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Abstract

This thesis is devoted to investigations of magnetic properties, magnetocaloric (MCE) and
barocaloric (BCE) effects in pure and doped single crystals of Fe;Seg (3c type). Innovative cooling
solutions that do not rely on ecologically damaging refrigerants and can offer a greater energy-
efficiency than the traditional vapor-compression technique are in demand due to the need for
cooling equipment and the accompanying energy expenses. It is the reason why magnetocaloric
cooling attract attention of researchers from the material and fundamental sciences, as well as
engineers. The main aim of the studies was to determine and to understand the effect of replacing
iron with nickel and cobalt on the structure, magnetic and magnetocaloric properties of Fe;xNixSeg
and Fe;.xCo,Seg single crystals (hexagonal NiAs-like structure) and to compare it with the effect of
hydrostatic pressure. In order to check the mechanisms responsible for the observed effects, an
attempt was made to determine the correlation between the MCE and magnetostriction.
Measurements have been carried out in a magnetic field up to 10 T over the temperature range from
210 490 K.

Here is presented the analyse of the influence of Co and Ni ion doping on the crystal
structure, phase transitions, and magnetic properties of the Fe;Seg system for composition range:
(Feo.087Nio.013)7S€s,  (F€0.955Ni0.045)7S€8, (Fe0.015Ni0.085)7S€s, (F€o.80Ni0.11)7S€s, (F€0.79Nio21)7S€s,
(Feo.975C00.025)7S€8, (F€0.951C00.049)7S€s and (Feo91C0p09)7Seg and the parent material Fe;Ses.
Because the ionic radii of doping ions are smaller than those of Fe?* ions (responsible for magnetic
properties of Fe;Seg crystals), the substitution effect causes a systematic reduction in the unit-cell
volume, affects the magnetic subsystem and determine the magnetic ordering temperature T¢ and
the spin-reorientation temperature (Tsgr). The most important result of this thesis was the
demonstration of the substantial correlation between hydrostatic and chemical pressures in the
studied systems. The nature of magnetic phase transitions has been characterized in the vicinity of
Tc and Tsrr, the magnetic entropy change (AS,) and refrigeration potential magnitudes have been
established for this temperature range. The substantial dependence of these parameters on chemical
and hydrostatic pressure has been demonstrated. It was found that a systematic change in the unit
cell constants, induced by an external magnetic field, strongly correlates with the change in the Tsgr
and the magnetic entropy change. The data suggests that the connection between magnetostriction
and the MCE, reported previously for different materials, is universal, and magnetostriction can be
used to predict the AS, in Fe;Seg single crystals doped with transition metals. Based on
experimental results, a phenomenological model was developed, and it was shown that the
hydrostatic pressure, the ratio of the quantity of Fe®* and Fe®* ions, and the crystal field acting on
Fe?" ions all had a significant impact on the system's magnetic properties.



Streszczenie

Niniejsza praca poswiccona jest badaniom wiasciwo$ci magnetycznych i efektu
magnetokalorycznego (MCE) oraz barokalorycznego (BCE) w czystych i domieszkowanych
monokrysztatach Fe;Seg (typu 3c). Innowacyjne rozwigzania chtodnicze, ktore nie opieraja si¢ na
czynnikach szkodliwych dla srodowiska i ktore moga oferowa¢ wigksza efektywno$¢ energetyczna
niz tradycyjne spr¢zanie Qgazu, s3 ciggle poszukiwane. Z tego powodu chlodzenie
magnetokaloryczne przycigga uwage badaczy z zakresu nauk materialoznawczych i podstawowych,
a takze zastosowan praktycznych. Gldéwnym celem badan bylo okreslenie i zrozumienie wptywu
zastgpienia zelaza niklem i kobaltem na strukture, wlasciwos$ci magnetyczne i magnetokaloryczne
monokrysztalow Fe;xNiySeg i Fez.«Co,Seg (0 heksagonalnej strukturze NiAs) oraz porownanie tego
efektu z wplywem ci$nienia hydrostatycznego. W celu sprawdzenia mechanizmow
odpowiedzialnych za obserwowane efekty podjeto probe okreslenia korelacji pomigdzy MCE a
magnetostrykcja. Pomiary prowadzono w polu magnetycznym do 10 T w zakresie temperatur od 2
do 490 K.

W rozprawie przedstawiono analiz¢ wpltywu domieszkowania jonami Co i Ni na strukture
krysztalu, przemiany fazowe 1 wlasciwo$ci magnetyczne ukladu Fe;Seg dla skladow:
(Feo,087Nli0,013)75€s,  (F€0,955Ni0045)75€s, (F€0915Ni0085)75€s, (F€089Ni011)7S€s, (Fe0,70Nio 21)7Se€s,
(Feo,975C00,025)7S€s, (F€0.951C00,049)7S€8 1 (Fep91C0p09)7Ses | materiatu macierzystego Fe;Ses.
Poniewaz promienie jondw domieszkujacych sg mniejsze niz promienie jonoOw Fe?* (okreslajacych
podstawowe wilasciwo$ci magnetyczne monokrysztalow Fe;Seg), efekt podstawienia powoduje
systematyczne zmniejszanie objg¢tosci komorki elementarnej, wptywa na podsystem magnetyczny i
na temperatur¢ uporzadkowania magnetycznego Tc oraz temperature reorientacji spindow (Tsgr).
Najwazniejszym rezultatem tej pracy jest wykazanie istnienia istotnej korelacji pomiedzy
ci$nieniem hydrostatycznym 1 chemicznym w badanych uktadach. Okreslono charakter
magnetycznych przejs¢ fazowych w poblizu Tc | Tsgr oraz wyznaczono warto$ci zmiany entropii
magnetycznej (ASm) i potencjatu chlodniczego dla tego zakresu temperatur. Wykazano znaczng
zalezno$¢ tych parametrow od ci$nienia chemicznego i1 hydrostatycznego. Stwierdzono, ze
systematyczna zmiana statych komorki elementarnej, wywolana zewngtrznym polem
magnetycznym, jest silnie skorelowana ze zmiang Tsgt i zmiang entropii magnetycznej. Dane te
sugeruja, ze zwigzek migdzy magnetostrykcja a MCE, sygnalizowany wczesniej dla rdznych
materiatdéw, ma charakter uniwersalny, a magnetostrykcj¢ mozna wykorzysta¢ do przewidywania
ASy w monokrysztatach Fe;Seg domieszkowanych metalami przejSciowymi. Na podstawie
wynikéw eksperymentow opracowano model fenomenologiczny 1 wykazano, ze ci$nienie
hydrostatyczne, stosunek ilosci jonow Fe?* i Fe** oraz pole krystaliczne dziatajace na jony Fe®*

maj3 istotny wptyw na wtasciwosci magnetyczne uktadu.
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Terminologia

FOPT — first order phase transition (przejscie fazowe pierwszego rodzaju)

SOPT — second order phase transition (przejs$cie fazowe drugiego rodzaju)

ECE — electrocaloric effect (zjawisko elektrokaloryczne)

EICE — elastocaloric effect (zjawisko elastokaloryczne)

BCE — barocaloric effect (zjawisko barokaloryczne)

MCE — magnetocaloric effect (zjawisko magnetokaloryczne)

M — namagnesowanie

T — temperatura

H — pole magnetyczne

B — indukcja pola magnetycznego (B=uo(H+M))

C — ciepto wihasciwe

P — cis$nienie

V — objetosé

SQUID — superconductor quantum interference device (nadprzewodnikowe urzadzenie do
interferencji kwantowej)

PPMS — physical properties measurement system (uktad do pomiaru wtasciwosci fizycznych)
SEM - scanning electron microscope (skaningowy mikroskop elektronowy)

EDX — energy dispersive x-ray spectroscopy (Spektroskopia rentgenowska z dyspersja energii)
RC — refrigerating capacity (pojemnos¢ chtodzenia)

AS — zmiana entropii

HS — high spin (wysoki spin — stan wysokospinowy)

LS — low spin (niski spin — stan niskospinowy)

ZFC — zero field cooled (chtodzenie w zerowym polu)

FC — field cooled (chtodzenie w polu)

O — kat

Tc— temperatura Curie

Tn— temperatura Neela

Tsrt — temperatura reorientacji spinéw

FWHM — full width at the half maximum (szeroko$¢ w potowie maksimum)

Qv —cieplo utajone przemiany fazowe;j

Ae —magnetostrykcja liniowa



[. Wstep i motywacja

Zmiana klimatu stanowi obecnie najtrudniejszy problem srodowiskowy i przyciagneta
uwage miedzynarodowych organizacji 1 badaczy. Zwigzek miedzy S$wiatowg populacja [1] a
wzrostem gospodarczym, zuzyciem energii i1 emisja dwutlenku wegla jest zlozony i
wieloaspektowy. Wzrostowi gospodarczemu i ludnosciowemu towarzyszy wzrost zuzycia energii,
co moze prowadzi¢ do wzrostu emisji dwutlenku wegla do atmosfery, i jest jedng z przyczyn
prowadzacych do globalnych zmian klimatycznych, oraz do emisji innych substancji szkodliwych
[2,3]. Wiele dziedzin nauki krok po kroku probuje rozwigzywaé te problemy, wprowadzajac
technologie energooszczedne, znajdujac nowe zrédlta energii i tworzac metody eliminacji
zanieczyszczen S$rodowiska. Niestety, badania naukowe wskazuja na fakt, ze nawet po
wprowadzeniu bardziej energooszczednej technologii zuzycie energii czesto wzrasta [4,5]. Jednak,
trzeba zaznaczy¢, ze taka zalezno$¢ nie zawsze jest liniowa. Ograniczenia emisji dwutlenku wegla
mogg prowadzi¢ do zmniejszenia zuzycia energii, co z kolei moze mie¢ negatywny wplyw na
wzrost gospodarczy. I odwrotnie, w niektorych przypadkach wzrost ekonomiczny mozna osiggnaé
bez znacznego wzrostu zuzycia energii lub emisji dwutlenku wegla, na przyktad wprowadzajac
technologie energooszczgdne [3]. Obecnie, w uzyciu jest okoto 5 miliardow roznego typu urzadzen
chlodniczych, a wktad sektora chtodniczego w zasmiecanie Srodowiska jest stosunkowo duzy [6].
Dziatalnos$¢ sektora chtodniczego odpowiada za 4.14 Gt (7,8%) emisji gazow cieplarnianych oraz
20% $wiatowego zuzycia energii, a istniejgce modele przewidujg ich duzy wzrost w przysztosci, co
spowoduje intensyfikacje uzycia szkodliwych dla srodowiska substancji (w tym wzrost zawartosci
CO,) [6-8].

