sextet is expected [24]. Note that the value of the quadrupole splitting
parameter has changed (e.g., from 1.44 mm/s at 5 K and without external magnetic
field to 0.84 mm/s at 5 K and under applied magnetic field of 5 T) upon application of
external magnetic field. This indicates that the external magnetic field affects the
quadrupole interactions which, due to their significance, cannot be treated as a
perturbation to magnetic dipolar hyperfine interactions. The field-induced quadrupole
interactions is assumed to be generated by collective magnetic arrangement of atomic
magnetic moments when the electric field gradient arises as a consequence of non-
zero exchange interaction of effective magnetic field in the place of the Mdssbauer-
active atom, acting via spin-orbital coupling, which creates an asymmetric distribution
of electric charge [24]. Thus, the external magnetic field both aligns the Fe®* ions
magnetic moments at the two magnetic sublattices (i.e., separation of magnetic
sublattices in the structure of FeTiOs3) and modifies quadrupole interactions.

100
98 —
96 — \ (@)
= -1 o Experimental points a
2\, 94 ——Otera:l fit I ) FeTiO
c =]—-—Sextet 1 g
O 92 —_ _sextet2 45K, 5T
/2]
2100 -
g .
@ 98
N -
= 96 —
=] o Experimental points ¥
94 “1— Overall fit y FeTiO
“1--— Sextet 1
92 “]—+— Sextet 2 5 K! 5T

LA LA LN LA LA DL DL B
4 -3 -2 1 0 1 2 3 4

Velocity (mml/s)
FIGURE 5. The Mossbauer spectrum of the powdered FeTiO; sample at 45 K and 5 T (a) and the
Mossbauer spectrum at 5 K and 5 T (b) fitted by two sextets.
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TABLE 4. Hyperfine parameters of FeTiO; at 5 K and 5 T and 45 K and 5 T, where T'is the
temperature of measurement, Be is the external magnetic filed, Jis the center shift, AE, is the
quadrupole splitting, B is the effective magnetic field (i.e., Bg is vector sum of the external
magnetic field B, and the hyperfine field By ), I is the linewidth and A is relative spectra area of
each component.

Component T By d +0.01 AEq % 0.01 B +0.3 I'+0.01 A
(K) (D) (mm/s) (mm/s) (T) (mm/s) (%)

Sextet 1 5 5 1.08 0.85 8.9 0.59 50
Sextet 2 1.27 0.85 4.6 0.59 50
Sextet 1 45 5 1.14 0.64 8.0 0.61 50
Sextet 2 1.28 0.64 4.2 0.61 50

Macroscopic Magnetic Behavior

In this section, we discuss the macroscopic magnetic behavior of FeTiOs powdered
sample derived from the magnetization measurements. The temperature dependence of
the molar susceptibility is shown in Fig. 6a. In this case, the molar susceptibility vs.
temperature curve shows a maximum approximately at 57 K which corresponds to the
magnetic transition temperature. A comparable Néel temperature T for FeTiO; is
given in [25,26]. A low Tn of 57 Kreflects not so strong antiferromagnetic
interactions acting between Fe ions located on the different nearest layers which are
separated by layers of Ti ions [27]. This conclusion of weak antiferromagnetic
interactions is indirectly confirmed by the Curie-Weiss law that was found to be valid
in the paramagnetic region above the characteristic Néel temperature. On the basis of
this law, a value of the molar Curie constant Cy,,; was determined to be 5.8 x 10°Km
3/mol and a value of the paramagnetic Weiss temperature 8, was found to be 30.6 K as
derived from an extrapolation of the smooth curve through the experimental points of
the reciprocal molar susceptibility above the magnetic transition temperature (see Fig.
6b). Despite the fact that FeTiOs is an ordered antiferromagnetic material, we observe
a sing of g, to be positive. The positive value was also experimentally determined for
FeTiOs in [25]. This suggests that the ferromagnetic interactions between Fe ions
belonging to the same layer of FeTiO; structure dominate over the antiferromagnetic
superexchange interactions of Fe ions between the alternate layers above Tx.

Further, as mentioned in the Introduction, FeTiOs; is an antiferromagnetically
ordered material but its temperature evolution of susceptibility does not confirm a
typical behavior expected for an ideal antiferromagnetic powdered material below its
Néel temperature (i.e., it should fall down below 7y) because there is a change in the
slope in the molar susceptibility at about 25 K. Similar behavior of susceptibility at
low temperatures has been already observed for FeTiO; in [25]. These unusually
increasing values of the susceptibility below 25 K are accompanied by the magnetic
hardening as it is evidenced from the hysteresis loops recorded at 45 K and 1.9 K (see
Fig. 7) and values of coercivity fields reported in Table 5. It is known that coercivity
field and remanent magnetization should be almost constant and equal practically to
zero for ideal antiferromagnetic material below Tx because the magnetizations on each
magnetic sublattice are completely compensated together. Thus, the unusual magnetic
behavior below 25 K and observed magnetic hardening validate the experimental
conclusion that FeTiOs; behaves as an imperfect antiferromagnetic material below its
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characteristic ordering temperature as already predicted from the in-field Mdossbauer

spectra (see above).
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FIGURE 6. Temperature behavior of the molar susceptibility of the powdered FeTiO; sample (a) and
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TABLE 5. Parameters of the hysteresis loops of the measured powdered FeTiO; at 1.9 K and 46 K,
where M., 1s the maximum magnetization at + 5 T, M,,;,. is the maximum magnetization at — 5 T,
Bc, is the “up-down” coercivity, Bc. is the “down-up” coercivity, Mg, is the “up-down” remanent
magnetization and My_is the “down-up” remanent magnetization.

T Mmax+ (+ 5 T) Mmax- (_ 5 T) BC+ BC- MR+ MR-
(K) (Am’/kg) (Am’/kg) (T) (T) (Am’/kg) (Am’/kg)
1.9 21.0525 —21.0525 0.0177 ~0.0183 0.0936 —0.0896
46 27.1348 —27.1348 0.0018 —0.0018 0.0094 —0.0094

CONCLUSIONS

In the present study, we examined the magnetic behavior of powdered FeTiOs
sample from the viewpoint of zero-field and in-field >"Fe Mossbauer spectroscopy and
magnetization measurements. Following conclusions can be drawn from the reported
results:

(1) From the temperature evolution of the zero-field Mdssbauer spectra of the
powdered FeTiOs; sample and on the basis of expected behavior of the high-
temperature recoil-free fraction, we found the value of effective vibrating mass to be
equal to (78 £3) amu and the Debye temperature equal to (359 + 27) K;

(2) The in-field low-temperature Md&ssbauer spectra indicate that below 57 K, FeTiO;
behaves as a non-ideal antiferromagnetic material;

(3) From the magnetization measurements carried out on the powdered FeTiO;
sample, we determined the Curie constant and Weiss temperature to be equal to 5.8
x 10” Km*/mol and 30.6 K, respectively;

(4) Below 25 K, we observed a significant magnetic hardening of FeTiO; as
documented by a remarkable enhancement in the material’s coercivity at low
temperatures.
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[1] Low-temperature magnetic evolution of troilite sample, extracted from the Cape York
IIIA octahedrite meteorite, was investigated by employing macroscopic magnetic
measurement, Mdssbauer spectroscopy, scanning electron microscopy (SEM) and
backscattered electrons (BSE) microscopy, X-ray diffraction (XRD), electron microprobe
analysis (EMA), and atomic absorption spectrometry (AAS). The study identified a
magnetic transition at ~70 K manifested itself in a similar manner as previously reported
for troilite from the Bruderheim L6 chondrite meteorite. The data show that this transition
is unlikely driven by impurity such as chromite and seems to be rather an intrinsic property
of troilite. In this study, we unambiguously exclude the relation of this transition to

the structural rearrangement like the Morin transition in hematite. Similarly, in-field
Mossbauer data do not support the change of the canting angle in the spin structure of FeS
above and below the transition. Mossbauer, XRD, and magnetic data, newly measured also
for troilite from the Bruderheim L6 chondrite, demonstrate that both studied troilite
samples exhibit nearly the same magnetic and structural characteristics. Thus, the nature of
the transition occurring at ~70 K in both samples has identical characteristics and its
detection can be used as a simple general marker for highly stoichiometric FeS systems.

Citation: Cuda, J., T. Kohout, J. Tucek, J. Haloda, J. Filip, R. Prucek, and R. Zboril (2011), Low-temperature magnetic

transition in troilite: A simple marker for highly stoichiometric FeS systems, J. Geophys. Res., 116, B11205,

doi:10.1029/2011JB008232.

1. Introduction

[2] Sulphides, including iron bearing ones as pyrhottite
group Fe;_S (such as troilite FeS stoichiometric end-member),
daubreelite (i.e., FeCr,S,), alabandite (i.e., (Fe, Mn)S), or
pentlandite (i.e., (Fe, Ni)S) are major components in most of
extraterrestrial materials. Some of them undergo magnetic
transitions at low temperatures making them, together with
metallic FeNi, an important magnetic phase [Kohout et al.,
2010]. In this work, we present new data on the low temper-
ature magnetic properties, zero-field and in-field Mossbauer
study of troilite below and above a magnetic transition taking
place at =70 K, first reported by Kohout et al. [2007].

[3] Troilite (FeS) is the end-member of the pyrrhotite
group with a stoichiometric or near stoichiometric iron and
sulfur content with the range of 50.00-48.72 atomic percent
of iron with hexagonal 2C superstructure of an NiAs type
[Higg and Sucksdorff, 1933] below the crystallographic
a-transition at ~413 K. At this temperature, iron sulfide trans-
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Olomouc, Czech Republic.

’Department of Physics, University of Helsinki, Helsinki, Finland.

*Institute of Geology, Academy of Sciences of the Czech Republic v.v 1.,
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Copyright 2011 by the American Geophysical Union.
0148-0227/11/2011JB008232

forms from high-temperature NiAs-type structure (P6smmc
symmetry) to the troilite structure (P62c). Magnetic proper-
ties of troilite have been extensively studied by a number of
authors above room temperature [Haraldsen, 1937, 1941;
Hirahara and Murakami, 1958; Murakami and Hirahara,
1958; Murakami, 1959; Schwarz and Vaughan, 1972;
Gosselin et al., 1976; Horwood et al., 1976; Li and Franzen,
1996]. The superexchange interaction between iron atoms in
the adjacent layers mediated by the non-magnetic sulfur
atoms gives rise to an antiferromagnetic behavior below the
Néel temperature Ty of =588 K [Wang and Salveson, 2005]
with spins perpendicular to the c-axis of the NiAs subcell.
Moreover, the spin-flip transition is observed at ~445 K
where spins rotate to a direction parallel to the c-axis.

[4] The low temperature magnetic study by Kohout et al.
[2007], performed on a powdered fraction extracted from
the Bruderheim L6 chondrite, revealed an existence of the
magnetic transition at <70 K in troilite. However, the nature
of this transition has not been addressed in details. Thus,
there is a need to search for this transition in other troilite
samples in order to explain its nature and to distinguish
whether it is a special feature related to the Bruderheim
troilite only, or whether it is a general phenomenon char-
acteristic to highly stoichiometric FeS systems.

[5] In this study, we investigate the nature of this low-
temperature magnetic behavior on troilite sample extracted
from the Cape York IIIAB meteorite. Additionally, we
re-investigated troilite from the Bruderheim L6 chondrite
with experimental techniques not used in the previous
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study by Kohout et al. [2007] (new data acquired on the
Bruderheim troilite are presented in the auxiliary material).’

[6] Gattacceca et al. [2011] recently presented low tem-
perature magnetic investigations of chromite in various
ordinary chondrites and points out that the Curie tempera-
ture of certain chromite compositions may be close to the
transition temperature observed in troilite. As chromite,
below its Curie temperature, carries a significantly stronger
magnetic moment than troilite in the same temperature
range, there is a chemical and structural requirement to
verify a possible magnetic role of chromite as an inclusion
in the studied troilite samples.

2. Experiment

[7] The FeS Cape York troilite sample is a polycrystal-
line troilite extract from the Cape York IIIAB iron octahe-
drite meteorite. The Cape York meteorite is an ancient find
from Greenland with around 60 t reported in today’s collec-
tions. Our troilite extract was kindly provided by Dr. Roman
Skala from the Institute of Geology, Academy of Sciences of
the Czech Republic.

[s] The FeS_Bruderheim troilite sample, identical with the
sample used in earlier studies [Kohout et al., 2007, 2010], is
a powdered troilite extract from a Bruderheim L6 chondrite.
The Bruderheim meteorite fall occurred in Alberta, Canada,
on March 4, 1960, and subsequently over 300 kg of the
meteorite were recovered. Our troilite extract was kindly
provided by Peter Wasilewski from the NASA Goddard Space
Flight Center.

[o] Natural chromite from the Bulguzi locality, Albania
(the sample was taken from the mineralogical collection of
the Moravian Museum in Brno, Czech Republic; Sample
No. A3159/1962), was used for illustrating the limits of
quantitative phase analysis calculated from the XRD data.

[10] In order to validate the troilite crystal structure, stoi-
chiometry, and content of impurities, an X-ray powder dif-
fraction (XRD), electron microprobe analysis (EMA), and
atomic absorption spectrometry (AAS) were used. X-ray
diffraction patterns of powdered samples were recorded
at room temperature on a PANalytical X’Pert PRO (The
Netherlands) instrument in the Bragg-Brentano geometry
with an Fe-filtered CoK,, radiation (40 kV, 30 mA). Samples
were placed on a zero-background and rotating single-crystal
Si slides, gently pressed in order to obtain sample thickness
of about 0.5 mm and scanned in the 20 range of 10-90°
in steps of 0.017°. The acquired patterns were evaluated
using the X’Pert HighScore Plus software (PANalytical),
PDF-4+ and ICSD databases.

[11] EMA was carried out using a MICROSPEC 3PC
Wavelength dispersive X-ray spectroscopy (WDS) system
on a CamScan 3200 scanning electron microscope (SEM) at
the Czech Geological Survey. The same SEM was used also
in backscattered electrons (BSE) mode. The analyses were
performed on a polished flat surface of troilite grains using
an accelerating voltage of 20 kV, 22 nA beam current, 1 gm
beam size and ZAF correction procedures. The analyzed
chemical elements included Fe, S, P, Ti, Cr, Mn, Ni, and Co.
Well characterized pyrite, GaP, tephroite, rutile, and pure

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008232.
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elements were used as standards. In any cases, all data
reported are averages from 33 (Bruderheim) and 31 (Cape
York) single point analyses.

[12] Scanning electron microscope (i.c., SEM) images of
whole grains were obtained on a Hitachi SU-6600 (FEG, SE
image resolution of 1.2 nm at 30 kV). The micrographs were
collected with an acceleration voltage of 10.0 kV at a
working distance of 5.00 mm. Sample material was fixed on
carbon conductive discs. No coating method was used.

[13] A Quantum Design MPMS XL-7 superconducting
quantum interference device (SQUID) has been used for the
macroscopic magnetic measurements. The temperature depen-
dence of the magnetization was recorded in the sweep mode
employing following measurement procedures: (1) induced
magnetization (induced-FC) measurements, (2) field-cooled
measurements of remanence (rem-FC), (3) zero-field-cooled
measurements of remanence (rem-ZFC), and (4) room tem-
perature saturation isothermal magnetization cycle (RT
SIRM cycle). The details on the measurements are provided
in the auxiliary material. Hysteresis loops were recorded at
various temperatures in external magnetic fields ranging from
—7to +7 T.

[14] For Mdssbauer measurements at various tempera-
tures, we used Mossbauer spectrometer with a >’Co(Rh)
source of ~y-rays and the values of the derived hyperfine
Méssbauer parameters are referred to the metallic iron (a-Fe)
at room temperature. Furthermore, in the case of in-field
Mossbauer measurements, a parallel geometry has been
employed when incoming ~-rays propagate along the direc-
tion of an external magnetic field of 5 T. Zero- and in-field
Mossbauer spectra were fitted by means of the Lorentzian
line shapes using the least squares method featured in the
MossWinn computer program.

[15] Upon completion of all magnetic measurements, the
troilite samples were tested for bulk chromium and iron
content of troilite using AAS. The samples (=15 mg each)
were dissolved in 1 ml of 36% HCI and consequently
diluted by deionized water to a volume equal to 20 ml in the
volumetric flasks. These solutions were 100 times diluted
for determination of iron content; for determination of Cr
content, the prepared 20 ml solutions were analyzed without
any dilution. Bulk chromium and iron concentrations were
determined by the AAS technique with flame ionization
using a ContrAA 300 (Analytik Jena AG, Germany) equipped
with a high-resolution Echelle double monochromator
(spectral bandwidth of 2 pm at 200 nm) and with a con-
tinuum radiation source (xenon lamp). The absorption lines
used for these analyses were 248.3270 nm for iron and
357.8687 nm for chromium. The calibration standards were
prepared using an Iron Standard for AAS (1001 mg/L, Fluka)
and using K,CrO, (Sigma-Aldrich, >99.5%).

3. Results and Discussion

3.1. SEM, XRD, and Chemical Composition
of the FeS_Cape_York Troilite Sample

[16] The SEM image of the powdered FeS Cape York
sample is depicted in Figure la whereas Figure 1b shows
details of surface of single fragment of particular sample ran-
domly selected from those depicted in Figure 1a. The detailed
investigation performed at a higher resolution revealed a
presence of ultrafine particles in the FeS_Cape_York sample
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SEM images of (a) the powdered FeS_Cape_York
sample and (b) nanosized particles on the grain surface of the
powdered FeS_Cape York sample; (¢) BSE image of polished
fragment of the FeS_Cape_York sample.

Figure 1.

(originating from grind/crush process of meteorite sample)
randomly distributed on the surface of larger particles and
with diameters ranging from 15 to 280 nm.

[17] The XRD pattern of the investigated powdered
sample, acquired at room temperature, is shown in Figure 2.
It perfectly correlates with the marked troilite structure (PDF
No. 01-080-1026) without any indication of the presence of
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other phases. The Rietveld refinement was used exclusively
to evaluate the cell parameters of the FeS Cape York
sample. They were found to be a = 5.966(5) A and ¢ =
11.757(7) A. The obtained values of the cell parameters are
in good agreement with those previously reported for the
troilite structure [Keller-Besrest and Collin, 1990; Skdla
et al., 2006].

[18] The composition of the FeS_Cape York sample was
estimated according to a d(102) method described by Arnold
[1962] and Arnold and Reichen [1962] indicating approxi-
mately 50 atomic percent of iron; however, more precise
results were obtained by means of EMA from which the
iron-to-sulfide ratios can be expressed by the chemical
formula given by Feg.994S (see Table S1 in the auxiliary
material). The findings presented above demonstrate that
the FeS Cape York sample is a very near stoichiometric
iron sulfide and can be considered as a representative of
highly stoichiometric troilite with only minor presence of
other elements (see Table S1 in the auxiliary material).

3.2. Macroscopic Magnetic Properties
of the FeS_Cape_York Sample

[19] The induced-FC magnetization curves in external
magnetic fields up to 1 T, 2.5 T rem-ZFC, rem-FC and RT
SIRM cycle thermomagnetic data as well as the determination
of transition temperature acquired for the FeS Cape York
sample are shown in Figure 3. All the low-temperature
evolutions of magnetic response show an increase in mag-
netization values at =70 K on cooling and the temperature of
the transition is independent on the value of external mag-
netic fields up to 1 T as observed on induced-FC curves (see
Figure 3a).

[20] The hysteresis loops around the origin exhibit a dif-
ferent profile as the troilite system passes through the tran-
sition (see Figures 4a, 5a corrected the paramagnetic slope at
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Figure 2. XRD pattern of the FeS Cape York sample,
acquired at room temperature.
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Figure 3. (a) Induced-FC magnetization curves in external magnetic fields up to 1 T recorded for the FeS
Cape York sample, (b) ZFC-FC curves of remanent magnetization imprinted by a field of 2.5 T, (¢) RT
SIRM cycle imprinted by a field of 2.5 T, and (d) estimation of magnetic transition temperature for the
FeS Cape York, Ty, on the induced-FC magnetization curve (1 mT) by means of the tangent method

and maximum of curvature.

10 K, Table 1, and Figure S1 in Text S2 in the auxiliary
material for details). Above 70 K, the shape of the hyster-
esis loops is very close to that reported for antiferromagnetic
materials and indicates that the direction of the atomic
magnetic moment is not easily affected by an external
magnetic field. On the other hand, as the temperature falls
below 70 K, the hysteresis loops around the origin have an
S-shape with an increase in the area of the hysteresis loop
and a tendency to saturation. These properties are typical for
ferromagnetic, ferrimagnetic, and/or canted antiferromag-
netic arrangements of magnetic moments.

[21] Macroscopic magnetic response at ~70 K can be
easily interpreted if we consider a dramatic increase in the
magnetization curves (see Figure 3) being consistent with
the change in the profile of the hysteresis loop around origin.
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Then, the magnetic data indicate a thermodynamic-like
transition from a high-temperature antiferromagnetic regime
to a low-temperature ordered state of ferromagnetic, ferri-
magnetic, and/or canted antiferromagnetic nature.

3.3. Zero-Field Mossbauer Spectroscopy
of the FeS_Cape_York Sample

[22] The zero-field Mdssbauer spectra above and below
~70 K (see Figure 6a) are symmetrical with respect to the
center of spectrum and show only one sextet component.
This indicates a magnetically ordered state and a presence of
only one type of Fe position in the FeS troilite structure.

[23] In order to confirm or exclude the Morin-type spin
reorientation phenomenon in the FeS troilite at <70 K as
suggested by Kohout et al. [2007], we monitored a temperature

9
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Figure 4. Representative hysteresis loops at 10, 25, 50, 100, 200, and 300 K, summarized for comparison:
(a) the FeS_Cape_York sample and (b) the FeS_Bruderheim sample.

evolution of the zero-field quadruple splitting parameter
(AEy) when passing through =70 K (see Table 2). If the
Morin-like transition takes place, changes in the AE,-value
would be observed due to the spin reorientation. For example,
the quadruple splitting abruptly converts from +0.37 mm/s
to —0.19 mm/s as a result of transformation from an antifer-
romagnetic state to weakly ferromagnetic one during heat-
ing through the Morin transition (=265 K) in hematite
[Vandenberghe et al., 1990; Zboril et al., 2002]. However,
we do not observe any significant change of AE, above
and below ~70 K in our case. Thus, the low-temperature
magnetic phenomenon at =70 K (see Figure 3) is not a
structurally driven transition in comparison to the Morin
transition in hematite at ~265 K.
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3.4. In-Field Mdssbauer Spectroscopy
of the FeS_Cape_York Sample

[24] To our best knowledge, the low-temperature
Mossbauer spectra of the FeS_Cape York troilite sample
(see Figure 6b and Table 2) or generally of any FeS system
in external magnetic fields have not been reported yet.

[25] As one can see, two sextets have been used in order
to correctly fit the experimental spectral profile above and
below =70 K. The need of two sextets to fit the Mdssbauer
spectra is rather surprising because only one Fe crystallo-
graphic position surrounded by sulfur atoms is expected for
the FeS systems. This observation may indicate that the
application of the external magnetic field causes the sepa-
ration of two magnetic sublattices in the FeS structure.
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Figure 5. Hysteresis loop at 10 K and the same hysteresis loop after the paramagnetic slope correction:
(a) the FeS_Cape_York sample and (b) the FeS Bruderheim sample.
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Table 1. Parameters of the Hysteresis Loops of the FeS_Cape York and the FeS Bruderheim Sample at 10 K After the Paramagnetic

Slope Has Been Subtracted®

Ms, (+7 T) £0.001 Ms_ (=7 T) £0.001 Bey £ 0.1 Be + 0.1 Mg, % 0.001 Mg_ + 0.001
Sample T (K) (Am*/kg) (Am?*/kg) (mT) (mT) (Am%/kg) (Am%/kg)

FeS_Cape_York 10 0.107 -0.101 12 2.4 0.009 —0.011

FeS_Bruderheim 10 1.022 -1.013 14.6 224 0.545 —0.545

Mg, (+7 T) is the saturation magnetization at +7 T, Mg (—7 T) is the saturation magnetization at +7 T, B is the positive coercivity, B¢ is the negative
coercivity, Mg is the positive remanent magnetization, and My- is the negative remanent magnetization.

Similar interpretation was suggested by Cuda et al. [2010] for
non-ideal antiferromagnetic behavior of synthetic ilmenite
which magnetically hardens and shows anomalous magnetic
behavior at low temperatures. Then, the spectral area under
the two sextets has to be in the ratio of 1:1 because 50% of
Fe atomic magnetic moments belong to each magnetic
sublattice. However, the hypothesis of different effect of
external magnetic field on the two magnetic sublattices
cannot be confirmed or ruled out in FeS systems. Thus, we
do not make any other conclusion using this interpretation
on the basis of different external magnetic field influences.

[26] Furthermore, during the fitting procedure, the relative
line intensities of both sextets were set to 3:x:1:1:x:3 in order
to identify an eventual increase and/or decrease in the inten-
sities of the second and fifth lines in the in-field Mossbauer
spectra below and above ~70 K. There is no change detected
in the intensities of the second and fifth of individual sextets
implying that the spin structures under the external magnetic
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100 et e
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©
o
]

Transmission
—
o
o
|

420K,0T
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a) Velocity (mm/s)

field remain the same above and below the magnetic transi-
tion at =70 K.

3.5. Low-Temperature Magnetization Data
and Zero-Field and In-Field Mossbauer Spectra
of the FeS_Bruderheim Sample

[27] The troilite extract from the Bruderheim L6 chondrite
(FeS_Bruderheim sample), which is identical with the
sample used in the earlier study [Kohout et al., 2007] and
exhibits the same change in the temperature dependence of
magnetization at ~70 K, has been re-investigated employing
new low-temperature magnetization measurements (especially
hysteresis loops) and zero-field and in-field Mdssbauer
spectroscopy. Moreover, characterization of the particle size,
crystal structure, and chemical composition have been per-
formed in order to supplement the early study [Kohout et al.,
2007].
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g100—
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o
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Figure 6. (a) Zero-field Mossbauer spectra of the FeS Cape York sample recorded below and above
transition of =70 K and (b) in-filed Mdssbauer spectra recorded below and above the transition at =70 K
in the external magnetic field of 5 T for the FeS_Cape_ York sample.
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Table 2. Hyperfine Parameters of Zero-Field and In-Field Mdssbauer Spectra of the FeS_Cape York Sample at Various Temperatures®

Sample Bew (T) T(K) Sextet 6%0.02(mm/s) AEp=+0.02 (mm/s) Bye+0.3(T) Beyx03(T) I +0.02(mmss) RA=x3%

FeS Cape York 0 20 0.90 -0.15 33.0 — 0.42 100
0 40 0.89 —0.15 32.9 — 0.38 100

0 100 0.87 -0.15 32.9 — 0.41 100

5 20 Sextet 1 0.89 —0.18 — 354 0.59 47

Sextet 2 0.88 -0.13 — 312 0.59 53

5 40 Sextet 1 0.89 -0.19 — 353 0.59 47

Sextet 2 0.88 —0.15 — 31.2 0.59 53

5 100 Sextet 1 0.86 -0.14 — 35.1 0.59 47

Sextet_2 0.86 —0.13 — 31.1 0.59 53

*Bex: is external magnetic field, 7 is the temperature of the measurement, ¢ is the isomer shift, AEy is the quadrupole splitting, By is the magnetic
hyperfine field, B.s is the effective field (i.e., the vector sum of hyperfine field and external magnetic field), I is the linewidth and RA the relative

area of individual sextets.