Jednym z najbardziej obiecujacych sposoboéw rozwigzania probleméw chlodnictwa jest
chlodzenie wykorzystujace zjawisko magnetokaloryczne, zainteresowanie ktorym, w ostatnich
latach, gwaltownie rosnie na co wskazuje m.in. znaczny wzrost liczby publikacji naukowych i
patentow. Zgodnie z literatura, technika chtodzenia magnetokalorycznego jest wydajna
energetycznie i moze stanowi¢ efektywny substytut dla konwencjonalnego chtodzenia [9-16]. Efekt
magnetokaloryczny to zjawisko, w ktorym temperatura pewnych materialow zmienia si¢ W
odpowiedzi na przylozenie lub usunigcie pola magnetycznego. Materialy magnetokaloryczne
charakteryzuja si¢ zmiang entropii magnetycznej cze$ci uktadu, ktora jest miarg zmiany entropii
zwigzane] z przylozeniem pola magnetycznego, i wynika z uporzadkowania momentoéw
magnetycznych lub indukowanego magnetostrukturalnego przejscia fazowego w zewne¢trznym polu
magnetycznym (Rys. 1. 1). W zwigzku z tym zmienia si¢ entropia sieci krystalicznej, co powoduje
zmiang temperatury materiatu [11]. Fonon (sie¢ krystaliczna) i magnon (sie¢ magnetyczna) takich
poduktadoéw sprzg¢zone sg poprzez oddziatywanie spin-sie¢, w konsekwencji czego najwiekszych

wartosci  efektu magnetokalorycznego mozna spodziewa¢ si¢ w  zwigzkach silnie
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magnetostrykcyjnych [11]. Pozwala to na konwersj¢ energii magnetycznej w energi¢ cieplng. Jedna
z kluczowych zalet MCE jest to, ze pozwala on na rozwdj systemow chlodniczych, ktoére nie
opieraja si¢ na szkodliwych chemikaliach lub gazach, takich jak chlorofluoroweglowodory (CFC)
lub wodorofluoroweglowodory (HFC), ktore przyczyniajg si¢ do zmian klimatu i mogg mied
negatywny wplyw na $rodowisko i zdrowie ludzi. Efekt magnetokaloryczny pozwala roéwniez na
tworzenie przyjaznych dla srodowiska systemow chtodzenia, ktore mozna tatwo zintegrowaé z
istniejgcymi systemami chtodniczymi, aby zwiekszy¢ ich efektywno$¢ energetyczng i obnizy¢ ich
koszt [14].

Badania efektu magnetokalorycznego trwajg od kilkudziesi¢ciu lat i doprowadzily do
znacznego postepu w zrozumieniu i rozwoju tego zjawiska. Efekt magnetokaloryczny, odkryty dla
niklu na poczatku dwudziestego wieku przez Weissa i Piccarda [16], zostal bezposrednio
wykorzystany do osiggnigcia sub-helowej temperatury w 1933 roku [17]. Za osiagnigcie
temperatury 0,25 K przy uzyciu soli paramagnetycznych na bazie Gd w 1949 r. nagrode Nobla
przyznano Giauque i MacDougall [17], a odkrycie gigantycznego zjawiska magnetokalorycznego w
zwigzku Gds(SiGe),, przeniosto to pole badan na zupeklnie nowy poziom rozwoju [18]. Naukowcy
zaobserwowali efekt magnetokaloryczny w réznych materiatach i zwigzkach, w tym w metalach
ziem rzadkich oraz w zwigzkach mig¢dzymetalicznych i organicznych [19-24]. Duzy efekt
chlodzenia uzyskano réwniez w zwigzkach Heuslera zawierajacych metale Ni i Mn [25], w ktorych
zmiana entropii magnetycznej silnie zalezy od struktury. Materialy te wykorzystano do
opracowania prototypoéw magnetycznych systeméw chlodzenia [12,26-30], jednak wcigz istnieja
problemy, ktore trzeba rozwigza¢, takie jak, na przyklad, efektywno$¢ energetyczna oraz
wykorzystanie kosztownych pierwiastkow (ind, gadolin, german)  [31-35]. W takich materiatach
mamy czesto do czynienia z magnetostrukturalnym przejsciem fazowym pierwszego rodzaju, a
histereza termiczna jest zrodlem strat wydajnosci podczas kazdego cyklu [32]. Innym problemem
jest zastosowanie mozliwie najwigkszego pola magnetycznego, jednak istniejagce magnesy trwate sa
wykonane z Nd-Fe-B, a wydobycie neodymu jest nieekologiczne i kosztowne [33,34]. Ostatnie
badania koncentruja si¢ na poprawie konstrukcji 1 wydajnosci magnetycznych systemow
chlodzenia, a takze na poszukiwaniu nowych materiatow 1 zwigzkow wykazujacych efekt
magnetokaloryczny [24,35], oraz na znalezieniu nowych strategii projektowych lub zastosowan tej

technologii na przyktad, do uzytku w medycynie lub konserwacji zywnosci.
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Rys.1.1. Proces adiabatycznej zmiany entropii magnetyczne;j.

Jednym z kolejnych sposobow realizacji MCE, zamiast wlaczania i wylaczania pola
magnetycznego lub wkladania i wyciggania ciata chtodzonego w polu, jest obracanie probki w
statym polu magnetycznym. Rotacyjny MCE (r-MCE) zaobserwowano w réznych zwigzkach,
takich jak np. TmMnOg3 [36] i Co,B [37], przy temperaturach roboczych ponizej temperatury
pokojowej, a takze w monokrysztatach DyNiSi [38]. Obserwacj¢ silnego rotacyjnego MCE w
heksagonalnych manganitach, takich jak HoMnOgs, przedstawiono niedawno w pracy [39].
Doniesiono rowniez o gigantycznym r-MCE w monokrysztale NdCos, w zakresie temperatur pracy
zblizonym do temperatury pokojowej [40]. Oczekuje si¢ rowniez silnej zmiany magnetycznej
entropii rotacyjnej w materialach anizotropowych, charakteryzujacych si¢ przej$ciem fazowym
pierwszego rodzaju [41].

Co wazne, przemiana fazowa moze by¢ indukowana nie tylko polem magnetycznym, ale
takze polem elektrycznym (efekt -elektrokaloryczny), ciSnieniem hydrostatycznym (efekt
barokaloryczny) lub ci$nieniem jednoosiowym (efekt elastokaloryczny), ktore mozna wykorzystac
do zmiany entropii probki w taki sam sposob, jak pole magnetyczne w MCE (Rys. 1.2) [42,43].
Jako analog MCE, efekt kaloryczny, zwigzany z cisnieniem, nazwano efektem barokalorycznym
(BCE) [44-46]. Warto zauwazy¢, ze zainteresowanie efektem barokalorycznym znacznie wzrasta co
przejawia si¢ w wielu interesujacych publikacjach w ostatnich latach [43,47-51]. W kilku pracach
teoretycznych przewidziano pojawienie si¢ duzego BCE w magnetycznych materiatach, w ktorych
przytozone ci$nienie wptywa znaczaco na namagnesowanie [52-53]. Obiecujacym podejéciem jest
polaczenie wspomnianych efektoéw w tak zwany wielokaloryczny cykl chlodzenia, ktory moze by¢
rozwigzaniem istniejgcych problemow (Rys. 1.2) [54]. Moze on tgczy¢ odwracalny/nicodwracalny
efekt magnetokaloryczny z wpltywem ci$nienia jednoosiowego, hydrostatycznego lub innym

wplywem mechanicznym czy elektrycznym. W ten sposob, precyzyjnie projektujac materiaty
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kaloryczne, mozna wyeliminowaé histereze termiczng, zmniejszy¢é wymagang warto$¢ pola

magnetycznego, lub dostosowac temperaturg przejscia fazowego do zadanych warunkow.

3. Pochlanianie ciepla

p N
S N
S | N
2. Wylaczenie pola 4. Przykladanie

magnetycznego napr¢zenia
Pole magnetyczne Naprezenie

jednoosiowe

Przejscic fazowe

1. Przykladanie pola

magnetycznego 5. Wylaczenie

naprezenia

6. Uwolnienie ciepta

Rys. 1.2. Schematyczne etapy wielokalorycznego cyklu chtodzenia indukowanego polem
magnetycznym 1 ci$nieniem dla materiatu z odwrotnym MCE. Sumaryczny efekt kaloryczny
(krzywa pomaranczowa), jest wynikiem przylozenia pola magnetycznego (szara linia) i ci$nienia
(fioletowa linia). Rysunek pochodzi z [54], Copyright permission — CCC Order
License 1D1352878-1.

Efekt magnetokaloryczny moze by¢ przydatny nie tylko dla chtodnictwa ale i dla innych
celow praktycznych. W ostatnich latach ro$ne zainteresowanie wytwarzaniem energii z pomocg
urzadzen magnetokalorycznych oraz wykorzystaniem tego zjawiska do budowy efektywnych pomp
ciepta [55,56]. Materialy magnetokaloryczne szeroko stosuje si¢ w medycynie, w szczegdlnosci w
NMR - nuclear magnetic resonans (jadrowy rezonans magnetyczny), hipertermii, w
kontrolowanym dostarczaniu lekow i endoskopii kapsutkowej, a takze w neurologii [57-59].