[28] The acquired data correspond well with those derived
for the FeS_Cape York sample confirming their similarity.
This makes possible to generalize our study for troilite
systems. Here we summarize briefly acquired data for the
FeS Bruderheim sample:

[29] 1. The sizes of large and ultrafine particles are close
to the particle sizes present in the FeS_Cape York sample
(see Figures S2a and S2b in Text S2 in the auxiliary
material).

[30] 2. The Rietveld refinement of the XRD pattern gives
lattice parameters a = 5.966(2) A and ¢ = 11.749(7) A, and
no traces of other phases were detected (see Figure S3a in
Text S2 in the auxiliary material).

[31] 3. The FeS Bruderheim sample is (similarly to
the FeS_Cape_York sample) nearly stoichiometric FeS with
the chemical formula of Fej 9ggS with only minor presence
of other elements as documented by EMA (see Table S1 in the
auxiliary material).

[32] 4. The strength of the applied magnetic fields (up to
1 T) does not affect the temperature at which a rapid
increase in the induced-FC magnetization curve occurs
(see Figure S3b in Text S2 in the auxiliary material).

[33] 5. We observe a change in the hysteresis loop profile
around the origin when passing through 70 K (see Figure 4b
and Figure S4 in Text S2 in the auxiliary material for
details).

[34] 6. The zero-field and in-field Mossbauer spectra of
the FeS_Bruderheim sample displays the same character-
istics as found for the FeS_Cape_York sample (see Figure S5
in Text S2 and Table S2 in the auxiliary material).

[35] 7. The magnetic response of the FeS Bruderheim
sample is roughly 10 times higher in comparison to the
FeS _Cape York sample in almost all measurements. This
enhancement of magnetization can be caused by several
aspects the influence of which is very difficult to determine.
At this point, we can exclude impurity presence and particle-
size effects because both samples have similar particle size
as it is evident from the SEM images (see Figures 1a and 1b
for the FeS_Cape_York and Figures S2a and S2b in Text S2
in the auxiliary material for the FeS_Bruderheim sample).

[36] To estimate the magnetic transition temperature
more precisely, we have employed a method based on finding
the temperature at which the thermomagnetic curve exhibits
the maximum curvature around 70 K (Figure 3d for the
FeS Cape York and Figure S6 in Text S2 in the auxiliary
material for the FeS_Bruderheim sample). According to this
procedure, we get a magnetic transition temperature of 71 K

and 67 K for the FeS Cape York and FeS Bruderheim
sample, respectively. These temperature estimates are more
precise compared to those previously reported by Kohout
et al. [2007, 2010].

3.6. Test for Presence of Chromite Impurity
in Our Troilite Samples

[37] As discussed above, Gattacceca et al. [2011] pro-
posed an alternative interpretation of the observed magnetic
transition in the troilite and attributes this solely to the Curie
point of possible chromite impurity in our troilite samples.
Based on the data published by Kohout et al. [2007] for the
troilite from the Bruderheim meteorite (FeS_ Bruderheim),
Gattacceca et al. [2011] calculate the required chromite
contamination in the FeS_Bruderheim sample to be around
4 wt%. If we take into account a value of saturation mag-
netization for pure chromite (16 Am?/kg) [Gattacceca et al.,
2011] and for the FeS Bruderheim sample (I Am?kg
derived from measured the hysteresis loop at 10 K, see
Figure 5b and Table 1), we obtain a higher value of the
required chromite contamination equal to 6.25 wt% in the
FeS Bruderheim extract.

[38] Similarly, due to approximately 10 times lower
magnetic response of the FeS Cape York sample, a chro-
mite content of 0.63 wt% would be needed in the sample to
explain the saturation magnetization of 0.1 Am?/kg at 10 K
(see Figure 5a and Table 1).

[39] In order to test this hypothesis, we reviewed our
magnetic data concerning both our FeS Bruderheim and
FeS Cape York troilite samples for such chromite contam-
ination through following detailed mineralogical, chemical,
and structural analysis:

[40] 1. To visually and compositionally check the purity
of our investigated troilite samples, we employed a scanning
electron microscopy over the polished samples in the BSE
mode being sensitive for compositional variations. The
acquired BSE images (see Figure 1c for FeS Cape York
and Figure S2c¢ in Text S2 in the auxiliary material for
FeS Bruderheim) do not show any inclusions in our troilite
samples down to a micron scale.

[41] 2. To further exclude a significant presence of impu-
rities such as chromite even on a submicron scale, the troilite
samples were subjected to the AAS elemental analysis. The
AAS analysis was performed on the identical samples on
which all above presented magnetic data were collected
using a Quantum Design MPMS XL-7 magnetometer. The
AAS analysis revealed a very low content of chromite (see
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Table S1 in the auxiliary material). If the FeS Bruderheim
sample contains 4-6 wt% of chromite required to reproduce
the magnetic changes at ~70 K with observed magnitude,
roughly 2 wt% of total chromium should be detected by the
AAS analysis. Similarly, roughly 0.2 wt% of chromium
should be detected in the FeS Cape York sample. The
results of the AAS analysis clearly reveal much lower total
chromium content in both troilite samples (1000 times lower
for the FeS Bruderheim sample and 10 times lower for the
FeS Cape York sample). Moreover, the FeS Bruderheim
sample, having lower chromium content, exhibits an order
of magnitude higher magnetic response compared to that
observed for the FeS_Cape York sample, thus giving no
positive correlation between the chromium content and mag-
netic properties.

[42] 3. The EMA on individual grains reveal similar low
concentration levels of chromium as derived from the AAS
(see Table S1 in the auxiliary material). Apart from S and
Fe, EMA indicates also a very low content of other elements
such as Mn, Ni, and Co. This implies that possible separate
phases formed by such elements, being thus in an extremely
low concentration, would not account for the observed
dramatic change in troilite magnetic properties below =70 K.

[43] 4. The search for a troilite inclusion was also con-
ducted on a Bruderheim meteorite thin section using SEM,
EMA and in BSE mode on a submicron scale. Few chromite
grains were observed in association with troilite, but never
encapsulated within troilite.

[44] 5. To test a detectability of the chromite impurity
within the troilite by XRD, a test sample was prepared by
mixing 3 wt% of natural chromite with synthetic FeS. The
chromite diffractions are unambiguously identified in the
resulting XRD pattern of synthetic FeS (see Figure S7 in
Text S2 in the auxiliary material) and subsequent quan-
titative phase analysis employing the Rietveld refinement
yielded ~2 wt% of chromite similar to our initial mixing
content. Therefore, we can conclude that even slightly lower
chromite concentrations would be detectable in the XRD
patterns of the FeS samples. On the contrary, no indica-
tions of chromite diffractions were observed in the FeS
Bruderheim and FeS Cape York sample as well as in
original synthetic FeS sample. The reason why the synthetic
FeS sample was not used for magnetic measurements is
that it contains also =4 wt% of metallic iron producing a
high magnetic background.

[45] 6. From the magnetic viewpoint, the RT SIRM cycle
can partially help interpret the nature of the transition. From
the absence of a magnetization recovery at the transition
temperature during RT SIRM cooling in the chromite
bearing meteorite samples, Gattacceca et al. [2011] argue
that the transition is caused by a chromite transition from the
paramagnetic to the ordered magnetic state. However, the
partial recovery of the magnetic moment at ~70 K upon
cooling of the RT SIRM can be seen in our troilite samples
(see Figure 3c). Thus, the mechanism behind the transition
in our troilite samples is different; the transition proceeds
most likely from the antiferromagnetic to the ferromagnetic,
ferrimagnetic, and/or canted antiferromagnetic state and is
not related to hypothetical chromite impurity and its Curie
point. Furthermore, the shape of the induced FC magnetiza-
tion curves in our troilite samples does not resemble the
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well-known Curie-Weiss law [Dunlop and Ozdemir, 1997,
Blundell, 2001] on heating at temperatures above 70 K
which does not support the chromite contamination case (the
transition from the ordered magnetic state to the paramag-
netic one).

[46] The above mentioned data did not revealed chromite
to be present within our samples in required quantities and
thus, we cannot attribute the observed magnetic phenomena
to the chromite contamination as proposed by Gattacceca
et al. [2011]. To our best knowledge, other Fe and S bear-
ing minerals and/or with relevant substitution do not exhibit
similar transition or Curie temperature at =70 K. Thus, we
interpret this magnetic transition to be an intrinsic property of
a highly stoichiometric and chemically pure troilite.

4. Conclusions

[47] The observation of identical magnetic behavior of
both studied troilite samples confirms that the magnetic
transition at =70 K could be a general troilite material
property. The detailed magnetic (especially the RT SIRM
cycle measurements), structural (XRD measurements), and
chemical analysis (AAS, EMA, BSE) ruled out presence of
chromite with concentrations required to account for the
observed magnetic changes at =70 K as suggested by
Gattacceca et al. [2011]. There is also no indication of such
transition in non-stoichiometric pyrrhotites (Fe;_.S). More-
over, the =70 K magnetic transition has been recently
independently observed by Hoffinann et al. [2011] in the
troilite extract from the iron Nantan IIICD meteorite. Thus, a
presence of this magnetic transition is unique for stoichio-
metric (FeS) end-member of pyrrhotite group — troilite.

[48] The magnetic transition proceeds from the high-
temperature antiferromagnetic state to the low-temperature
ferromagnetic, ferrimagnetic, and/or canted antiferromagnetic
regime (associated with a rapid increase in the magnetiza-
tion). Both investigated samples show that this transition is
not affected by the strength of the external magnetic field (up
to 1 T) and is manifested by a change in the profile of the
hysteresis loops around the origin. Furthermore, Mdssbauer
spectroscopy measurements exclude that this magnetic
transition resembles the characteristics of the Morin-type
(i.e., structurally driven) transition.

[49] As discussed in the review work by Kohout et al.
[2010], troilite is widely present in various extraterrestrial
materials (i.e., cosmic dust) and thus, a change in its mag-
netic properties below ~70 K has to be considered in
modeling and interpreting the magnetism of extraterrestrial
bodies such as comets. On the contrary, other extraterrestrial
materials as ordinary chondrites and their parent bodies —
stony asteroids — may contain a significant amount of chro-
mite which has its Curie point reported within a similar
temperature range as for troilite and much stronger magnetic
response compared to troilite [Gattacceca et al., 2011]. Thus,
in these materials, chromite clearly magnetically dominates at
similar low temperatures over troilite.
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Abstract. We focused on the troilite in-field Mdssbauer spectrum at 5 K in order to confirm or
rule out the interpretation of two sextets for other troilite system extracted from the Natan IIICD
iron meteorite. Beside the Mdssbauer spectroscopy investigation, the global magnetic response
of troilite extract was measured. Detailed analysis of field-cooled (FC) induced magnetization
(10 mT) showed a similar profile to daubreelite (FeCr,S,;) at temperatures below ~170 K.
Induced-FC, temperature dependence of remanent magnetization, and room temperature
saturation isothermal remanent magnetization (RT SIRM) magnetization do not show any
significant change at low temperatures (~70 K) related to prior magnetic studies for troilite. In
order to quantify a magnetic response of the troilite extract from the Nantan IIICD iron
meteorite, the hysteresis loops at 5 and 300 K were measured in external magnetic fields up to
7 T. Hysteresis parameters of coercive field (Bc) and saturation magnetization (Ms) were found
to be 56 mT and 2 Am’/kg at 5K, respectively. At room temperature, the values of these
parameters are lower (Bc ~ 14 mT and Ms ~ 1.44 Am*/kg).

Keywords: Troilite, zero- and in-field Mdssbauer spectroscopy, magnetization measurements,
Natan IIICD iron meteorite
PACS: 76.80.+y, 91.25.F

INTRODUCTION

Very rarely occurring troilite mineral (FeS) is the end-member of the pyrrhotite
group with a stoichiometric or nearly stoichiometric iron and sulfur content. Troilite
has one crystallographic position of iron and crystallizes in the P62¢ space group [1]
below the crystallographic a-transition (at ~413 K) when the crystal symmetry can be
described as a 2C NiAs superstructure with hexagonal lattice parameters a = (3)"* -
anias and ¢ = 2cnias [2]. Passing the o-transition temperature, the troilite crystal
structure changes to a high-temperature NiAs-type structure with P63mmc symmetry.
Above room temperature, magnetic properties of troilite have been a subject of many
studies [3—10]. Magnetic susceptibility measurements carried out on a synthetic
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sample crystal (Fepog96S) revealed antiferromagnetic ordering with iron magnetic
moments lying along the c-axis of the NiAs subcell (cnias) below the o-transition [11].