Dla glebszego zrozumienia wiasciwosci fizycznych réznych materialtdow korzystna jest
analiza korelacji migdzy wilasciwosciami badanych materiatow. Taka analiza jest jedng z wielu
fenomenologicznych metod badawczych. W fizyce powszechnie przyjmuje si¢, ze termin
,korelacja” uzywa si¢ do opisu ukladow silnie oddziatujacych, ktére czesto sg silnie skorelowane
(patrz np. [60]). Czesto tez tym stowem okresla si¢ wielofunkcyjno$¢ niektorych grup materiatow i
opisuje si¢ obecno$¢ roznych wlasciwosci fizycznych w jednym materiale. Typowymi przykladami
takich materialow sa ferroelektryki, piezoelektryki, piezomagnetyki, materialy magnetostrykcyjne

oraz elektrostrykcyjne itp. Wsrod licznych przyktadow w niedawno opublikowanych pracach,
10



bardzo cickawe sg wyniki korelacji migdzy magnetooporem a efektem magnetokalorycznym w
manganitach, w okolicy przej$¢ fazowych (patrz [61] i tam zawarte odnos$niki). Efekty korelacji
powstaja tutaj dzigki specyficznemu mechanizmowi magnetooporu w manganitach, zwigzanemu z
thumieniem rozpraszania spinowego nos$nikow, ktore jest bezposrednio zwigzane z entropig
magnetyczng. Zupehie inny mechanizm odpowiedzialny za efekt korelacji zostat niedawno odkryty
[62] w zwigzku o tancuchu spinowym Haldane'a Er,BaNiOs. W tym materiale wykazano, ze dwa
przejscia zalezne od pola magnetycznego sa skorelowane =z efektem wspodtistnienia
konwencjonalnego i odwrotnego efektu magnetokalorycznego. W manganitach zaobserwowano ze
magnetostrykcja 1 efekty magnetokaloryczne sa silnie skorelowane ze wzgledu na
magnetostrukturalne przejscie fazowe pierwszego rodzaju [63]. Korelacja ta moze by¢
wykorzystana  jako  bardzo  skuteczna  metoda  oszacowania  parametrow  efektu
magnetokalorycznego. Interesujaca korelacje migdzy efektami magnetoelastycznymi i1
magnetokalorycznymi zaobserwowano ostatnio w cienkich warstwach stopow Heuslera NiMnGa i
NiMnSn [64]. Wedlug autorow obserwowana korelacja jest prawdopodobnie zwigzana z teksturg
struktury warstw oraz wspoélistnieniem faz austenitycznej 1 martenzytycznej. W przypadku kiedy
efekt magnetokaloryczny zalezy od anizotropii magnetokrystalicznej, nalezy spodziewac sie
korelacji migdzy magnetostrykcja a MCE, poniewaz oddzialywania magnetoelastyczne bardzo
czesto determinowane sg zalezno$cia energii anizotropii od deformacji [65].

Rozprawa doktorska dotyczy rodziny materiatbw magnetokalorycznych Fe;Seg z
magnetycznym przejsciem fazowym pierwszego rodzaju, ktore przebiega jako reorientacja
spinowa, oraz z przejsciem fazowym drugiego rodzaju typu porzadek-nieporzadek. Badajac zmiany
zachowania przejscia spinowego pod wptywem wprowadzenia domieszek, cisnienia zewnetrznego |
pola magnetycznego dla roéznych uktadow materiatowych, omoéwiono rdéznorodne aspekty
modyfikacji materialu magnetokalorycznego. Monokrysztaly Fe;Seg traktowane sa w pracy jako
materialy modelowe. Dla sprawdzenia mechanizméw determinujacych zaobserwowane efekty,
podjeto probe okreslenia korelacji miedzy efektem magnetokalorycznym a magnetostrykcjg w tych

monokrysztatach.

11



[I. Metody pomiarowe

2.1 Hodowla monokrysztatow

Monokrysztaty Fe;Seg badane w przedstawionej pracy hodowano zmodyfikowang metoda
Bridgmana. Do syntezy krysztatéw jako materiaty wyjSciowe zastosowano stechiometryczne ilosci
Fe (przetopiony prézniowo, niskotlenowy, Alfa Aesar) o czystosci 4N oraz Se (bezpostaciowy,
Puratronic®, Alfa Aesar) o czystosci SN. Wewnatrz komory wypelnionej argonem mieszanina
odpowiednich proporcji odczynnikéw zostata zamknigta w dwusciennych prézniowych amputkach
kwarcowych (9,32 - 10° Pa) i umieszczona w poziomym piecu w temperaturze 1000 °C na dwa dni.
Nastegpnie amputke umieszczono w pionowym piecu o gradiencie temperatury rownym 1,3 °C/mm
(maksymalnie do ~2,9 °C/mm — wzdluz pierwszych 60 mm) i po stopieniu elementow w
temperaturze 1075 °C [66] temperature utrzymywano na statym poziomie przez 6 godzin. Wzrost
krysztatow prowadzono przez obnizanie temperatury z 1075 °C do 950 °C z szybkoscig 1 °C/h.
Chtodzenie krysztaldéw prowadzono w zakresie temperatur od 950 °C do okoto 350 °C z szybkoscia
2 °C/h, utrzymywano w tej temperaturze przez 18 godzin i zakonczono schtodzeniem préobki do
temperatury pokojowej. Regulacja gradientu temperatury i/lub szybkosci chlodzenia pozwala na
zmiang szybkosci wzrostu krysztaltow w zakresie od ~0,5 do ~8 mm/h. Zsyntetyzowany
monokrysztal Fe;Seg wykazat dobrze rozwinigte powierzchnie (001).

Monokrysztaty Fe;Seg domieszkowane jonami niklu i kobaltu wyhodowano zmodyfikowana
metoda Bridgmana. Do przygotowania krysztaldw jako material wyjSciowy zastosowano
stechiometryczne proporcje Fe, Ni i Co o czystosci 4N i Se o czystosci SN. Wiasciwg kombinacje
odczynnikOw zmieszano wewnatrz komory rgkawicowej w atmosferze argonu 1 szczelnie
zamkni¢to w dwusciennych, prézniowych amputkach kwarcowych (9,32-10'5 Pa). Probki
syntezowano w poziomym piecu w temperaturze 1000 °C przez dwa dni. W kolejnym kroku
ampulki zainstalowano w pionowym piecu o gradiencie temperatury 1,5 °C/mm. Wzrost krysztatow
prowadzono przez obnizanie temperatury z 1075 °C do 950 °C z szybkoscig 1 °C/h. Nastepnie
probki schtadzano do okoto 400 °C z szybkosécig 2 °C/h, a pdzniej hartowano do temperatury
pokojowej. Technologi¢ wytwarzania powyzszych monokrysztatbw opracowali dr Przemystaw

Iwanowski oraz dr Dariusz Gawryluk. Oni tez przeprowadzili wzrost krysztatdéw badanych w pracy.
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2.2 Pomiary sktadu chemicznego i dyfrakcja rentgenowska krysztatow
Fe7-xAxseB

Analize faz i okreSlenie struktury Krystalicznej przeprowadzono metodg proszkowej
dyfrakcji rentgenowskiej przy uzyciu dyfraktometru Siemens D500, wyposazonego w
potprzewodnikowy detektor Si:Li o wysokiej rozdzielczos$ci.

Sktad chemiczny krysztatléw zweryfikowano technikami SEM/EDX na detektorze X-MAX
Silicon Drift Detector zamontowanym na skaningowym mikroskopie elektronowym JEOL JSM-
7600F. Na podstawie pomiar6w monokrysztalow 1 rentgenowskiej dyfrakcji proszkowe;j
wyznaczono parametry sieci krystalicznej badanego materialu. Analiza statych sieci Fe;Seg
pokazuje, ze a=b = 7,245 Aic=17,67 A (grupa przestrzenna P3;21). Orientacje krysztatow w
temperaturze pokojowej wykonano za pomocg monokrysztalowego dyfraktometru rentgenowskiego
KM-4 KUMA Diffraction ze zrédtem promieniowania Cu, monochromatorem grafitowym 002 na
wiazce pierwotnej, czterokotowym goniometrem kappa i detektorem scyntylacyjnym. Parametry
struktury 1 czysto$¢ fazy Fe;Seg okreslono mierzac sproszkowane probki na dyfraktometrze
proszkowym Rigaku SmartLab 3kW z lampg Cu i detektorem liniowym Dtex250 (Rys. 2.1).
Pomiary wykonano w zakresie katow 2@ 10-100°, z krokiem co 0,01°, przy predkosci skanowania
2°/min z uchwytem do pomiaru bez materiatu tta monokrysztatu Si510. Powyzsze badanie
przeprowadzit dr Ryszard Diduszko, a uzyskane wyniki byty z nim dyskutowane. Rysunki zostaty

sporzadzone przez autora pracy doktorskie;.

Rys. 2.1. Wnetrze dyfraktometru rentgenowskiego Rigaku SmartLab 3kW (rysunek

pochodzi ze strony internetowej firmy Rigaku [http://www.rigaku.com/]).
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2.3 Magnetometria SQUID-owa

Pomiary namagnesowania przeprowadzono za pomoca magnetometru MPMS-7XL SQUID
(firmy Quantum Design, Rys. 2.2) z doktadnoicig okoto 6-107° A-m? (6-10°" emu). Glownym
elementem urzadzenia pomiarowego jest detektor SQUID (superconducting quantum interference
device magnetometer), ktory zbudowany jest na bazie zlgcza Josephsona, czyli zlacza
nadprzewodnik/izolator/nadprzewodnik w ksztalcie pierscienia, umieszczonego w stabilnych
adiabatycznych warunkach ciektego helu i zerowego pola magnetycznego.
Przeprowadzono badania w polach magnetycznych do 5 T w zakresie temperatur od 4 do 380
K, a MCE oszacowano na podstawie danych M(T,B). Do eksperymentow uzyto zorientowane
monokrysztaly Fe;Seg o ksztalcie zblizonym do sze$ciennego (okoto 1x1x1,3 mm) (Rys. 2.3),
przyklejone do preta kwarcowego. Gtownag czes¢ pomiarow wiasciwosci magnetycznych wykonano
metoda izotermiczng (najczgsciej stosowana procedura), w ktorej przy kazdej ustalonej
temperaturze (temperatura zmieniana z krokiem 2 K) zmienia si¢ pole magnetyczne (od 0,01 T do 5

T z r6znymi krokami). W pomiarach uwzgledniano efekty odmagnesowania.

indukowany prad
\

C L]
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I
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nadprzewodnik

OF ()’
Rys. 2.2. (a) Magnetometr SQUID-owy (SQUID MPMS 7XL), (b) schematyczne

przedstawienie ztgcza Josephsona.