Pale/dark grayish brown troilite is usually associated with other iron sulphides and
can be mostly found in the extraterrestrial materials. In these systems, the presence of
troilite can be documented by observation of its Néel temperature at ~600 K [12] and
usually low change in the low-temperature (LT) magnetic behavior taking place at ~70
K [13,14]. The nature of LT magnetic “transition” is still an open issue. Kohout et al.
[13] described the magnetic evolution at ~70 K as a Morin-like transition based on LT
magnetization measurement of troilite extract from meteorite. However, other authors
ascribed this behavior to the presence of chromite impurity in the sample based on LT
magnetic response of chromite in ordinary chondrites [15]. Recently, two very pure
nature troilite originated from a meteorite were investigated [14]. The presence of the
Morin-like transition in the temperature range from 5 to 300 K and the presence of
chromite impurity responsible for LT magnetic response below ~70 K were excluded.
To the best of our knowledge, LT in-field Mossbauer spectra of the FeS system has
been published only in one paper [14]. The spectra were fitted by means of two sextet
components. This conclusion is quite interesting because only one crystallographic
position of iron is expected in the FeS system. Thus, the question arises whether the
fitting of two sextet components is necessary to correctly interpret the in-field
Mossbauer spectra of the FeS system.

In the present paper, we re-examine the low-temperature Mdssbauer spectra and
performed magnetization measurements for troilite sample derived from meteorite
having different origin than in previous studies [13,14]. We focus on correctness of the
fit of the in-field Mdssbauer spectra. In addition, we monitor global magnetic behavior
of troilite extracted from the Natan IIICD iron meteorite in order to find the well
known signs of troilite magnetic properties such as (i) an increase in the magnetic
response at ~70 K observed in temperature dependence of magnetization and (ii) a
profile change around the origin of LT hysteresis loops observed for previously
studied troilite system [14].

EXPERIMENTAL DETAILS

The FeS Natan sample is a polycrystalline fragment from the Natan iron meteorite.
The Natan meteorite impacted in Natan County, Guangxi, China, and it is a nickel-
iron meteorite with an average composition of 92.35% iron and 6.96% nickel, being
classified as a IIICD coarse octahedrite. Our troilite extract was kindly provided by
Viktor Hoffman from the Department of Geosciences, University of Tuebingen,
Germany.

The crystal structure of the studied sample was investigated by X-ray powder
diffraction (XRD). After magnetization measurement, the FeS Natan sample was
powdered and its XRD pattern was recorded at room temperature on a PANalytical
X’Pert PRO (The Netherlands) instrument in the Bragg-Brentano geometry with an
Fe-filtered CoK, radiation (40 kV, 30 mA). Samples were spread on a zero-
background Si slides and continuously scanned with a resolution of 0.017°. The
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acquired patterns were evaluated using the X’Pert HighScore Plus software
(PANalytical) in combination with PDF-4+ and ICSD databases.

A °"Fe Méssbauer spectrometer with a >’Co(Rh) source of y-rays was used for
Mossbauer measurements. The values of the derived hyperfine Mossbauer parameters
are referred to the metallic iron (0-Fe) at room temperature. For in-field Mossbauer
measurements, a parallel geometry was used with an external magnetic field of 5 T
applied parallel to the y-rays propagation. Both zero- and in-field Mdssbauer spectra
were fitted by Lorentzian line shapes using the least squares method in the MossWinn
computer program. The FeS Natan sample was powdered prior to Mossbauer
spectroscopy measurements.

The magnetic response of the studied sample was investigated using a SQUID
magnetometer (MPMS XL-7 magnetometer, Quantum Design). The temperature
dependence of magnetization was recorded in the sweep mode employing following
measuring procedures: (i) field-cooled induced magnetization (induced-FC)
measurement; (ii) zero-field induced magnetization (induced-ZFC) measurement; (iii)
field-cooled remanent magnetization (rem-FC); (iv) zero-field-cooled remanent
magnetization (rem-ZFC); and (v) room temperature saturation isothermal remanent
magnetization (RT SIRM) cycle. The measurement procedures are described in details
elsewhere [14].

RESULTS AND DISCUSSION

XRD Analysis

The XRD pattern of the FeS Natan sample, acquired at room temperature, is
depicted in Fig. 1. It confirms the presence of crystalline troilite with a crystal
structure below o-transition (PDF No. 01-089-4076). However, the occurrence of
other peaks belonging to impurity of daubreelite structure (PDF No. 01-089-2617) is
evident. The Rietveld refinement was used exclusively to evaluate the content of two
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FIGURE 1. XRD pattern of the powdered FeS Natan sample. The respective PDF cards are 01-089-
4076 (FeS; troilite) and 01-089-2617 (FeCr,S,; daubreelite).
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phases in the studied sample. Quantitative phase analysis indicates that the FeS Natan
sample is made up of ~94% of troilite and only ~6% of daubreelite. The presence of
small amount of other phases in the FeS Natan can be found with respect to the
troilite separation from the compact meteorite. However, we expect that their contents
are well below 2%.

Mossbauer Study

The zero-field °’Fe Mdssbauer spectra collected at 5 K and at room temperature are
depicted in Fig. 2a and 2b, respectively. At first sight, the spectral profiles are
symmetrical and can be sufficiently described by one sextet component, indicating
well crystalline magnetically ordered material. The hyperfine parameters of zero-field
Mossbauer spectra are listed in Table 1. When fitting the Mossbauer spectra, we found
that the asymmetry parameter (77) of the electric field gradient (EFG) is equal to 0.
Furthermore, the azimutal angle (¢) the internal hyperfine magnetic field (Bys) makes
with axes of the EFG and together with the angle () between Bys and the principal
axis V,, of the EFG tensor were set to zero. This restrictions corresponds to simplified,
however, more frequently used model for fitting troilite spectra rather than a model
proposed by Grandjean et al. [16] with 7 = 0.3, 6 = 48°, and ¢ = 49°. Except the
change of the isomer shift () due to its temperature dependence, we do not observe
any significant variation in the hyperfine parameters between the spectra recorded at
room temperature and at 5 K (see Table 1). This confirms results suggested by Cuda et
al. [14] that the Morin-like transition does not occur in the troilite system at ~70 K. If
the Morin-like transition took place, the significant change in the quadruple splitting
parameter (AEq) would be observed due to spin reorientation. For example, in
hematite system upon cooling through ~265 K, AEq is changed from — 0.19 mm/s to +
0.37 mm/s [17,18].

The in-field Mdssbauer spectrum of the FeS Natan sample measured at 5 K and in
an external magnetic field of 5 T is depicted in Fig. 2c. The spectrum was fitted with a
hyperfine magnetic field distribution method. The distribution of effective hyperfine
magnetic field (see Fig. 2d) unambiguously shows only one local maximum at ~33.6
T. Thus, only one sextet component should be used for correct fitting of in-field
Mossbauer data as expected since there is only one crystallographic position of iron in
FeS. The possible fitting of two sextet components ascribed to two independent
magnetic sublattices under high applied magnetic fields seems not to be fully
reflecting physical properties and crystallographic arrangement in the FeS system.
Thus, possible explanation based on non-ideal antiferromagnetic behavior, as observed
in antiferromagnetic material [19], should not be used to interpret the in-field
Mossbauer spectrum of the troilite system.

Last but not least, comparing zero-field (see Fig. 2b) and in-field (see Fig. 2c)
Mossbauer spectra recorded at 5 K, the increasing values of intensities of the 2" and
5™ resonant lines are observed together with broadening of line peaks. Moreover, the
effective hyperfine magnetic field (B.s) value is slightly larger than By (see Table 1).
If we take into account that these Mdssbauer experimental data at 5 K and in 5 T
correspond to an averaged spectrum over all possible field directions in the powdered
(i.e., polycrystalline) FeS Natan sample, then the fitting model known for an
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antiferromagnetic material showing a spin-flop transition must be used [20,21], i.e.,
one sextet component. This is in good agreement with distribution of By showing
only one dominant maximum (see Fig. 2d).

room temperature T
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FIGURE 2. Mgssbauer spectra of the FeS_Natan sample measured at (a) room temperature, (b) 5 K
and 0 T, and (¢) 5 K and 5 T. (d) Distribution of the effective hyperfine magnetic field (B.g) derived
from the Mdssbauer spectrum recorded at 5 K and in 5 T.

TABLE 1. Hyperfine parameter values, derived from the recorded Mdssbauer spectra of the
FeS Natan sample where 7 is the temperature of measurement, B, is the external magnetic filed, &
is the isomer shift, AE, is the quadrupole splitting, By is the magnetic hyperfine field, B is the

effective magnetic field (i.e., B is a vector sum of B, and Byy), I is the linewidth, and 4 is relative
spectra area of each component.

T Bex 5£001 AE,£0.01 By*03 Bgy:03  T[0.01 A
K (T) (mm/s) (mm/s) (T) (T) (mm/s) (%)
300 0 0.76 ~0.15 312 e 0.35 100
5 0 0.89 ~0.14 £ Y. J— 0.38 100
5 5 0.88 N S — R N A — 100
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Macroscopic Magnetization Measurements

The hysteresis loops describing the troilite extract from the Nantan IIICD iron
meteorite at various temperatures are depicted in Fig. 3a and the derived hysteresis
parameters are summarized in Table 2. As one can clearly see, the hysteresis loops are
typical for ferromagnetic and/or ferrimagnetic materials for which non-zero values of
coercive field, S-shape of hysteresis loop and tendency to saturation at high external
magnetic field are frequently observed. If we take into account known value of
saturation magnetization (Ms) for daubreelite (Mg ~ 32 Amz/kg at 80 K) [22] and
possible occurrence of this phase in the FeS Natan sample (~6% from XRD
measurement), we can well describe the hysteresis loops at 5 and 100 K as a
manifestation of daubreelite impurity in the FeS Natan sample. Generally, we can
assume another magnetic material contributing to these hysteresis loops besides
daubreelite and troilite. At room temperature, daubreelite is paramagnetic and troilite
is antiferromagnetic. Then, observation of ferromagnetic and/or ferrimagnetic sign at
300 K (see Fig. 3a) is unexpected and would imply a presence of another magnetic
impurity with a quite high value of Ms. We can clearly say that the hysteresis loops
reflect impurities in the FeS_Natan sample rather than low magnetic response of most
abundant troilite phase in the studied sample. Thus, when passing through ~70 K, the
change in the profile of hysteresis loop around the origin, associated with pure
troilite'® is not observable in the studied system.

The temperature dependence of the induced-FC and induced-ZFC are shown in Fig.
3b. In this case, the magnetization vs. temperature curves yield a change of the trend at
~169 K and below this temperature, the curve behavior is very similar to that
published for daubreelite [23—27]: (i) the sudden increase in magnetization seems to
be a demonstration of daubreelite Curie temperature (7¢c ~ 150-170 K) the value of
which depends on its exact chemical composition; and (ii) magnetic transition
(characterized by spin-glass-like features and cubic-to-triclinic symmetry reduction
within a crystallographic domain) may manifest itself by a higher local maximum at
~70 K in the induced-FC curve (see Fig. 3b).

The pure troilite is rarely occurring mineral and there are only two very pure troilite
systems which show magnetic “characteristic” anomaly at ~70 K [13,14]; however,
the nature of this transition is still unknown. In order to expand the number of troilite
samples showing LT thermodynamic-like transition from a high-temperature
antiferromagnetic regime to a low-temperature ordered state of ferromagnetic,
ferrimagnetic and/or canted antiferromagnetic origin accompanied by enhancement in
magnetization values at ~70 K [14], we monitored the temperature evolution of
induced FC (see Fig. 3b), remanent FC and ZFC (see Fig. 3c), and RT SIRM (see
Figure 3d) values. However, similarly to hysteresis loops, these measurements are
affected by impurity in the FeS Natan sample. Thus, the demonstration of troilite
magnetic behavior is overshadowed by the magnetic response of the impurity (i.e.,
daubrelite and possibly by another phase with a quite high value of Mg).
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TABLE 2. Parameters of hysteresis loops of the FeS Natan sample, measured at 5 K, 100 K, and
room temperature, after slope correction, where M, is the maximum magnetization at + 7 T, M,
is the maximum magnetization at — 7 T, B¢, is the “up-down” coercivity, B¢ is the “down-up”
coercivity, M is the “up-down” remanent magnetization, and My  is the “down-up” remanent
magnetization.

T M ax+ £ 0.01 M pax- £ 0.01 Bci 1 B_+1 My, £ 0.01 My_+0.01
(K) (Am*/kg) (Am*/kg) (mT) (mT) (Am’/kg) (Am’/kg)
5 2.01 -2.02 56 —58 0.81 -0.82
100 1.96 -1.97 20 -20 0.59 -0.59
300 1.44 —1.44 14 —14 0.39 -0.39
g i 030 B =10mT
3 - before slope < 2.0 ext
> £ g DR _ T —e— induced ZFC
1] = 2 0.25- —O—induced FC
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FIGURE 3. Macroscopic magnetic response of the FeS Natan sample: (a) hysteresis loops at 5, 100,
and 300 K, (b) field-cooled induced (induced-FC) magnetization and zero-field induced (induced-ZFC)
magnetization, (c) field-cooled measurement of remanence (rem-FC) and zero-field-cooled
measurement of remanence (rem-ZFC), and (d) room temperature saturation isothermal magnetization
(RT SIRM) cycle.
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CONCLUSIONS

In the present study, the polycrystalline fragment from the Natan iron meteorite
(FeS_Natan sample) was studied by employing zero-field and in-field >’Fe Mdssbauer
spectroscopy and magnetization measurements. Following conclusions can be drawn
from the obtained results:

(1) From the temperature evolution of the zero-field Mdssbauer spectra of the
FeS Natan sample, recorded at room temperature and at 5 K, we do not observe
any significant change of hyperfine parameters which would support the
suggestion of Morin-like transition occurring within this temperature range.

(2) The low-temperature in-field Mossbauer spectra of the FeS system should be
fitted by means of one sextet component as it is typical for antiferromagnetic
material showing a spin-flop transition under external magnetic fields.

(3) Magnetization measurements show a dominant magnetic behavior of impurity in
the FeS_Natan sample which overshadows the magnetic response of troilite (FeS)
in the sample. Thus, it was not possible to observe low-temperature troilite
magnetic properties.
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ABSTRACT

Manganese(II) monosulphide crystallizes into three different polymorphs (¢, -, and y-MnS). Out
of these, a-MnS, also known as mineral alabandite, is considered the most stable and is widespread
in terrestrial materials as well as in extraterrestrial objects such as meteorites.

In this study, a low-temperature antiferromagnetic state of o-MnS was investigated using mac-
roscopic magnetic measurements as induced and remanent field-cooled (FC) and zero-field-cooled
(ZFC) magnetizations and magnetic hysteresis. Both natural alabandite and synthetic samples show:
(1) Néel temperatures in a narrow temperature range around 153 K, and (2) a rapid increase of the
magnetization around 40 K. An anomalous magnetic behavior taking place at about 40 K was previously
ascribed to the magnetic transition from a high-temperature antiferromagnetic to a low-temperature
ferromagnetic state documented for non-stoichiometric o-MnS slightly enriched in manganese.
However, our detailed microscopic observations and, in particular, oxidation experiments indicate
that the anomalous magnetic behavior around 40 K is caused by the presence of an oxide layer of
ferrimagnetic hausmannite (Mn;0,) on the surface of a-MnS rather than being an intrinsic property
of nearly stoichiometric o-MnS.
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INTRODUCTION T~130K, which is interpreted as an abrupt inversion of the thombo-

Alabandite is a manganese sulfide with theoretical composi- hedral.distor.tion of the f'C-C: lattice along .[1 1] plar?e .a.ccompanied
tion MnS crystallizing in the cubic lattice of galena type (PbS). ‘py a dlSCOl_"tln‘}OUS change in th? magnetic susceptibility observed
It occurs as an accessory mineral at many localities worldwide, ™ alabandltg single crys.ta.ls (Helkens etal. 1977).
mainly in epithermal base-metal sulfide veins, in low-tempera- Magnetic suscep?lbll.lty a.nd induced ﬁeld—coolied and zero-
ture manganese deposits (Doelter 1926; Hewett and Rove 1930; ﬁeld-coolefi magnetization (in an F:xternal magnetic field of 19
Anthony et al. 2012) and also in marine sediments (Leplandand ~ ™T) ‘?f antiferromagnetic alabandite below its 7y are low,.typl—
Stevens 1998). Locally, it is an important ore mineral of Mn. Its ~ €ally in th? range of 107;11‘13/ kg and 3;4 mAm?/kg, respectively.
name is derived from its supposed discovery locality at Alabanda, The subst,1tut10n of Mn 1ons bX Fe?' has a prqnouncefi effect
Turkey. The type locality of alabandite is Sacarimb, Romania ~ O0 the Néel temperature, which increases with increasing iron
(Anthony et al. 2012). content reaching ~185 K for the Fe Mn, S system with x = 0.2

Apart from terrestrial localities, alabandite is also relatively ~ (Petrakovski et .al. 20_02)~ Stﬂ_l more iI:OIl-riCh alabandite samples
abundant in certain types of meteorites, e.g., in E chondrites (Keil (x.> 025). exhibit ferrimagnetic behavior above room temperature
1968; Zhang et al. 1995; Zhang and Sears 1996; Brearley and with Curie temperatures Tc between 730 K (x=0.27) and 860 K
Jones 1998) and related achondritic aubrites (Keil and Fredriks- (¥ =0-38) (Losevaetal. 1998; Petrakovski etal. 2002). However,
son 1967; Ryder and Murali 1987; Lin et al. 1989; Mittlefehldt magnetization of this ferrimagnetic-ordered alabandite is weak,
etal. 1998). It was also reported in some ureilites (Fioretti and ~ close to that of paramagnetic Mns. . )

Molin 1998) and winonaites (Mason and Jarosewich 1967). It was reported that iron-free MnS sarnPles WIFII. aslight ex-

Alabandite is paramagnetic at room temperature and orders €8S of Mn shqw antiferro- to fe.:rromagr}etlc transition at T 740
antiferromagnetically below its Néel temperature Ty ~148 K K (Petrakovski et al. 2001). This transition manifests itself in a
(Heikens et al. 1977). A slightly higher Ty (~153 K) was later sharp increase by two orders of magnitude of induced magnetiza-

published by Pearce et al. (2006). A structural transition occursat 101 on cooling. Such a sharp change in magnetic properties can
significantly increase the magnetic response of alabandite at low

* E-mail: jan.cuda@upol.cz temperatures and can potentially contribute to low-temperature
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magnetic properties of extraterrestrial bodies (Kohout et al.
2010). A similar low-temperature magnetic transition is observed
in troilite (FeS) (Kohout et al. 2007; Cuda et al. 2011) or at ~25
K for ilmenite (FeTiO;) (Cuda et al. 2010). Moreover, Gattac-
ceca et al. (2011) recently reported that chromite with Curie
temperature in the 40-80 K range exists in certain meteorites
and may significantly modify their low-temperature magnetic
properties. Therefore, the verification, interpretation and quan-
tification of this magnetic phenomenon in alabandite samples
and its comparison to low-temperature magnetic properties of
troilite and chromite are required and are the subject of this study.

MATERIALS AND METHODS

The basic characteristics of our samples are summarized in Table 1. Natural
polycrystalline sample of alabandite (NA) originating from Broken Hill, New South
Wales, Australia, sample Bm 1972,294, was kindly provided by the Natural History
Museum, London. Additionally, nearly stoichiometric o-MnS was synthesized
adopting two alternative procedures.

SA1 sample was prepared using a slightly modified solvothermal process of
Biswas etal. (2007). First, manganese acetate [(CH;CO,)Mn-4H,0, purity >99.0%,
Sigma Aldrich] and thiourea (CH,N,S, purity >99.0%, Sigma Aldrich) was mixed
in a molar ratio of 1:3 with a water solvent, loaded into an ace pressure tube
(Sigma Aldrich) and placed into a furnace at 190 °C for 17 h. Subsequently, the
dried product was annealed in a helium atmosphere at temperatures up to 450 °C.

Sample SA2 was synthesized by direct thermal fusion of sulfur (purity >98.0%,
Sigma Aldrich) and manganese (purity >99.0%, Sigma Aldrich) powders in
stoichiometric molar ratio. The precursors were annealed twice in a sealed quartz
tube under reduced pressure for 12 h at 700 °C including sample homogenization
between two subsequent runs.

Measurements of the macroscopic magnetic response such as induced and re-
manent field-cooled (FC) and zero-field-cooled (ZFC) magnetizations and magnetic
hysteresis measurements were carried out at the Institute for Rock Magnetism,
University of Minnesota, and at the Regional Centre of Advanced Technologies and
Materials, Palacky University Olomouc, using MPMS5S and MPMS XL-7 (both
Quantum Design) SQUID magnetometers. Details of FC and ZFC measurement
procedure are provided in supplementary material'.

X-ray diffraction (XRD) patterns of all samples were recorded with a PANalyti-
cal X’Pert PRO MPD diffractometer (iron-filtered CoKo: radiation: A = 0.178901
nm, 40 kV, and 30 mA) in the Bragg-Brentano geometry. Samples were placed on a
zero-background Si slides and scanned in a continuous mode (resolution of 0.017°
26, scan speed of 0.0016° 20 per s). The identification of crystalline phases and
Rietveld refinements were obtained using the software High Score Plus (PANalyti-
cal) in conjunction with the PDF-4+ and ICSD databases (ICSD collection codes:
MnS, 41331; Mn;0,, 31094; Mn,0s, 76087; S, 63082). Peak shapes were modeled
using the pseudo-Voigt function, separately refining the Caglioti parameters (u, v,
w), unit-cell parameters, and a scale factor for each phase.

The bulk chemical composition of the SA2 sample was determined using a
quantitative X-ray wavelength-dispersive spectral analysis on a MICROSPEC 3PC
X-ray wavelength-dispersive system (WDS) on a CamScan 3200 scanning electron
microscope (SEM) at the Czech Geological Survey. The analyses were performed
using an accelerating voltage of 20 kV, 25 nA beam current, 1 um beam size, and
the ZAF correction procedures. The counting times were 30 s for all analyzed ele-
ments. A combination of natural and synthetic standards was used for calibration.

! Deposit item AM-13-801, supplemental data and figure. Deposit items are avail-
able two ways: For a paper copy contact the Business Office of the Mineralogical
Society of America (see inside front cover of recent issue) for price information.
For an electronic copy visit the MSA web site at http://www.minsocam.org, go
to the American Mineralogist Contents, find the table of contents for the specific
volume/issue wanted, and then click on the deposit link there.
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A SEM TESCAN VEGA 3XM instrument at the Institute of Geology, Academy
of Sciences of the Czech Republic, has been used to document surface features of
the natural alabandite (NA sample). To avoid potential deterioration of the sample,
the specimen has not been coated and the SEM has been operated at low-vacuum
mode. Energy-dispersive X-ray (EDX) spectra of individual phases observed on
the surface of the studied specimen have been acquired with a Bruker XFlash
detector. Subsequently, a part of the sample has been polished and analyzed with
an electron microprobe (EMPA) CAMECA SX-100 instrument at the Institute of
Geology, Academy of Sciences of the Czech Republic, to determine the stoichi-
ometry of the sample interior.

RESULTS AND DISCUSSION

Characterization and low-temperature magnetic
properties of a-MnS

XRD patterns of a natural alabandite (NA) and of two syn-
thetic o--MnS (SA1 and SA2) samples are shown in Figures 1a,
1b, and 1c. They perfectly correspond to the cubic structure of
o-MnS (PDF No. 01-088-2223). In the NA sample, some amount
of elemental sulfur (16% by Rietveld refinement) and hausman-
nite (see below) has been found in addition to the alabandite main
phase. The presence of sulfur on the NA sample surface was also
confirmed by SEM/EDX (Fig. S1 of the auxiliary material). In
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FIGURE 1. XRD patterns of the samples: (a) NA, (b) SA1, (¢) SA2,
and (d) SA1_OX. Phase fractions derived from a Rietveld refinement
of the SA1_OX sample are: 24.0(2) wt% of MnS, 23(1) wt% of Mn;0,,
22.9(4) wt% of Mn,0;, and 30(1) wt% of sulfur. The respective PDF
cards shown below XRD patterns are: 1 = 01-088-2223 (MnS); 2 =
01-075-1560 (Mn;0,); 3 =01-089-4836 (Mn,05); 4 =01-078-1888 (S).

TABLE 1. Alabandite samples

Sample Description of sample preparation Stoichiometry of alabandite Stoichiometry by means of
NA natural alabandite Mn;, 40,S EMPA on polished speciment
SA1 solvothermal process n.d.

SA2 direct thermal synthesis from S and Mn powders MnSgg08S SEM/WDS on polished speciment
SA1_OX oxidation product of sample SA1 n.d.

Note: n.d. stands for not determined values.
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contrast, EMPA of the NA sample interior did not reveal any
presence of sulfur or hausmannite. A SEM-WDS analysis of the
SA2 sample shows a similar result. Based on the information
provided above, all three studied samples can be considered as
being representative of alabandite with only a minor presence
of other phases limited to the surface of the individual grains.

Temperature dependence of induced FC and ZFC magnetiza-
tions at 10 mT (Fig. 2) as well as remanent FC and ZFC magneti-
zations (imprinted by 2.5 T at 5 K;; Fig. 3) yield Néel temperatures
(Ty) for natural and synthetic samples in a narrow temperature
range around 153 K as expected for alabandite (Pearce et al.
2006). The Néel temperature manifests itself through peaks on
the induced magnetization curves, and through merging of the
FC and ZFC remanent magnetization curves at 7.

In all alabandite samples, a feature at 40 + 2 K is further
observed, manifested through a rapid increase of the magnetic
response with decreasing temperature (Figs. 2 and 3). An en-
hanced magnetic response is also seen in the hysteresis proper-
ties at 5 K, namely, an S-shaped hysteresis loop and a tendency
to saturation in a high external magnetic field (Fig. 4). Such a
behavior is typical for ferro/ferrimagnetic materials rather than
for an antiferromagnetic one.

An enhanced magnetic response below 40 + 2 K is similar
to that reported for iron-free 0:-MnS samples slightly enriched
in Mn with respect to a stoichiometric o-MnS and interpreted
as an antiferro- to ferromagnetic transition at 40 K upon cooling
(Petrakovski et al. 2001). However, in our case both NA and
SA2 samples are highly stoichiometric examples of alabandite
(Table 1). According to our measurements, the enhanced mag-
netic response at around 40 K occurs in all studied samples and
its amplitude does not correlate with Mn/S ratio. Thus, a ques-
tion arises whether such low-temperature behavior is limited
to alabandite samples slightly enriched in Mn as reported by
Petrakovski et al. (2001), or it is a general phenomenon occur-
ring in stoichiometric or Mn-depleted alabandite samples as well.
Alternatively, a presence of small amounts of another phase on
alabandite grain surfaces identified above may be responsible
for the observed low-temperature magnetic behavior and will be
evaluated in following section.