Pomimo duzej doktadno$ci pomiaru z uzyciem magnetometru SQUID, obliczenia efektow
kalorycznych i ich wlasciwosci chtodzacych zawsze majg doktadno$¢ mniejszg od tej, na ktorg
pozwala aparatura pomiarowa, €O zwigzane jest z niedoskonato$ciami techniki numerycznej i
eksperymentalnej. Zgodnie z wczes$niejszymi badaniami [67,68] btedy systematyczne oszacowano
jako: oM réwne 0,5% lub mniej, oH 0,1% lub mniej, oT = 0,1 K + 0,001 T lub mniej, btedy

losowe uwaza si¢ za nieistotne. W $lad za autorami [69] sugerujgcymi, ze uSredniony biad
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calkowity w 1 T miesci si¢ w zakresie 5 — 9%, wyznaczono btad catkowity dla oAS (a w
konsekwencji dla cRC, cRCP, o TEC) jako rowny 7 %.

Efekt magnetokaloryczny zostal wyznaczony numerycznie na podstawie pomiarow M(B,T).
Zastosowana procedura obliczeniowa opisana jest nastg¢pujaco:

1. Konstrukcja izopolowych krzywych namagnesowania M(T, B=const).

2. Obliczenie pochodnej dM/dT dla kazdej izopolowej krzywej za pomocg funkcji Differentiate
Gadget (The Differentiate Gadget wykorzystuje “centered difference formula” do aproksymacji
pochodne;j. Szczegdtowy opis algorytmu dostepny jest pod adresem: https://www.originlab.com/doc
/Origin-Help/Math-Differentiate), wbudowany w program Origin (wersja 2019b).

3. Konstrukcja krzywych izotermicznych dM/dT (T =const, B).

4. Catkowanie funkcji za pomocg Integration Tool (Integration Tool wykorzystuje podejscie
trapezowe do aproksymacji. Szczegdétowy opis algorytmu dostepny jest pod adresem:
https://www.originlab.com/doc/Origin-Help/Math-Integrate), wbudowany w Program Origin
(wersja 2019b).

MCE z danych pomiaréw ciepta wtasciwego obliczono, w oparciu o podobne narzgdzia
programu Origin, jak opisano powyze;j.

Pomiary magnetyczne w poblizu temperatur Neela dla cze$ci probek w zakresie temperatur
360 — 450 K wykonano za pomocg wagi Faradaya w polu magnetycznym 1,5 T. Zasada dziatania
wagi Faradaya polega na pomiarze sity dzialajacej na probke zawieszong w niejednorodnym polu
magnetycznym. Pomiary na wadze Faradaya wykonal dr Marek P¢kata na Wydziale Chemii

Uniwersytetu Warszawskiego.

Rys. 2.3. Probka monokrysztatu Fe7 AcSes (A = Ni) przyklejona do preta kwarcowego.
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2.4 Pomiary ciepta wlasciwego (PPMS)

Ciepto wlasciwe zmierzono metoda relaksacyjna, przy uzyciu standardowej opcji HC
Systemu Pomiaru Wtasciwosci Fizycznych (PPMS) firmy Quantum Design (Rys. 2.4). Metoda
relaksacyjna opiera si¢ na zastosowaniu matych sondujacych impulséw ciepta. Przy zatozeniu, ze
pojemno$¢ cieplna C(T) jest stala dla malego impulsu ciepta, czas potrzebny do ogrzania lub
ochtodzenia probki po przerwaniu impulsu (termiczng stalg czasowa 1) stluzy do okreslenia ciepta
wlasciwego. Oszacowana niepewno$¢ wyznaczonych wartosci ciepta wlasciwego wyniosta ~ 2%.
Dla B = 0 badania prowadzono w zakresie temperatur od 2 do 300 K, a dla kilku statych warto$ci
pola magnetycznego do 2 T pomiary wykonano dla zakresu temperatur w poblizu przej$cia
fazowego. Ciepto wlasciwe mierzono co 0,5 K w poblizu przej$cia fazowego i co 1 K w obszarach,
w ktorych nie spodziewano si¢ wystapienia przemiany fazowej. Na przedstawionych rysunkach nie
wszystkie punkty do$wiadczalne sg oznaczone symbolami dla zachowania czytelnosci. Pomiary

wykonywano pod kierunkiem dr Tatiany Zajarniuk.

(@)

WARSTWA APIEZONOWA
PRZEWODY LACZACE

PROBKA
C ) < %
BAZA TERMICZNA PLATFORMA BAZA TERMICZNA
(RAMA KONSTRUKCIJI) (RAMA KONSTRUKCJI)
(b) NAGRZEWACZ
TERMOMETR

Rys. 2.4. (a) Wielofunkcyjne urzadzenie PPMS (gérny panel) oraz schematyczne potgczenia
termiczne z probka i (b) platforma pomiarowa (dolny panel, rysunek pochodzi z instrukcji Quantum

Design [70]).
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2.5 Pomiary ciSnieniowe

Pomiary przy cisnieniu hydrostatycznym do 11,5 kbar wykonano za pomoca komorki
cisnieniowej easyLab Technologies Mcell 10 (Rys. 2.5) z wybranym jako medium ci$nieniowe
olejem Daphne 7373 [71] ze wzgledu na dobra charakterystyke jego stabilnosci cisnieniowej [72].
Jako manometr in-situ stosowano drut Sn o wysokiej czystosci (o $rednicy 0,25 mm), ustalajgc
granic¢ precyzji pomiaru wartosci cisnienia na okoto 0,25 kbar. W zastosowanym ukladzie
doswiadczalnym kalibracje wartosci przytozonego ci$nienia hydrostatycznego przeprowadzano w
temperaturze pokojowej. Zmiany temperatury powoduja roéznice w warto$ci ci$nienia co w
przeprowadzonych eksperymentach polowych prowadzi do innych wartosci ci$nienia podczas

pomiardw. Wykazano, ze udzial sygnatu tla zwigzanego z komorg cisnieniowg jest pomijalny.
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Cylinder i ) / _ Tiok
boczny A ¥
L Tiok zapasowy
Prébka,
Nakretka medium ci$nieniowe,
) :V blokujaca manometr

Rys. 2.5. Komora ci$nieniowa easyLab Technologies Mcell 10.
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2.6 Pomiary magnetostrykcyjne

Jedng =z najcze$ciej stosowanych metod pomiaru magnetostrykcji  jest metoda
pojemnosciowa (,,three-terminal capacitance”), oparta na idei ultramikrometru Widdingtona
[73,74]. W technice pojemnosciowej jedna z elektrod kondensatora jest nieruchoma a druga jest
poruszana przez probke, ktorej wymiary zmieniajg si¢ w zewnegtrznym polu magnetycznym
(Rys. 2.6). Zmiany pojemnosci rejestrowano za pomocg mostka pojemno$ciowego o wysokiej
doktadno$ci 5 ppm i rozdzielczosci 0,8 attofarad (firmy Andeen-Hagerling AH2550A).
W przeprowadzonych badaniach zmierzone zostaty zmiany grubosci probki o wartosci wyjsciowe;j
8 mm, czyli zmiany wymiaru probki wzdtuz osi ¢ krysztalu. Eksperymenty przeprowadzono dla
dwoch orientacji probek: (1) dla zewnetrznego pola magnetycznego rownoleglego do osi € —
pomiary magnetostrykcji podtuznej; (2) dla zewngtrznego pola magnetycznego prostopadiego do
0si ¢ — pomiary magnetostrykcji poprzecznej. Pomiary w temperaturze pokojowej przeprowadzono
w konwencjonalnym magnesie z maksymalnym osiggalnym polem okoto 1 T. Do badania
magnetostrykcji w zewngetrznym polu magnetycznym do 10 T oraz w szerokim zakresie temperatur
(5 K — 240 K) wykorzystano nadprzewodzacy magnes 12 T wyposazony we wktadke o zmiennej
temperaturze. Pomiary magnetostrykcji przeprowadzit dr hab. Adam Nabiatek. Wszystkie uzyskane

wyniki byli z nim dyskutowane, a rysunki zostaly sporzadzone przez autora pracy doktorskie;j.

Rys. 2.6. (a) Urzadzenie do pomiaréw magnetostrykcji, (b) ultramikrometr Widdingtona
(kondensator).
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[II. Podstawy teoretyczne

3.1 Przejscia fazowe i efekt magnetokaloryczny

Najwigkszy efekt magnetokaloryczny wystepuje w poblizu przejs¢ fazowych (pierwszego
albo drugiego rodzaju, magnetycznych lub strukturalnych), dlatego jest bardzo wazne okreslenie
typu przejécia fazowego w badanych materiatach (Rys. 3.1). Przejscie fazowe jest pierwszego
rodzaju, gdy zalezna od temperatury (ci$nienia lub objetosci) swobodna energia Gibbsa (G)
wykazuje zmiang¢ nachylenia funkcji w temperaturze przejscia fazowego, skutkiem czego jest
nieciggta (skokowa) zmiana entropii i rozbiezno$¢ ciepta wilasciwego. Przejscie fazowe jest
przejsciem drugiego rodzaju gdy zmiana entropii jest funkcjg ciggla temperatury lub ci$nienia, ale
jest przy tym nieciagla zmiana wartosci ciepta wlasciwego. Zgodnie z innym kryterium: gdy
nieciggta jest pierwsza pochodna potencjalu termodynamicznego wzgledem temperatury to
przejscie fazowe jest pierwszego rodzaju, a gdy nieciggta lub rozbiezna jest druga pochodna — to
drugiego rodzaju. Charakterystyczna osobliwo$cig przejScia fazowego pierwszego rodzaju jest
bardziej ostre ekstremum entropii magnetycznej (Sm) oraz histereza temperaturowa (nie zawsze).

Ogolnie, rozroéznia si¢ normalny i odwrotny efekt magnetokaloryczny. Normalny MCE
charakteryzuje si¢ ujemnym znakiem pochodnej dM/dT, czego skutkiem jest negatywna warto$¢
zmiany entropii magnetycznej ASy(T,H), a przylozenie zewngtrznego pola magnetycznego
powoduje nagrzewanie materiatu. Natomiast w przypadku kiedy dM/dT ma dodatni znak, a wartos$¢
ASn(T,H) jest dodatnia, efekt magnetokaloryczny jest odwrotny, czemu towarzyszy zmniejszenie

temperatury materiatu magnetycznego przy przytozeniu zewngtrznego pola magnetycznego.

przejscie pierwszego
rodzaju

przejscie drugiego rodzaju
normalny MCE

odwrotny i normalny
MCE (a)

(b)

Rys. 3.1. Schematyczny diagram entropii zaleznej od temperatury dla idealnego przejscia

fazowego pierwszego (a, konwencjonalne 1 odwrotne) oraz drugiego rodzaju (b) w zewnetrznym B.