Effects of surface oxidation on low-temperature magnetic
properties of a-MnS

To confirm or exclude the role of manganese oxides on the
magnetic response of o--MnS (sulfur should not significantly
influence the low-temperature magnetic properties of alabandite),
we artificially oxidized the SA1 sample by hydrogen peroxide
(H,0,). About 20 mg of SA1 material was briefly submerged in
hydrogen peroxide and air-dried at room temperature for 20 h
(sample labeled as SA1_0OX). Subsequently, XRD and magnetic
measurements were carried out following the same procedures
as for other samples (Figs. 1d and 5).

Upon hydrogen peroxide treatment, the surface of MnS was
partially oxidized into a manganese oxide phases and thus the
ratio of alabandite to manganese oxides in the SA1_OX sample
changed compared to the original SA1 sample. The presence of
manganese oxide Mn;O,, known also as the mineral hausmannite,
was confirmed by XRD analysis in the SA1_OX sample (Fig. 1d).
Hausmannite has a Curie temperature 7¢ of ~41-43 K (Dwight
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FIGURE 2. Induced ZFC and FC magnetization curves in an external
magnetic field of 10 mT for samples: (a) NA, (b) SA1, and (¢) SA2.
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FIGURE 3. ZFC-FC curves of remanent magnetization imprinted by a field of 2.5 T for samples: (a) NA and (b) SA1.
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FIGURE 4. Hysteresis loops of samples: (a) NA, (b) SA1, and (¢) SA2, measured at 5 K (the high-field slope has been subtracted).

and Menyuk 1960; Robie and Hemingway 1985). It is very
close to the temperature where an enhanced magnetic response
of alabandite is observed upon cooling, making hausmannite a
meaningful candidate to explain the observed low-temperature
magnetic behavior of alabandite. Other phases identified in the
XRD pattern are bixbyite [0.-Mn,O;, antiferromagnetic below 80
K (Robie and Hemingway 1985) or 90 K (Mukherjee et al. 2006)]
and sulfur [diamagnetic (O’Handley 2000; Blundell 2001)]. These
phases do not have any magnetic transitions around 40 K, which
would explain the observed magnetic behavior at this temperature.

The oxidized SA1_OX sample shows a significant increase
(by a factor of eight) in its magnetic response below 40 + 2 K

compared to the unoxidized a-MnS sample (insets in Fig. 5).
The dependence of the magnitude of the 40 K magnetic response
on the amount of manganese oxides, including hausmannite,
suggests that the low-temperature behavior observed in studied
alabandite samples is not an intrinsic property of alabandite itself,
but rather hausmannite governs the low-temperature magnetic
response below ~40 K. A similar example was described for
antiferromagnetic MnO nanoparticles with Mn;O, surface layers
(Berkowitz et al. 2008).

Assuming that ferromagnetic-like hysteresis loops measured
at 5 K are produced entirely by Mn;O,, it is possible to estimate
its content in the studied samples. However, caution is needed
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when interpreting the hysteresis data, since, unlike many other
compounds of spinel type, Mn;0, does not reach magnetic satura-
tion even in fields as high as 34 T (Nielsen and Roeland 1976).
A corresponding saturation magnetization value, determined
from extrapolation to zero magnetic field of the magnetization
field dependence measured along the [010] direction, amounts to
47.2 Am*kg. Experiments performed in much lower maximum
fields, which are more appropriate to compare with ours, yielded
respectively lower values of the high-field magnetization extrapo-
lated to zero field (Mg): 34.2 Am*kg (1.4 Bohr magnetons per
formula unit) for the 1 T field (Wickham and Croft 1958) and
38.1 Am*kg (1.56 Bohr magnetons per formula unit) for the 14
T field (Jacobs 1959).

For our experiments, carried out in a maximum field of 7
T, we adopted an intermediate value of 36 Am*kg. The M; of
the SA1_OX sample (i.e., after oxidation) amounts to 7.3 Am?/
kg at 5 K (Table 2) corresponding to a presence of ~20 wt% of
hausmannite. This is in a reasonably good agreement with the
result of a Rietveld refinement where the amount of hausmannite
in this oxidized sample appears to be 22.9(4) wt%. The remain-
ing difference may be due to a small size of at least a fraction of
hausmannite grains as suggested by broad diffraction peaks of
hausmannite in the XRD pattern (Fig. 1d; see also Siskova et al.
2012 and Markova et al. 2012). Indeed, nanosized Mn;0, shows
considerably reduced Mg values as determined from hysteresis
loops measured in maximum fields up to 7 T (Winkler et al. 2004;
Viazquez-Olmos et al. 2005).

We expect that hausmannite governs the magnetic response
below 40 K in other studied samples as well. Comparing, as
above, the M values at 5 K (Table 2) with the Mn;O, M, bulk
value of 36 Am?/kg, we can estimate the hausmannite content. Ap-
proximately 2.4, 0.1, and 5.3 wt% of hausmannite are required to
produce the low-temperature magnetic response observed in SA1
(before oxidation), SA2, and natural alabandite (NA) samples,
respectively. These values are close to, or below, the detection
limit of XRD measurements and thus not observed in the XRD
pattern of these samples except for NA sample [6.9(4) wt% of
Mn;0, as obtained by Rietveld refinement].

Furthermore, a profile of the temperature-dependent induced
FC magnetization curve of samples NA, SA1, and especially
SA1_OX displays a tendency to follow the Curie-Weiss law above
40 K. The hysteresis loops below 40 K show also shift along the
field (horizontal) axis toward negative values (compare B, and
Bc_ in Table 2), which seems to be a manifestation of the ex-
change interaction between antiferromagnetic and ferro- or ferri-
magnetic phases (Nogues and Schuller 1999). An exchange bias
or exchange anisotropy is present in bi-layers (or multi-layers) of
magnetic materials, which in our case are represented by alaban-
dite (antiferromagentic) and hausmannite (ferrimagentic). On the

<«FIGURE 5. (a) Induced ZFC and FC magnetization curves in an
external magnetic field of 10 mT for the SA1_OX sample. Induced FC
curves of SA1 before and after oxidation are displayed for comparison
in the inset. (b) ZFC-FC curves of remanent magnetization imprinted by
a field of 2.5 T for the SA1_OX sample. Remanent-FC curves of SA1
before and after oxidation are displayed for comparison in the inset. (d)
Hysteresis loops of the SA1 sample before and after oxidation at 5 K
after slope correction.
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TABLE 2. Parameters of the hysteresis loops of samples NA, SA1, SA2, and SA1_OX at 5 K after the high-field slope has been subtracted
Sample T Mg, Me_ B, Bc. Mg, Mg

(K) (Am?/kg) (Am?/kg) (mT) (mT) (Am?/kg) (Am?/kg)
NA 5 1.910+0.001 1.905 +0.001 424 +1 -608 £ 1 1.315+0.001 -1.326 +0.001
SA1 5 0.882+0.001 -0.874+£0.001 29+1 -59+1 0.344+0.001 -0.225+0.001
SA2 5 0.039+0.001 -0.035+0.001 4+1 -24+1 0.008 +£0.001 -0.002 +0.001
SA1_OX 5 7.277 £0.001 7.235+0.001 395+ 1 -426+1 4.564+0.001 -4.376 +0.001

Notes: Mg, is the positive saturation magnetization, M. is the negative saturation magnetization, B, is the positive coercivity, Bc_ is the negative coercivity, Mz, is
the positive remanent magnetization, and Mg _is the negative remanent magnetization.

other hand, we cannot exclude a random canting of the particle
surface spins caused by competing antiferromagnetic exchange
interactions at the surface of hausmannite particles producing
an exchange anisotropy between their core and surface spins.

In the SA2 sample with an extremely low (~0.1%) hausman-
nite content, the magnetic signal above 40 K does not show a
tendency to follow the Curie-Weiss law, and the low-temperature
behavior is dominated by a stronger alabandite antiferromagnetic
response than a paramagnetic behavior of Mn;0, present in the
oxidized surface layer of alabandite grains.

Upon heating in the temperature range between 7 of haus-
mannite and 7y of alabandite, the decreasing paramagnetic
response of hausmannite overlaps with the slightly increasing
antiferromagnetic response of alabandite. A local minimum in the
induced FC curve can be observed in this temperature range and it
is shifted to the higher temperatures with increasing hausmannite
content (insets in Fig. 2). In this case, it appears that there is a
direct correlation between the amount of hausmannite present in
the sample and temperature at which the minimum occurs. The
estimated temperatures are 44+ 1,89+ 1, and 146 + 1 K for SA2,
SA1, and NA samples, respectively, and follow positive trends
with increasing hausmannite content. For SA1_OX sample, we
do not observe the minimum in temperature range from 40 to
155 K because the paramagnetic response of hausmannite (and
perhaps also of bixbyite) dominates over the antiferromagnetic
response of o-MnS.

Last but not least, the temperature dependence of induced ZFC
measurements of NA, SA1, SA2, and SA1_OX samples exhibits
a sharp peak below the Curie temperature ascribed to hausman-
nite, and then on subsequent heating drops down to a very low
values (Figs. 2 and 5a). The observed peak can be interpreted
as a Hopkinson peak observed just prior to the transition from a
magnetically ordered state to a paramagnetic one (Dunlop and
Ozdemir 1997) rather than as an effect accompanying a magnetic
transition from a ferromagnetic to an antiferromagnetic state as
suggested by Petrakovski et al. (2001).

The positive correlation between Mn enrichment and the
magnitude of the 40 K feature observed in synthetic alabandite by
Petrakovski et al. (2001) can be explained as the extra Mn added
that did not enter the alabandite structure and rather reacted with
oxygen to produce manganese oxides including hausmannite.
Thus, a higher addition of Mn resulted in a higher production
of hausmannite causing a higher amplitude of the 40 K feature.

Comparison to other low-temperature magnetic minerals

A similar low-temperature magnetic transition, as described
above in the alabandite-hausmannite system, is observed at ~70 K
in the other monosulfide-troilite FeS (Kohout et al. 2007; Cuda et
al. 2011). Gattacceca et al. (2011) recently reported that chromite

with Curie temperature in 40-80 K range exists in certain me-
teorites and chromite contamination within troilite samples may
be responsible for the observed ~70 K feature in troilite. In this
respect alabandite with hausmanite contamination is analogous to
troilite with a proposed chromite contamination. Thus, in the fol-
lowing paragraph we briefly compare the alabandite-hausmannite
system to the troilite and chromite.

At the first look both systems show a very similar behavior
with a sharp increase in both induced and remanent magnetiza-
tion and an onset of a ferromagnetic-like hysteresis below the
transition temperature. The difference between these two systems
is in the nature of the contaminant. Hausmannite is of similar
composition to alabandite (both manganese-bearing phases) and is
localized at the surface of alabandite grains. Thus it can be easily
overlooked in EMPA analysis of polished grains. In contrast, a
chromite contamination is supposed to be present within the inte-
rior of troilite grains and thus should be more easily observable.
Thorough analytical data [EMPA and SEM-BSE observation of
polished grain sections, atomic absorption spectroscopy, XRD,
and Mossbauer spectroscopy of bulk troilite samples in Cuda et al.
(2011)] reveals a chromium content of one to three orders of mag-
nitude lower than as predicted for a chromite amount compatible
with low-temperature magnetic observations. Another difference
can be observed on induced ZFC magnetization curves. While in
the alabandite-hausmannite case the ZFC induced magnetization
stays well below FC and shows a pronounced Hopkinson peak
just below 7¢ of hausmannite (Fig. 2), the ZFC curve of troilite
does not show obvious presence of a Hopkinson peak [Fig. 3
in Kohout et al. (2007)]. Thus, the nature of the contaminant
or mechanism of the low-temperature transition in troilite is
likely to be different than as proposed for chromite (or similar to
alabandite-hausmannite case).

CONCLUDING REMARKS

Based on our detailed investigation, the low-temperature
phenomenon at ~40 K, previously observed in some synthetic
alabandite samples and ascribed to nonstoichiometry of the latter,
is not an intrinsic property of alabandite. It appears to be a result of
a ferri- to paramagnetic transition of hausmannite (Mn;0,) pres-
ent in an oxidized surface layer on crystals/grains of alabandite.
The presence of hausmannite even in amounts below 1 wt% can
have a detectable effect on the magnetic response of alabandite,
which is otherwise a purely antiferromagnetic material below its
Néel temperature of ~153 K without any other low-temperature
magnetic transitions. This conclusion rules out pristine alabandite
to significantly contribute to remanent or induced magnetism
of minor Solar System bodies. In contrary, no prove of similar
contamination has been found in troilite showing a similar transi-
tion at ~70 K.
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Abstract

Airless planetary bodies are directly exposed to space weathering. The main spectral effects of space
weathering are darkening, reduction in intensity of silicate mineral absorption bands, and an increase
in the spectral slope towards longer wavelengths (reddening). Production of nanophase metallic iron
(npFe®) during space weathering plays major role in these spectral changes. A laboratory procedure
for the controlled production of npFe® in silicate mineral powders has been developed. The method is
based on a two-step thermal treatment of low-iron olivine, first in ambient air and then in hydrogen
atmosphere. Through this process, a series of olivine powder samples was prepared with varying

amounts of npFe® in the 7-20 nm size range. A logarithmic trend is observed between amount of
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npFe® and darkening, reduction of 1 pm olivine absorption band, reddening, and 1 um band width.
Olivine with a population of physically larger npFe® particles follows spectral trends similar to other
samples, except for the reddening trend. This is interpreted as the larger, ~40-50 nm sized, npFe®
particles do not contribute to the spectral slope change as efficiently as the smaller npFe® fraction. A
linear trend is observed between the amount of npFe® and 1 um band center position, most likely

caused by Fe?" disassociation from olivine structure into npFe® particles.

Introduction

Airless planetary bodies are directly exposed to the space environment and thus to space weathering.
Space weathering is caused by a combination of solar wind and solar radiation, micrometeorite
bombardment, and cosmic radiation that can alter the physical, chemical, and crystallographic
properties of airless regoliths. Among other effects, space weathering causes changes in the visible, IR
and UV spectra of exposed surface material making it difficult to compare weathered asteroidal and

lunar spectra to those of unweathered silicate minerals, meteorites, and lunar samples.

Lunar type space weathering

Lunar samples delivered to Earth by the Apollo program during the 1960’s and 1970’s significantly
contributed to our understanding of space weathering. It was the first time that direct laboratory
studies were possible on a material exposed for long periods to the space environment and,
therefore, modified by space weathering. Numerous early studies (e.g. Adams and Jones, 1970,
McCord and Johnson, 1970, Adams and McCord, 1971, 1973, and McCord and Adams, 1973) found

that, compared to artificially crushed fresh Apollo rock samples, spectra of lunar soils are darker, have
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reduced intensity of silicate mineral absorption bands, and their spectral slope increases towards
longer wavelengths (reddening).

Reviews by Hapke (2001) or Chapman (2004) provide an understanding of the mechanisms involved in
space weathering. Earlier lunar soil studies indicated that space weathering may cause an
accumulation of dark agglutinitic glass formed by surface melting of regolith by micrometeorite
impacts (Adams and McCord, 1970). Agglutinitic glass is an important optical agent influencing
reflectance spectra of lunar regolith. However, its presence could not explain all of the spectral
discrepancies in lunar soils and planetary surfaces, especially the spectral reddening (Pieters et al.,
1993). Hapke et al. (1975) suggested that optical effects of space weathering may be caused by
metallic submicroscopic iron particles (SMFe), also referred to as nanophase iron (npFe®) particles,
within the vapor deposition rims on lunar soil grains. This npFe’ is believed to originate from
disassociation of Fe from Fe-bearing minerals through solar wind sputtering and micro-impact-
generated vapor (e.g. Keller and McKay, 1993; 1997, Hapke, 2001), and its concentration is highest in
the fine fraction of lunar soils (Pieters et al, 1993; Taylor et al., 2001). Support for this theory came
later from transmission electron microscopy (TEM). TEM observations showed the presence of such
one0 particles in lunar soil grain coatings (e.g. Keller and McKay, 1997; Hapke, 2001). The typical size
range of npFe® particles is ~1-10 nm in vapor deposition rims and ~10-100 nm in agglutinates (e.g.

Keller and Clemett, 2001).

S-type asteroid space weathering
As in the case of lunar rocks, spectral discrepancies are also observed between meteorites and

asteroids (e.g. Hapke, 2001 and Chapman, 2004). Silicate rich S-complex asteroids are represented by

3/39

-92 -



Cite as Kohout et al. 2014. Icarus, in press

absorption bands characteristic of olivine (at wavelengths around 1um) and pyroxene (at
wavelengths around 1 and 2 um). Spectra of ordinary chondrite meteorites contain similar absorption
bands, but, compared to asteroids, the bands in meteorites are usually more intense and the overall
spectral slope is flatter. Numerous laboratory simulations (involving laser irradiation and ion
bombardment, e.g. Brunetto et al., 2005) of ordinary chondrites and detailed spectral observations of
asteroids and meteorites (e.g. Marchi et al., 2005; Lazzarin et al., 2006) show that space weathering
effects on chondritic materials and S-complex asteroids display similarities to lunar soils where solar
wind ion bombardment induces atom displacements and micrometeorite bombardment forms npFe®
particles. Direct evidence of npFe® particle formation on the surface of S-type asteroids was recently
reported by Noguchi et al. (2011) in a study of surface coatings of regolith grains obtained from
asteroid 25143 ltokawa by the Hayabusa sample return mission. However, compared to lunar
weathering, the mechanism of asteroidal space weathering is more complex and its various effects
(e.g. absorption band weakening, darkening, and reddening) do occur in spectra, with a highly varying
intensity, even on the same asteroids (e.g. Chapman, 2004; Hiroi et al., 2006; Gaffey, 2010).

Observations of young asteroid families shows that space weathering occurs relatively rapidly, within
10° years after the breakup of the parent body (Vernazza et al., 2009). Similar to lunar type
weathering, space weathering on asteroids affects a thin surface regolith layer only and this layer can
be disturbed by geological processes such as landslides, as observed on Eros by Clark et al. (2001), or

by tidal forces during close planetary encounters (Binzel et al., 2010).

Space weathering laboratory simulations
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Laboratory production of npFe® particles similar to those observed in space-weathered lunar soils was
achieved by direct mineral or glass reduction (Allen et al., 1993) short duration laser irradiation (e.g.
Sasaki et al., 2001; 2002; 2003; Brunetto et al., 2005; Lazzarin et al., 2006; Markley et al., 2013), ion
bombardment (e.g. Marchi et al.; 2005, Lazzarin et al.; 2006), direct mineral / glass synthesis (Liu et al,
2007), or microwave irradiation (Tang et al., 2012) on various silicate minerals, meteorites or lunar
rocks. Since then, laser irradiation together with ion bombardment has become a common laboratory
tool for space weathering simulation, capable of reproducing most spectral changes. However, these
methods do not provide sufficient control over npFe® particle size and concentration and, thus, do not
enable quantitative space weathering simulations.

Only a handful of studies were devoted to control the size and quantity of npFe® and to verify its
effect on spectral properties. For example, Allen et al. (1996) produced 6 nm sized npFe® particles on
a silica gel substrate with 6 nm pores through impregnating the pores with ferric nitrate solution and
subsequent reduction of iron in a hydrogen atmosphere. Noble et al. (2007) enhanced this technique
with silica gel substrates featuring pore sizes of 2.3, 6, 25 and 50 nm resulting in a better control of
npFe’ size and concentration. The changes in optical properties of such treated samples resembled
the space weathering effects observed in lunar soils and it was possible to evaluate the influence of
npFe’ particle size on spectral red slope.

In this work we present a new method of controlled npFe® production on surface of olivine grains. We
also evaluate the influence of npFe® concentration and particle-size on olivine spectral darkening and

reddening, as well as intensity reduction, shape, and position of the olivine 1 um absorption band.

Materials and methods
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Samples

Natural olivine from Aheim, Norway was used in this study. A pale green, polycrystalline olivine
sample was thin-sectioned, and analyzed using a CAMECA SX-100 electron microprobe (Table 1).
Another part of the sample was crushed and inclusion-free fragments were hand-picked using an
optical microscope. Subsequently, the olivine grains were pulverized in an agate mortar and sieved to
obtain fine (10-80 um) powder. Part of the powder was preserved for reference measurements while
the rest was thermally treated in a two-step heating method to achieve the formation of npFe® on the

surface of olivine grains.

npFe® production and characterization

A two-step thermal treatment method was developed to produce npFe® on the surface of olivine
grains. Furthermore, npFe’ abundance and particle size control was achieved through variations in
temperature and duration of the treatment steps.

In the first step, the olivine powder was heated in air (under oxidizing condition) using a Linn LM
112.07 muffle furnace. Various temperatures and heating durations were tested (Table 2) in order to
induce partial oxidation of the iron ions that were liberated from the olivine structure, primarily those
close to the surface of the olivine grains. The temperatures were selected to be low enough to
preserve the olivine structure undamaged (e.g. Barcova et al., 2003; Michel et al., 2013).The oxidation
of Fe?" ions leads to a charge imbalance in the olivine structure causing diffusion of Fe** atoms to the
surface where they precipitate in the form of Fe** oxide nanoparticles and create vacancies in the

olivine crystal structure (Zboril et al., 2003; Barcova et al., 2003).
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In the second step, the Fe** oxide nanoparticles were reduced into npFe® in a hydrogen atmosphere
(using a steady hydrogen flow at 500°C for 1 hour with an Anton Paar XRK900 reactor). The reduction
process was monitored in-situ using X-ray powder diffraction (XRD). The freshly produced npFe°
particles were surface-passivated for 30 minutes in 30°C gas mixture flow of N, with 2% O, to
minimize oxidation upon contact with ambient air.

The XRD was performed using a PANalytical X’Pert PRO MPD diffractometer (iron-filtered CoK,
radiation: A = 0.178901 nm, 40 kV and 30 mA) in the Bragg-Brentano geometry and equipped with an
X Celerator detector, that has programmable divergence and diffracted beam anti-scatter slits. The
samples were placed into a shallow cavity sample holder (made of Macor) and repeatedly-scanned in
the 20 range of 5-120° (resolution of 0.017° in 20) at specific temperatures. SRM640 (Si) and SRM660
(LaB6) commercial standards from NIST (National Institute of Standards and Technology) were used
for evaluation of the line positions and instrumental line broadening, respectively. Identification of
crystalline phases was performed using the High Score Plus (PANalytical) software in conjunction with
the PDF-4+ database.

The size and concentration of npFe® was determined using a combination of transmission electron
microscopy (TEM), frequency dependence of magnetic susceptibility, and magnetic hysteresis
measurements, Composition of the npFe’ was verified using scanning transmission electron
microscopy equipped with energy-dispersive X-ray spectroscopy (STEM-EDX).

The TEM observations and STEM-EDX analysis was done using a Teknai F30 TEM/STEM with an EDAX
Si/Li EDX spectrometer. The TEM observations of npFe® particles were done on sharp, thin edges of

olivine powder grains placed on a copper grid holder.
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The frequency dependence of magnetic susceptibility was tested using a ZH instruments SM-100/105
susceptibility meters at 16, 32, 64, 128 and 256 kHz frequency steps and 160 A/m RMS field intensity.
The magnetic hysteresis measurements were accomplished using a Princeton Measurements
Micromag Model 3900 VSM (Vibrating Sample Magnetometer). All magnetizations were normalized
by sample. First, a hysteresis loop of the olivine precursor was measured. This loop was subsequently
used for background subtraction (to subtract paramagnetic/diamagnetic contribution of olivine and
sample holder) of all thermally-treated olivine sample hysteresis loops. After background subtraction,
any residual paramagnetic/diamagnetic slope was removed. Resulting hysteresis loops correspond to
npFe’ produced in our samples. The concentration of npFe’ can be estimated by comparison of the
sample saturation magnetization to that of a pure metallic iron (218 Am?/kg, Dunlop and Ozdemir,
2001, p. 51).

For room-temperature °’Fe Mossbauer measurements, a Mossbauer spectrometer with a °’Co(Rh)
source of y-rays was used. The values of the derived hyperfine Mdssbauer parameters are attributed
to metallic iron (o-Fe) at room temperature. Mdssbauer spectra were fitted by means of the
Lorentzian line shapes using the least squares method featured in the MossWinn analysis program. To
obtain a qualitatively resolved Méssbauer spectrum for low npFe® concentration, a long measurement
time was applied (22 days).

The spectral measurements of fresh and modified olivine samples were done in visible — near infrared
(VIS-NIR) range of 350-2400 nm using an Analytical Spectral Devices FieldSpec Pro spectrometer
calibrated with a Labsphere SRS-99-020 Spectralon white standard. The reflectance is determined at
550 nm. The spectral slope is calculated as the difference in normalized reflectance at 1689 nm and

630 nm divided by 1059 nm. The normalized reflectance was calculated as reflectance divided by
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reflectance at 550 nm. The 1 um absorption band depth is calculated as the normalized average
reflectance at 630 and 1689 nm minus the band minimum. The 1 pum absorption band minimum
position was manually read from the data files. To further study shift of the band minimum in our
samples the modified Gaussian model (MGM, Sunshine et al., 1999, MATLAB code available on RELAB

web page http://www.planetary.brown.edu/mgm/index.html) was applied to the spectral data.

Results

The combination of the two successive thermal treatment steps resulted in a formation of npFe® (a-
Fe, bce structure) on the olivine grains with a well-controlled particle size and distribution over the
surface. The characteristics of such npFe® particles is comparable to the npFe® observed in space
weathered extraterrestrial materials. Table 3 summarizes spectral properties of the thermally-treated
olivine samples and npFe® concentration estimate derived from magnetic hysteresis measurements.
There is a quasi-exponential trend in the npFe® concentration with increasing temperature of the first
heating step (Fig. 1). Longer duration of the first heating step also increases the npFe® concentration.
Due to the quasi-exponential trend between npFe® concentration and first step heating temperature,
the samples heated to temperatures in excess of 750°C become very rich in npFe’ and their
reflectance spectra become very low. Thus, in order to reduce the amount of npFe® in the 850°C
sample to the level of other samples, the duration of the first heating step was reduced to 30 seconds.
The size of the npFe® particles in all samples as seen by TEM (Fig. 2) is in ~5-20 nm range with the
majority (~90%) being in the 7-15 nm range. An exception is the sample heated to 850°C (850s30)
where an additional population of larger ~40-50 nm npFe® particles can be observed (Fig. 3). The

larger particles most likely formed by sintering of smaller particles into clusters.
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The above mentioned npFe® particle range is supported by a frequency dependence of the magnetic
susceptibility data which occurs in particles that are in a superparamagnetic (SP) state that requires
iron particles smaller than ~8 nm (Kneller and Luborsky, 1963; Dunlop and Ozdemir, 2001, p. 131). No
detectable systematic frequency dependence was observed in any sample, indicating that majority of
the npFe® particles were larger than the ~8 nm threshold.