W opisie MCE najczeséciej stosuje si¢ dwa parametry: izotermiczng zmiang entropii
magnetycznej ASy oraz adiabatyczng zmiang temperatury AT, Na podstawie izotermicznych
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pomiardw namagnesowania M(B) mozna skonstruowac izopolowe krzywe namagnesowania
M(T,B=const.) dla okreslonego przedziatu temperatur i wykorzysta¢ je do posredniego obliczenia
ASp. Ogoblnie zmiane entropii magnetycznej w polu magnetycznym ASy(T,B) mozna opisa¢ za
pomoca jednego z rownan Maxwella [75]:
B
oM
AS,. (T,B)=||— | dB. 1
oe=[[3) )

Roéwnanie (1) mozna tatwo przeksztatci¢ do postaci numeryczne;j:

T )

=1
gdzie N jest liczbg pol magnetycznych (krokow zmian pola magnetycznego) w zaleznosciach M(H).

oM
_|_ _
oT

Bju

Powyzszy wzor da si¢ z tatwoS$cig zastosowaé praktycznie 1 obliczy¢ (Origin, Pyton) MCE na
podstawie otrzymanych danych pomiarowych. W takim posrednim sposobie oceny MCE nalezy
oméwic¢ zrodlo ewentualnych btgdow. Poniewaz badany materiat jest magnetokaloryczny, szybka
zmiana pola magnetycznego moze zmienia¢ temperature probki, co w potaczeniu z ograniczeniami
wynikajacymi z obliczen numerycznych (przejscie fazowe pierwszego rodzaju jest nieciagle i
powoduje niedefiniowalno$¢ pochodnej w relacji Maxwella) moze by¢ przyczyna niedoktadnosci
uzyskanych wynikow [75,76].

Do oszacowania mocy roboczej efektu magnetokalorycznego w rozwazanych materiatach
obliczono powszechnie stosowane parametry, tj. wydajno$¢ chtodniczg (RC) [Rownanie (53) w
pracy [75]], wzgledng moc chtodniczg (RCP) [Rownanie (54) w [75]], temperaturowg usredniong
zmiang entropii (TEC) [76]. Bardziej szczegotowy opis, pelny przeglad i poréwnanie wybranych
podejs¢ mozna znalez¢ w pracach Smith i in. [75] oraz Griffith i in. [76]. Jednym z glownych
parametrOw szacowania mocy roboczej materiatdbw MCE jest ich wydajno$¢ chlodnicza [RC],

obliczona z nastgpujacego roéwnania:
TZ
RC = [AS,, (T)dT @)
Tl

lub jego odmiana, znana jako wzgledna moc chtodzenia [RCP]:
RCP = AS 2 Sryam - 4)

SAp7 jest rowna warto$ci maksymalnej w potowie

gdzie Ty i T, to temperatury, w ktoérych warto$¢ 4
szerokosci (drpwhnm — full width at the half maximum).

W przypadku materiatow o bardzo szerokim piku magnetokalorycznym i malej zmianie
entropii kryteria RCP i RC moga prowadzi¢ do przeszacowania potencjatu chtodniczego [75]. W
przypadku takich materialéw do oceny MCE stosuje si¢ temperaturowg usredniong zmian¢ entropii

[Rownanie (11) w [76]]:
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ATy

Tonia + 2

TEC(AT, AB) =——max|  [AS,(T),,dT |. (5)
lifg ™ T AT
mid 2

ATjift jest szacowang zmiang temperatury wywotang zmiang pola magnetycznego, AB.
Warto$ci ATjigr = 3 K 1 10 K wybrano do obliczen wykonywanych w niniejszej pracy jako
powszechnie stosowane w literaturze [76]. Zasugerowano [76], ze TEC wyklucza potrzebe
pomiardw AT,y Pelny przeglad 1 pordwnanie wszystkich parametrow uzytych do charakteryzacji
materiatdw MCE przedstawiono w pracach Smitha i in. [75] oraz Griffith i in. [76].

Inna metoda oszacowania MCE polega na wykorzystaniu pomiaréw zmian wartosci ciepta
wilasciwego C(T) zmierzonych w zaleznos$ci od temperatury przy statym ci$nieniu i w zewngtrznym
polu magnetycznym.

Catkowita entropia jest okre§lona rGwnaniem:

sB(r)=]CBT(T)dT, ©)

0
gdzie Cg(T) to zaleznos¢ ciepta wlasciwego od temperatury przy statej wartosci B. Zatem zmiane
entropii magnetycznej ASy(T) mozna obliczy¢ w nastepujacy sposob:

AS,(T,B) =Sg(T) =S, (T). (7)

Zgodnie z prostym roéwnaniem, ciepto utajone przemiany fazowej pierwszego rodzaju
zwigzane jest z iloczynem zmiany entropii magnetycznej i temperatury reorientacji spinoéw [77,78]:

Q= AS, Teer 6)

Za pomocg przyblizonej zaleznoSci opisanej w [78,79] mozna posrednio wyznaczyé
adiabatyczng zmiang temperatury ATa,q, ktora jest odwrotnie proporcjonalna do Cp,u:
_ TAS,(T,B)

Ce(T.B)

gdzie, AS — zmiana entropii wyznaczona z rownania (1), a C — cieplo wlasciwe wyznaczone z

AT,(T,B) = 9)

eksperymentu.
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3.2 Przejscia fazowe w monokrysztatach Fe7.xAxSes

Niedawno doniesiono o wystepowaniu normalnego i odwrotnego zjawiska MCE i o
opracowaniu jego modelu jednojonowego w monokrysztatach Fe;Seg [79]. W krysztale
zaobserwowano dwa magnetyczne przejscia fazowe 1 zbadano ich wkilad do zjawiska
magnetokalorycznego [79]. Ogdlnie chalkogenki Fe;«Se majg prosta strukturg typu NiAs, a ich
wlasciwosci magnetyczne zalezg od sit migdzyatomowych, obecnosci niejednorodnosci i luk oraz
silnego sprz¢zenia namagnesowania z deformacjami sieci [80-83]. W szczegdlno$ci w Fe;Seg
wypetnione warstwy chalkogenku, z upakowaniem heksagonalnym, wystepuja naprzemiennie z
warstwami metalowymi z lukami, gdzie wewnatrz kazdej warstwy metalicznej spiny atomoéw Fe sg
zorientowane rownolegle, a w warstwach sgsiednich antyrownolegle [80]. Zatozono [81,82], ze
odlegtosci pomig¢dzy plaszczyznami, w ktorych znajdujg si¢ jony metali 3d, determinujg
wiasciwosci magnetyczne Fe;Seg. Wzdhuz osi ¢ w komorce elementarnej atomy zelaza tworza
strukture (Rys. 2 w pracy [84]), ktora sktada si¢ z nieskonczonych drutow -Fel-Fe2-, oraz krotkich
sekwencji pigcioatomowych drutow atomoéw -Fed-Feb-Fe3-Fe5-Fed- oddzielonych od siebie tukami
wzdtuz osi ¢ [84]. W rezultacie istnieja dwie nieréwnowazne pozycje Fe* i trzy nieréwnowazne
pozycje jonéw Fe?* w ktorych jony Fe sa zwigzane z sze$cioma atomami Se?, tworzac oktaedry
FeSeg [84]. Jony zelaza znajduja si¢ w trygonalnym polu krystalicznym sasiednich jonow zelaza.
Luki znajduja si¢ w co drugiej warstwie Fe na miejscu dwoch jonéw z o$miu mozliwych do
obsadzenia. Obecno$¢ luk prowadzi do pojawienie si¢ wypadkowego namagnesowania i
ferrimagnetyzmu z powodu braku petnej kompensacji momentéw magnetycznych w warstwach
zelaza. Uporzadkowanie luk w warstwach powoduje powstawanie nadstruktur o rdéznych
parametrach sieci krystalicznej wzdhuz kierunku prostopadiego do plaszczyzny warstwy. W
zalezno$ci od temperatury, sposobu otrzymywania i obrobki, zwigzek Fe;Seg moze mieé
nadstrukturg trojsko$ng lub heksagonalng (Rys. 3.2). Trojskosna faza 4c (czterokrotne wartosci
stalej sieci ¢ komorki elementarnej NiAs) jest stabilna w temperaturach ponizej 510 K;
otrzymywana jest przez wolne chtodzenie od temperatury okoto 553 K. Natomiast heksagonalna
faza 3c (trzykrotne warto$ci statej sieci ¢ komorki elementarnej NiAs) jest fazg
wysokotemperaturowa a stabilny w temperaturze pokojowej krysztal otrzymuje si¢ przez

hartowanie w temperaturze ok. 670 K [80,85].
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Rys.3.2. Komorka elementarna zwigzku Fe;Seg w strukturze 4c (a) i 3c (b). Ciemne symbole

reprezentuja atomy zelaza a puste — luki po Fe (Se nie zaznaczono dla wigkszej przejrzystosci)
Rysunek pochodzi z [80], © (1970) The Physical Society of Japan.

Wiasciwosci magnetyczne warstwowych zwiazkoéw typu NiAs sa silnie zwigzane z ich
strukturg krystaliczng [86]. Wyniki badan dyfrakcji rentgenowskiej zwigzku Fe;Seg pod ci$nieniem
wykazaty istotny wzrost anizotropii $cisliwo$ci parametréw sieci krystalicznej wraz ze wzrostem
ci$nienia [87-88]. Wyniki pomiaréw spektroskopii Mdossbauerowskiej przeprowadzone dla
zwigzkow Fe;Sg (analogi zwigzkéw Fe;Seg) wskazujg na silng korelacje miedzy wihasciwosciami
magnetycznymi a stalg sieci ¢ w tych krysztatach przy przytozeniu odpowiedniego cisnienia w
temperaturze pokojowej [87,88,89]. Autorzy tych badan sugeruja, ze wyjasnieniem obserwowanego
zachowania moze by¢ naktadanie pasm energetycznych elektronow 1 delokalizacja elektronow,
ktore prowadzg do zmian w konfiguracji elektronow jonéw Fe, powodujgc zanikanie momentow
magnetycznych zelaza przy ci$nieniu wyzszym niz 60 kbar [89]. Dotychczas nie opublikowano
wynikow zadnych badan dotyczacych wplywu ci$nienia na wilasciwosci magnetyczne zwiazku
Fe;Seg. Opublikowano jednak wyniki badan wpltywu ci$nienia na wlasciwosci magnetyczne
zwigzkow Fe;Sg [89]. Ze wzgledu na podobienstwo w zachowaniu parametrow sieci krystalicznej
Fe;Ses i Fe;Sg mozna zatozy¢, ze przylozenie ciSnienia bedzie miato silny wptyw na wiasciwosci
magnetyczne monokrysztatow Fe;Seg [87-91].

Krysztaly typu NiAs, ktore sktadajg si¢ z Zelaza 1 selenu, majg duza liczbe mozliwosci
rozktadu momentoéw magnetycznych kationu (Fe) [92,93]. Zastgpienie kationow pierwiastkiem z tej
samej grupy chemicznej zmienia sprz¢zenie magnetyczne i anizotropi¢ magnetokrystaliczng w
krysztale. Prowadzi to do roznorodnych skomplikowanych wlasciwo$ci magnetycznych.
Zastgpienie zelaza innymi atomami metali przejSciowych (Ti, V, Cr, Mn, Co, Ni) w FesSeg

wykazato [94], ze nawet mata liczba tych atoméw w zakresie od 3 do 10 at. %, moze prowadzi¢ do
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silnych zmian wlasciwosci magnetycznych [95,96]. Stwierdzono, ze wzrost koncentracji kobaltu w
uktadach (Feq.,Coy)7Xs, gdzie X = S, Se prowadzi do zaniku dalekozasiggowego porzadku
magnetycznego i momentu magnetycznego atomoéw metali [96,97]. Po zastagpieniu zelaza kobaltem
temperatura Néela (FeiyCoy);Seg zmniejsza si¢ monotonicznie, az w koncu CosSeg staje si¢
paramagnetykiem Pauliego [94-97]. Przyjeto [94], Ze zanik dalekozasiggowego porzadku
magnetycznego 1 momentdw magnetycznych w tych ukladach spowodowany byt gléwnie
zmniejszeniem odleglos$ci miedzy warstwami krystalicznymi przy podstawieniu zelaza metalami
przejsciowymi.

Pochodzenie MCE w Fe;Seg jest zwigzane nie tylko z przejsciem antyferromagnetycznym w
temperaturze Neela (Ty = 450 K), ale takze z przejSciem typu reorientacji spinowej od tatwej 0si ¢
do tatwej ptaszczyzny ¢ (SRT) [94,95], ktore zwigzane jest ze zmiang znaku energii anizotropii w
zakresie temperatur okoto 125-131 K, nawet w matym polu magnetycznym B = 0,01 T [79]. SRT
to proces, w ktérym o§ latwego namagnesowania zmienia swoja orientacje wzdluz osi
krystalograficznych (obrét moze by¢ ciagly lub nieciggly) pod wptywem pola zewngtrznego (moze
to by¢ pole magnetyczne, temperatura, ciSnienie, impuls laserowy itp.) [97-99]. Interpretacja tego
przejécia moze by¢ opisana jako taczny efekt roznych typow anizotropii; np. takiej ktora powstaje z
oddziatywania spin-orbita, dipol-dipol oraz innych [100]. Wywotane polem przejscia magnetyczne
powoduja znaczne przesunigcie temperatury SRT krysztatu (Tsgt), W zaleznosci od orientacji pola
wzgledem osi krystalograficznych, w kierunku nizszych lub wyzszych temperatur. Takie
zachowanie zjawiska SRT odpowiada za szeroki zakres temperatur w ktérych obserwuje si¢ MCE
(zmiany entropii magnetycznej ASp) W polu magnetycznym [79]. Zbadano eksperymentalnie
wplyw cis$nienia hydrostatycznego na wlasciwosci magnetyczne i kaloryczne zwigzkow Fe;Seg. W
pracy doktorskiej badania przeprowadzono przy cisnieniach do 11 kbar.

Praca ma na celu okreslenie wptywu zastapienia zelaza niklem i/lub kobaltem na strukturg,
wlasciwos$ci magnetyczne i magnetokaloryczne monokrysztatow Fe7z.«NiSeg i Fe;.xCo,Ses oraz
poréwnanie wpltywu podstawien z wptywem ci$nienia hydrostatycznego. W zwigzku z wszystkimi
dotychczasowymi badaniami, bardzo interesujgce jest zbadanie zmian wiasciwos$ci magnetycznych,
przej$¢ fazowych 1 zjawiska magnetokalorycznego w zwiagzkach, gdy atomy zelaza sa zastgpowane
niklem lub kobaltem. Biorac pod uwage dotychczasowe wyniki badan zwigzkoéw Fe;Seg [79], oraz
niewielkga 1lo$¢ dostepnych danych przeprowadzono badania wptywu niklu 1 kobaltu na wtasciwosci
magnetyczne i magnetokaloryczne Fe;Seg a wyniki tych pomiaréw sg przedstawione w niniejsze;j
pracy. Podj¢to probe obliczenia 1 poréwnania danych eksperymentalnych MCE z danymi

teoretycznymi.
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3.3 Fenomenologiczny model efektow magnetokalorycznych i
barokalorycznych

Aby zrozumie¢ mechanizmy determinujace wlasciwosci magnetyczne i efekty kaloryczne
monokrysztalow Fe;Seg W  przylozonym ci$nieniu  hydrostatycznym oraz zwigzkoéw
domieszkowanych jonami Co i Ni, przy zatozeniu, ze domieszkowanie jest niewielkie,
wykorzystano podejscie teoretyczne opracowane przez Kamimurg [101], z uwzglgdnieniem
jednoosiowej anizotropii magnetokrystalicznej i energii pola magnetycznego. Najnizsze poziomy
energetyczne jonow zelaza Fe?* sg trzykrotnie orbitalnie zdegenerowane. Zaktadajac ze w
krysztale Fe;Ses wystepuja co najmniej dwa rodzaje jonéw Fe®* i Fe 3* (Rys. 3.3. — najblizsze
magnetyczne otoczenie jonow zelaza), Kamimura zaproponowat metode, ktoéra pozwala obliczy¢
energi¢ swobodng tego zwigzku. Réwnanie na catkowita energi¢ swobodng w funkcji kata £ na
jednostke masy Fe;Seg, w przyblizeniu jednojonowym, mozna zapisac:

E(6) =-NkgT In > exp[—¢,(6) / ks T]+ K, cos” 6 — HM, cos(6 - 6,,) , (10)

gdzie Nkg - ilo$¢ energii zalezna od frakcji jondw w najnizszym zdegenerowanym stanie
orbitalnym; #- kat pomigdzy osig C i orientacja spinow, K to energia anizotropii, zwiazana z iloscig
jonow Fe**; a trzeci wyraz to energia Zeemana. Aby otrzymaé najnizsze warto$ci poziomow energii
&, nalezy rozwigza¢ rownanie szescienne, opisujgce poziomy energii stanu podstawowego
orbitalnego trypletu jonow Fe?* [79,101]:

& —ge® —n’[(1Z =1, —2)cos® O+ (I, +2)]e +1°I’¢, cos* =0, (11)
gdzie & to rozszczepienie stanu podstawowego spowodowane przez pole trygonalne, |, to sktadowa
orbitalnego momentu pedu w zdegenerowanym stanie orbitalnym, a n = AS to sprzezenie spin-

orbita.

Rys. 3.3. Najblizsze magnetyczne otoczenie jondw zelaza. Zielona kula — Fe?*/ Fe**,

najblizsze otoczenie - jony Fe*/ Fe** — czerwone kule.
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Wykorzystujac rownanie na energi¢ swobodng mozna numerycznie Wyznaczy¢ wtasciwosci
badanych krysztatow, tj. MCE i BCE badanego zwiagzku ktore opisuje si¢ za pomoca nastepujacych
roOwnan:

OE(T,B) JE(T,0)
oT oT

—AS, =—(S(T,B)-S(T,0) = (12)

GE(T,P) QE(T0)

~8S,=~(S(T,B=0,P)~S(T,B=0P=0)="=_ =

(13)

Wartosci parametrow przy zerowym cisnieniu zaproponowane przez Kamimure [101] w
rozprawie doktorskiej zostaly nieco zmodyfikowane dla bardziej doktadnego dopasowania
temperatury przejscia fazowego. W pierwszym przyblizeniu obliczenia wykorzystujace zalezng od
temperatury stalg anizotropii K; mogg opisa¢ charakter AS;, w krysztale z SRT. Obliczenia
numeryczne wedlug tej metody i dopasowania do wynikow eksperymentalnych sg przedstawione w
kolejnych rozdziatach. Wykorzystujac wszystkie wymienione powyzej parametry i oszacowania
mozliwe jest symulowanie BCE poprzez bezposrednie obliczenie temperaturowych zaleznosci
entropii dla ro6znych warto$ci ci$nienia hydrostatycznego (rownanie 13).

W celu potwierdzenia poprawnosci wybranych parametréow w pracy doktorskiej obliczono
energi¢ anizotropii E, dla krysztatow domieszkowanych 1,3%, 4,5% 1 8,5% Ni oraz poddanych
cisnieniu hydrostatycznemu. Podejscie oparte na gestosci energii magnetycznej jest jednym z
najczestszej spotykanym w literaturze, np. w [65], 1 wykorzystuje roOwnanie:

Eo =Winag (4) ~Wing (42) (14)
gdzie

Wiy () =1, "M dB. (15)

Tutaj ¢, i @, sa katami odpowiednio miedzy kierunkiem przytozonego pola
magnetycznego B a fatwa osig C i tatwg ptaszczyzng C.