One single npFe® particle was investigated by high-resolution TEM in order to determine the lattice
spacing on the single nanoparticle. Lattice fringes of 0.19 £0.05 nm were observed (Fig. 4) which is
consistent with the spacing of (110) of a-Fe di;0 = 0.203 nm (Noguchi et al., 2011). The surface
passivation of npFe’ on the olivine limited the formation of iron oxides to a thin shell on the metallic
nanoparticle core (cf. Filip et al., 2007 and Siskova et al., 2012). This is well documented on STEM-EDX
data as little oxygen (mostly originating from olivine background) is detected in individual npFe°
particles (Fig. 5).

Additionally, the modified olivine samples were studied by means of zero-field *’Fe M&ssbauer
spectroscopy at room temperature. Only paramagnetic doublet (isomer shift 6 = 1.12 mm/s and
quadrupole split &g = 2.96 mm/s) and the singlet (6 = 0.53 mm/s), both originating from Fe* in the
two olivine octahedral sites with different point symmetries, are visible in the spectra. The
ferromagnetic sextet component corresponding to ferromagnetic metallic iron is not observed due to
npFe® amount being below Mdssbauer spectroscopy resolution.

The reflectance spectra of fresh and modified olivine samples were measured in 350-2400 nm (VIS-
NIR) range. A progressive trend in the reflectance reduction (darkening), in 1 um absorption band
depth reduction, slope change (reddening), shift in 1 um band center position, and 1 um band width

at half depth is observed with the increasing npFe® concentration (Fig. 6).
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Discussion

The size range of the npFe® (~5-20 nm) produced in olivine powders by our method is slightly larger
than that found in vapor deposition rims (~3 nm), but considerably smaller than the nanophase iron
found in agglutinates (e.g. Pieters et al., 2000; Hapke, 2001, Keller and Clemett, 2001). The presence
of the npFe’ is also seen in the strong alteration of the VIS-NIR spectra. Compared to spectra of the
fresh olivine, samples with artificially produced npFe® show spectral changes similar to these seen in
naturally space-weathered lunar soils and asteroid surfaces (e.g. Hapke, 2001; Chapman, 2004). This
gives us a confidence that despite slight differences between our samples and natural space
weathering products (npFe® particles on mineral grain surfaces vs. within coating rims, possible
presence of a thin oxide shell on our npFe® particles) our laboratory simulations are good proxy for
natural space weathering and closely resemble optical effects of the fine nanophase iron fraction
including slope change (Noble et al., 2007). The changes in olivine spectral parameters are quantified
in Table 3. Because the npFe® particle size is kept constant (with exception of 850s30 sample), the
spectral changes can be studied as a function of increasing npFe® concentration. The results indicate
that there is a linear trend between amount of npFe® and the 1 pm band center position (Fig. 7) and a
logarithmic trend between the amount of npFe® and the reflectance (Fig. 8), 1 pm absorption band
depth (Fig. 8), spectral slope (Fig. 9) and the 1 um band width at half depth (Fig. 10).

The linear trend between amount of npFe’ and the 1 um band center position is in contrast with
results of previous studies (Hiroi and Sasaki, 2001; Sasaki et al., 2002; 2003; Brunetto et al,. 2005)
where no significant changes of the band position were observed during simulated space weathering.

However, compared to these studies, our samples cover a broader range of npFe® amount and related
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spectral changes. It is apparent that for samples with less npFe® (below 0.01 wt% and spectral
changes of a similar magnitude as in above-mentioned studies) there is no significant change in band
position. However, with higher npFe® the amount of the shift in 1 pm band center became more
apparent. The mechanism behind the band shift may be Fe*" disassociation from olivine structure into
npFe’ particles. This is also supported by the linear correlation between 1 um band center and
amount of npFe’. The possible occurrence of this process in extremely weathered natural planetary
surfaces is uncertain and requires further studies. In general, asteroidal regoliths do not get as mature
as lunar regolith and olivine is minor constituent of the lunar regolith.

The band center shift was further studied using the MGM model. As the olivine 1 pm absorption band
is a superposition of three individual bands related to the different positions of Fe?* ions in the olivine
crystal structure (Burns, 1970), three Gaussian bands were used in the MGM model. The results are
summarized in table 4 and figure 10. MGM method gives reliable results for samples with small to
moderate npFe” amounts up to sample 650h1 with 0.023 wt% Fe. (With higher npFe® content the
lower 1um band intensity to noise ratio and significant red slope causes unreliable Gaussian
modeling of olivine samples.) The MGM results indicate that the shift in 1 um band is primarily driven
by changes in the third Gaussian band centered around 1200 nm (Fig. 11) which is caused (together
with the ~840 nm band) by the Fe?* in M (2) position (e.g. Burns, 1970). The MGM model figures are
available in on-line supplementary material (Figs. S1-S7).

The observed logarithmic trend between slope change and amount of npFe® provides further insight
into natural space weathering. A logarithmic trend between spectral slope change and the space
weathering duration has been observed by Nesvorny et al. (2005) and Vernazza et al. (2009) for S-

type asteroid families. In combination with our observation of a logarithmic trend between amount of
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npFe and reflectance, 1 pm absorption band depth, and spectral slope, we have demonstrated four
additional characteristics of space weathering: A similar logarithmic trend is valid between space
weathering duration and (1) darkening, (2) reduction of 1 um olivine absorption band, and (3) 1 um
band width at half depth. However, (4) the amount of npFe® increases linearly with the duration of
the space weathering.

The 850530 sample contains additional population of ~40-50 nm npFe® particles which accounts for its
VIS-NIR spectral properties. The spectrum of this sample follows the trends observed for other
samples. However, sample 850s30 does not fully follow the increasing red slope trend (Fig. 9). This is
most likely due to the fact that part of its npFe® is in a form of larger particles, which does not
contribute to the red slope. This sample is analogous to lunar soils containing both small npFe®
fraction in vapor deposition rims as well as larger npFe® particles in agglutinates. The relatively
reduced magnitude of the slope change in this sample is in agreement with Noble et al. (2007) who

observed insignificant slope change for npFe® particles larger than ~50 nm.

Conclusions

The two-step thermal treatment method allows for controlled growth of iron nanoparticles on the
surfaces of olivine powder grains. This enables quantitative investigations of the role of npFe’ in space
weathering and related changes in reflectance spectra. Compared to fresh olivine, our olivine samples
with artificially introduced ~5-20 nm sized npFe® particles exhibit the spectral characteristics of lunar-
type space weathering. From a quantitative point of view, a linear trend is observed between the

amount of npFe® and 1 pm band center position. This trend is more pronounced for samples with
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npFe® amounts in excess of 0.015 wt%. The mechanism behind the band shift may be Fe®*
disassociation from olivine structure into npFe® particles.

A logarithmic trend is observed between amount of npFe® and darkening, reduction of 1 um olivine
absorption band, reddening, and 1 pm band width at half depth. Observations of asteroid families
show a logarithmic weathering trend between slope change and duration. Our results reveal four
additional characteristics of space weathering: The logarithmic trend with space weathering duration
is valid for (1) darkening, (2) reduction of 1 um olivine absorption band, and (3) 1 um band width at
half depth, while (4) the amount of npFe® increases linearly with duration.

The olivine sample with an additional population of larger npFe® particles follows similar spectral
trends as other samples, except for the reddening trend. This is interpreted as the larger, (~40-50 nm
0

sized), npFe® particles do not contribute to the slope change as efficiently as the smaller npFe

fraction.
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Table 2. Conditions of sample processing. T1 and t; are the temperature and time of the first
heating step (in air). T, and t, are the temperature and time of the second heating step (in

hydrogen). N/A — not applicable.

Sample T. (°C) t1 (5) T.(°C)  t(s)
Raw olivine  N/A N/A N/A N/A
400h1 400 3600 500 3600
450h1 450 3600 500 3600
500h1 500 3600 500 3600
550h1 550 3600 500 3600
600h1 600 3600 500 3600
650h1 650 3600 500 3600
700h1 700 3600 500 3600
750h1 750 3600 500 3600
850s30 850 30 500 3600
22/39
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Table 3. Overview of sample spectral parameters, saturation magnetization (Js) and calculated
npFe® concentration. Iron concentration is calculated as the sample saturation magnetization
divided by the saturation magnetization of pure iron (218 Am?/kg). * — not possible to reliably
determine.

Sample Slope lpym Albedo lum lpym Js Fe
(um?)  depth  at550  band band  (mAm%kg)  (wt%)
nm center  width at
(nm) half
depth
(nm)
0.031 0.21
Olivine 0.78 1053 466 0 0.0
0.15 0.18
400h1 0.61 1048 356 16.44  0.0075
0.17 0.18
450h1 0.60 1048 347 18.43  0.0085
0.25 0.20
500h1 0.42 1048 306 24.59 0.011
0.22 0.15
550h1 0.52 1046 265 27.78 0.013
0.36 0.16
600h1 0.34 1045 222 31.89 0.015
0.41 0.10
650h1 0.28 1041 165 49.71 0.023
0.57 0.026
700h1 0.16 1031 118 128.7 0.059
0.69 0.00
750h1 0.11 970 * 253.2 0.12
0.36 0.034
850s30 0.28 1034 139 106.3 0.049
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Table 4. Modified Gaussian model parameters of the olivine absorption band. C1-3 are the three

Gaussian centers. FWHM1-3 are the full widths at half maximum. S1-3 are the Gaussian strengths.

RMSD is the root mean square deviation.

Raw
olivine

400h1

450h1

500h1

550h1

600h1

650h1

C1 (nm)
826
837
834
847
835
853

846

C2 (nm)
1022
1026
1025
1032
1028
1039

1040

C3 (nm)

1229

1202

1201

1194

1195

1187

1171

124

170

166

214

175

265

280

(nm)
221
181
184
169
180
160

154

24139
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(nm)
465
436
450
442
454
464

487

FWHM1 FWHM2 FWHM3
(nm)

S1

-0.0863

-0.093

-0.0916

-0.126

-0.0821

-0.104

-0.0697

S2

-0.239

-0.195

-0.192

-0.188

-0.161

-0.134

-0.101

S3

-0.276

-0.265

-0.27

-0.303

-0.237

-0.277

-0.226

RMSD

2.27E-02

4.73E-03

7.28E-03

3.77E-03

5.88E-03

2.86E-03

2.77E-03
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Fig. 1. The relation between the temperature of first heating step (in air) and amount of iron

produced in form of iron nanoparticles. The heating duration was 1 hour for all displayed samples.
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Fig. 2. TEM image of ~5-20 nm sized nanoparticles on olivine powder grains (sample 600h1).
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Fig. 3. TEM image of nanoparticles on olivine powder grains of the 850s30 sample. Two
populations can be observed (~5-20 nm and ~40-50 nm).
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Fig. 4. High resolution TEM image of a single iron nanoparticle. The lattice fringes are highlighted

by yellow circle. The lattice spacing is 0.19 +0.05 nm.
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Fig. 5. STEM EDX spectra of an individual iron nanoparticle. These data show that iron nanoparticle
oxidation was kept to minimum since only a minor peak of oxygen is observed and that is most
likely caused by the olivine background (also indicated by a minor peak of silica and magnesium).
Peak of copper is the signal of the sample holder.
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Fig. 6. VIS-NIR reflectance spectra (up — absolute values, down — normalized at 550 nm) of the
fresh and modified olivine samples with increasing npFe® concentration (in wt%) as determined
from the saturation magnetization. All samples show the continuous trend of 1 um olivine
absorption band reduction and increasing red slope with increasing amount of the npFe®. The
850°C sample does not follow the increasing red slope trend because it contains additional larger
npFe’ particles that do not contribute to the red slope.
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Fig. 7. The linear trend (black line) between the npFe® amount and the position 1 pm band center.
R? is the root mean square deviation of the fit.
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Fig. 8. The logarithmic trend (black lines) between the npFe® amount and the 1 pm band depth

and the reflectance at 550 nm. R? is the root mean square deviation of the fit.
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Fig. 9. The logarithmic trend (black line) between the npFe® amount and the spectral slope. The
850530 sample (highlighted by a yellow circle) with additional population of larger npFe® particles

does not fully follow the reddening trend. R? is the root mean square deviation of the fit.
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Fig. 10. The logarithmic trend (black line) between the npFe0 amount and the 1 um band width at
half depth. R2 is the root mean square deviation of the fit.
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Fig. 11. Positions of the Gaussian band centres (C1-3) as a function of increasing npFe® content.
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Supplementary material

Modified Gaussian model figures for samples listed in Table 4. Orange — measured spectrum, black

— modeled spectrum, blue — gaussian bands, red — continuum, pink — residual error spectrum.
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Fig. S1. Fresh olivine.
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Fig. S2. Sample 400h1.
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Fig. S6. Sample 600h1.
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