Porownanie E, dla domieszkowanych krysztatlow z E, dla czystego Fe;Seg pod cisnieniem
hydrostatycznym moze by¢ dobrg ilustracjg podobienstwa efektu ci$nienia chemicznego domieszek
analogicznie do efektu cis$nienia hydrostatycznego. Duza czg$¢ energii anizotropii w badanych
probkach to energia anizotropii jednoosiowej spowodowana oddziatywaniem spin-orbita w
zdegenerowanym najnizszym stanie energetycznym. Ta energia odpowiada za przejscie fazowe
pierwszego rodzaju w strukturach 3c z koncentracjami domieszek do 11% [100].

Ograniczenia stosowanego modelu fenomenologicznego wynikaja glownie z jego
jednojonowego charakteru. WyjsScie poza to przyblizenie jest nietrywialne i wymaga m.in.
uwzglednienia réznego rodzaju oddzialywan wymiennych. W konsekwencji liczba parametrow
dopasowania znacznie si¢ zwigksza, a model traci swoja fizyczng przejrzystos¢. Mozliwym
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wyjasnieniem btedow 1 niezgodnos$ci pomiedzy teorig a eksperymentem w sytuacji probek
domieszkowanych oraz w przypadku przylozonego cisnienia moze by¢ wpltyw struktury
domenowej na namagnesowanie i bardziej istotng role, jakg odgrywaja dodatkowe state anizotropii
(np. zwigzane z oddziatywaniami dwoch jondéw), ktére nie sg uwzglednione w zastosowanym
modelu. Dodatkowym zrédiem réznic migedzy teorig a eksperymentem moga by¢ btedy w orientacji

probki.

3.4 Magnetostrykcja

Magnetostrykcje definiuje si¢ zwykle jako zmiang rozmiaréw materialu magnetycznego pod
wpltywem przytozonego pola magnetycznego. Odkad Joule odkryt magnetostrykcje w zelazie,
zjawisko to badano w wielu materiatach magnetycznych, zaréwno uporzadkowanych, jak i
nieuporzgdkowanych (szkla spinowe, paramagnetyki, diamagnetyki, nadprzewodniki). Efekty
magnetosprezyste mozna rozdzieli¢ na dwa typy: magnetostrykcja objetosciowa (izotropowa
zmiana ksztattu) oraz magnetostrykcja Joule'a (anizotropowa zmiana ksztaltu w kierunku
przytozonego pola magnetycznego przy statej objetosci), ktdre oparte sg na zjawisku sprzezenia
spin-orbita oraz innych efektach kwantowych. W ciatach krystalicznych momenty magnetyczne
oddzialujg z zewngtrznym polem magnetycznym i miedzy sobg oraz z siecig krystaliczng i
magnetostrykcja zwigzana jest ze stalymi anizotropii magnetokrystalicznej. Oddzialywania
momentdw magnetycznych i sieci s3 zwykle nazywane oddziatywaniami magnetosprezystymi.
Okreslajg one wiele wlasciwosci ciat statych uporzadkowanych magnetycznie [65,102].
Magnetostrykcja wystepuje, gdy istnieje zalezny od odksztalcenia wktad magnetyczny do energii
swobodnej. Modele fenomenologiczne opisujace magnetostrykcje oparte sa na jedno- i/lub
dwujonowej aproksymacji. W materialach magnetycznych réznica energii swobodnej miedzy faza
magnetycznie uporzadkowang a fazg magnetycznie nieuporzadkowang prowadzi do zmiany
objetosci przy przejsSciu fazowym.

Wartos¢ magnetostrykcji liniowej (definiowanej jako wzgledna zmiana dlugosci, A,
indukowana przez pole magnetyczne) wynosi od prawie 1% dla zwigzkéw migdzymetalicznych
ziem rzadkich [103] do prawie zera (<10°") w stopach nanokrystalicznych [104] . Miedzymetaliczny
stop terbu, dysprozu i zelaza, tak zwany Terfenol D (Tbo3Dyo7Fe19) wykazuje wzgledny wzrost
dlugosci o 0,2% (w przypadku Fe efekt jest 100 razy mniejszy). Szczegélnie silnych zmian
magnetostrykcji nalezy spodziewaé si¢ w poblizu przej$¢ fazowych - spontanicznych lub
indukowanych polem magnetycznym [105,106].

Dotychczas nie przeprowadzono badan eksperymentalnych poswigconych poznaniu
mechanizméw odpowiedzialnych za magnetostrykcje w monokrysztatach Fe;Ses. Poniewaz
magnetostrykcja, anizotropia magnetyczna oraz entropia magnetyczna majg, ogolnie mowiac, to
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samo pochodzenie (powigzane z anizotropia magnetokrystaliczng, ktorag okresla struktura
elektronowa jondw magnetycznych), w rozprawie doktorskiej przedstawione sa wyniki badan

korelacji magnetostrykcji i zmiany entropii magnetycznej w monokrysztatach Fe;Seg.

3.5 Wybrane wtasciwosci jonow Fe, Nii Co

Dla prawidtowego opisu krysztaléw Fe;Ses niezbedne jest okreslenie podstawowych
wilasciwos$ci jonow zelaza (Fe), niklu (Ni) i kobaltu (Co) ktore sg ferromagnetycznymi metalami
przejsciowymi. Fe, Ni i Co maja wiele podobnych witasciwosci ze wzgledu na ich bliskos¢ w
uktadzie okresowym, ale maja rowniez wyrazne réznice. Wtasciwosci magnetyczne jondéw Fe, Co i
Ni sg okreslane gtdéwnie przez ich niesparowane elektrony na cze¢$ciowo wypetnionych orbitalach d.
Stan spinowy jonow metali przejSciowych jest okreSlony przez réwnowage migdzy energia
rozszczepienia w polu krystalicznym a energia parowania. Zalezno$¢ miedzy promieniem jonowym
a stanem spinowym jest $cisle zwigzana z rozszczepieniem poziomoéw energetycznych na orbitalach
d. Warto$¢ tego rozszczepienia zalezy od geometrii kompleksu i pola krystalicznego, ktore zalezy
od rozmiardw 1 tadunku otaczajacych jonow.

W wiekszosci przypadkow zelazo(Ill) posiada stosunkowo prosta magnetochemie. Stan
podstawowy (°S), paramagnetyczny (wysokospinowy) w przypadku pigciu niesparowanych
elektronéw jest dobrze odizolowany od najnizej lezacych standw wzbudzonych. Czynnik
zyromagnetyczny ¢ jest najczeSciej izotropowy 1 jego wartos¢ jest zblizona do wartosci dla
swobodnych jonow (g = 2) [107]. Jon zelaza 2+ w wigkszosci przypadkow tez jest
paramagnetyczny. Jednak, jezeli Fe?* wystepuje w zwigzkach z ligandami w konfiguracji
oktaedrycznej, to jony te moga by¢ w diamagnetycznym stanie niskospinowym, a réwnowage
miedzy stanami HS i LS opisano juz w duzej liczbie prac [107,108]. W stanie LS Fe?* lub Fe*" nie
ma niesparowanych elektronow, co skutkuje mniejszym momentem magnetycznym a w stanie HS
Fe?" lub Fe** ma odpowiednio dwa lub cztery niesparowane elektrony, co skutkuje wickszym
momentem magnetycznym. Kompleksy Fe?* i Fe** o geometrii oktaedrycznej maja zwykle wyzszy
moment magnetyczny niz kompleksy o geometrii tetraedryczne;.

W temperaturze pokojowej metaliczny Co jest silnie magnetyczny. W stanie LS Co?* nie ma
niesparowanych elektronéw a w stanie HS Co** ma cztery niesparowane elektrony, co skutkuje
wiekszym momentem magnetycznym, podczas gdy kompleksy Co®* maja tylko jeden niesparowany
elektron. Kompleksy Co** w geometrii oktaedrycznej maja zwykle wigkszy moment magnetyczny
od kompleksow 0 geometrii tetraedrycznej. Oktaedryczny Co?* z trzema niesparowanymi
elektronami wnosi istotny wktad orbitalny w zakresie wysokich temperatur. Dublet podstawowy w
polu sze$ciennym ma izotropowag warto§¢ g = 4,33, ale w bardziej znieksztalconym polu

krystalicznym oczekiwana jest duza anizotropia wartosci g [107]. Kobalt jest bardzo ciekawym

28



obiektem wsrod jonéw metali przejsciowych, poniewaz moze wystepowa W stanie
wysokospinowym (HS), niskospinowym (LS) i posrednim (IS). Rodzaj jonéw otoczenia, a takze
zmiany temperatury lub ci$nienia moga wptywa¢ na stan spinowy kobaltu. W wigkszosci
przypadkoéw, wysokie ci$nienie i niska temperatura w zwigzkach z kobaltem prowadza do stanu LS
[109,110].

W stanie niskospinowym Ni** nie ma niesparowanych elektronéw, podczas gdy w stanie HS
Ni?* ma dwa niesparowane elektrony. Kompleksy Ni** o geometrii oktaedrycznej maja zwykle
wyzszy moment magnetyczny niz kompleksy o geometrii tetraedrycznej. Nikiel dwuwarto$ciowy w
oktaedrycznym otoczeniu jest zazwyczaj w stanie wysokospinowym.

Przedstawiajac wlasciwosci jonow, ktore sa przedmiotem badan w tej rozprawie, trzeba tez
uwzgledni¢ ich rozmiary fizyczne, poniewaz roéznica w promieniu jonowym domieszkowanych
jonéw moze mie¢ istotny wptyw na odleglo$¢ migdzy warstwami krysztalow Fe;ASes i w
konsekwencji na oddzialywanie miedzy jonami Fe?* i Fe** ulokowanymi w tych warstwach. Wraz
ze wzrostem promienia jonowego kobaltu, jego moment magnetyczny generalnie wzrasta z powodu
zwigkszenia pola krystalicznego wokot jonu Co. Moze to prowadzi¢ do wzrostu anizotropii
magnetycznej. W przypadku Ni oraz Fe jest odwrotnie, gdyz ze wzrostem promienia jonowego ich
moment magnetyczny generalnie maleje z powodu ostabienia pola krystalicznego wokot jonow Fe i
Ni, co moze prowadzi¢ do zmniejszenia anizotropii magnetycznej. W przypadku jonow Fe i Ni
mniejszy promien jonowy generalnie sprzyja stanowi HS, podczas gdy wigkszy promien jonowy
sprzyja stanowi LS. Przyczyna tego jest wigksza energia rozszczepienia w polu krystalicznym, co
powoduje, ze elektrony tacza si¢ w pary na orbitalach o nizszej energii, co prowadzi do stanu LS. I
odwrotnie, wigkszy promien skutkuje mniejsza energig rozszczepienia w polu krystalicznym,
pozwalajac na niesparowanie elektronéw na orbitalach o wyzszej energii, co prowadzi do stanu HS.
W przypadku jonéw Co zwigzek migdzy promieniem jonowym a stanem spinowym jest mniej
wyrazny. W niektorych przypadkach wigkszy promien jonowy moze wywolywaé stan LS, ze
wzgledu na silniejsze interakcje migdzy elektronami d a otaczajacymi ich ligandami. Jednak w
wigkszosci przypadkow wigkszy promien jonowy powoduje stan HS. W przypadku podstawienia
kobaltem oczekuje si¢, ze zmiany rozmiar6w komorki elementarnej krysztatu beda znacznie
mniejsze od zmian w probkach domieszkowanych niklem, poniewaz promien jonowy Co?" w stanie
HS wynosi 0,745 A, co jest znacznie wiecej niz promien jonowy Ni?*, ktory w stanie HS jest rowny
0,69 A i jest znacznie blizszy warto$ci promienia jonowego Fe** w stanie HS, ktéra rowna si¢

0,78 A (patrz Tabela 1) [111,112].
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Tabela I. Promienie jonowe metali przejsciowych w pozycjach oktaedrycznych (liczba

koordynacyjna VI) [111,112]. HS — stan wysokospinowy, LS — stan niskospinowy.

Jon LS HS
Ni** 0,69 A
Ni* 0,56 A 0,60 A
Co™ 0,65 A 0,745 A
Co** 0,545 A 0,61 A
Fe* 0,61 A 0,78 A
Fe’* 0,55 A 0,645 A

30



IV. Wtasciwos$ci magnetyczne oraz indukowane ciSnieniem
hydrostatycznym efekty kaloryczne w monokrysztatach
Fe;Sesg

Wyniki szczegdétowych badan Fe;Seg [79] byly motywacja do kontynuowania badan
wilasciwosci fizycznych tego materiatu. Wezesniejsze pomiary dyfrakcji promieni rentgenowskich,
przedstawione w [79] i analiza statych sieci pokazuje, ze parametr a = b ro§nie wraz ze wzrostem
temperatury, podczas gdy parametr ¢ ma prawie stalg warto$¢ w zakresie temperatur od 100 do
250 K, a powyzej tej temperatury jego warto$¢ zaczyna mocno spada¢ [79]. Uzyskane wyniki
sugerujg, ze pod wplywem cisnienia hydrostatycznego wtasciwosci badanych krysztatéw powinny
podlega¢ duzym zmianom.

Przesunigcie temperatury przejscia fazowego do nizszych temperatur pod ci$nieniem
hydrostatycznym, odbywa si¢ w ten sam sposoéb zaréwno dla kierunku pola przylozonego
rownolegle (B || €) jak i prostopadie (B L ). Tsrr przy zerowym cisnieniu znajduje si¢ w zakresie
temperatur od 124 do 130 K co zgadza si¢ z danymi literaturowymi [77,79,113]. Temperatura
reorientacji spada wraz ze wzrostem ci$nienia z szybkoscig okoto 9 K/kbar i przy P = 10,25 kbar,
dla B || ¢ rowna si¢ okoto 25 K [patrz Rys. 4.1]. Obserwowane zachowanie prawdopodobnie
wynika ze specyficznej zaleznosci anizotropii magnetokrystalicznej, zwiazanej z jonami Fe”" i Fe**,
od ci$nienia hydrostatycznego. Przej$cie fazowe w krysztatach Fe;Seg, cho¢ wedlug wynikow
eksperymentalnych oraz informacji podanej w literaturze jest przejSciem pierwszego rodzaju, ma
charakter bardzo zblizony do przejscia drugiego rodzaju. Wszystkie badane przejscia fazowe nalezg
do specyficznych, w ktorych magnetyczna o$ tatwego uporzadkowania Spinéw przeorientowuje sie
z jednego kierunku krystalograficznego do innego. Takie zachowanie zaobserwowano w wielu
materiatach magnetycznych i bylo przedmiotem kilku teoretycznych i eksperymentalnych prac
(patrz np. [99]).

Wiekszo$¢ przedstawionych tutaj pomiarow wilasciwosci magnetycznych zostata wykonana
metodg izotermiczng — najczesciej stosowang procedura, w ktdrej pole magnetyczne zmienia si¢ w
ustalonej temperaturze. W pracy [79] opisano indukowane polem przejScie magnetyczne od stanu
ferrimagnetycznego o niskim namagnesowaniu do stanu ferrimagnetycznego o wysokim
namagnesowaniu w krysztatach Fe;Seg bez cisnienia zewnetrznego. Podobne przejscie
magnetyczne, z typowa schodkowa krzywa M(B), przy cisnieniach hydrostatycznych o réznych
warto$ciach temperatury przedstawiono w rozprawie doktorskiej. O wlasciwosciach przejscia typu
reorientacji spinow i podobnych przejs¢ fazowych decyduje magnetokrystaliczna energia uktadu, a
temperatura tego przej$cia zalezy od pola magnetycznego i cis$nienia. Dlatego rozmiary komorki

krystalicznej Fe;Seg sg bezposrednio zwigzane z magnetyzacja tych zwigzkow.
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Rys.4.1. Zalezno$¢ cisnieniowa temperatury SRT dla B = 0,01 T. [Rysunek pochodzi z
Artykutu I przedstawionego na stronie 41]

W wysokich temperaturach (T > Tsgr) badane krysztaly wykazywaty wiasciwosci
ferrimagnetyczne z wysokimi warto§ciami namagnesowania dla pola magnetycznego przytozonego
wzdluz tatwej osi € i niskimi warto§ciami namagnesowania dla pola w tatwej ptaszczyznie C.
Sytuacja jest odwrotna w niskich temperaturach (T < Tsgy), gdzie faze ferrimagnetyczng o wysokim
namagnesowaniu obserwuje si¢ dla pola magnetycznego przylozonego wzdluz tatwej ptaszczyzny
Cc, a faze ferrimagnetyczng o niskim namagnesowaniu obserwuje si¢ dla pola magnetycznego
przytozonego wzdtuz tatwej osi ¢. Koercja, B, przy zerowym ci$nieniu jest bardzo mata, okoto 0,01
— 0,02 T w 140 K dla obu kierunkow B i maleje wraz ze wzrostem cisnienia. W 10 K koercja jest
nieco wigksza i wynosi okoto 0,04 — 0,07 T dla B || ¢, natomiast w przypadku B L c staje si¢
wicksza od 0,4 T i ze wzrostem cisnienia spada do warto$ci okoto 0,09 T przy P = 10 kbar.

MCE w czystym zwiazku Fe;Ses wykazuje interesujagce wlasciwosci w poblizu Tggrr.
Zalezno$¢ temperaturowa zmiany entropii magnetycznej w polu magnetycznym rownolegtym do
osi ¢ krysztatbw Fe;Seg, powyzej Tsrr, wskazuje na normalny MCE [ASp, < 0; Rys. 4.2]; a dla
kierunku prostopadtego, ponizej Tsgr, odwrotny MCE [AS,, > 0; Rys. 4.2] dla probek poddanych
dziataniu ci$nienia hydrostatycznego. W przedstawionej pracy doktorskiej wykazano, ze zarowno
efekty kaloryczne, jak i efekt reorientacji spinow zdeterminowane sg zalezno$ciami anizotropii
magnetokrystalicznej od temperatury i ci$nienia. Ostry pik entropii magnetycznej przy cisnieniu
zerowym, typowy dla FOPT (przejscie fazowe pierwszego rodzaju), staje si¢ pod wysokim
ci$nieniem bardziej symetryczny i stopniowy, podobny do obserwowanego dla materiatow SOPT.
Wyniki te wskazuja na to, ze mozliwe w monokrysztatach Fe;Seg przejscie fazowe typu FOPT
zmienia si¢ w SOPT w zakresie niskich temperatur przy ci$nieniu hydrostatycznym okoto 10 kbar.
Ciagle, pogrubione linie na Rys. 4.2, reprezentujace zakres temperatur (zwigkszony przy
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rownoczesnych zmianach pola magnetycznego i przylozeniu ci$nienia) w ktorym wystepuje
zjawisko MCE, narysowano schematycznie, taczac ze soba wszystkie indywidualne krzywe dla

roznych ci$nien.
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Rys. 4.2. Zmiana entropii dla Fe;Seg, przy zmianach pola magnetycznego od 0 do 1 T przy
statym ci$nieniu w zakresie od 0 do 10 kbar, w funkcji temperatury. Symbole reprezentujace wyniki
obliczen sg potaczone liniami przerywanymi. [Rysunek pochodzi z Artykutu I przedstawionego na

stronie 41]

Badanie MCE budzi zainteresowanie juz od dawna, w przypadku Fe;Seg, ten efekt moze by¢
interesujacy ze wzgledu na istnienie dwoch przejsé¢ fazowych [79,81,113]. Jak juz wspomniano,
efekt barokaloryczny (BCE) wystepuje w kazdym materiale o whasciwosciach magnetycznych
zaleznych od ci$nienia [49-53]; w zwiazku z tym BCE (ASp) mozna réwniez wykry¢ w zwigzku
Fe;Seg 1 oddzielic od MCE. Ze wzgledu na trudno$¢ bezposredniego pomiaru BCE i brak
posrednich metod jego obliczania, najlatwiejszym sposobem oceny mozliwych efektow
kalorycznych w materiatach FOPT, takich jak Fe;Seg zard6wno pod wptywem pola magnetycznego,
jak 1 ci$nienia hydrostatycznego, jest zastosowanie prostej kombinowanej eksperymentalnej
metody, podobnej do tej ktora zostata zaproponowana przez Jun-Ding Zou [114]. Zaktadajac
podobienstwo migdzy BCE 1 MCE w niektorych przypadkach, zmiany entropii wywotane
ci$nieniem mozna zapisa¢ w nastepujacy sposob:

AS,(T.P) = a[AS, (T, P) ~ A8, (T, R,)] - aj[%] ., (16)

B
gdzie wspotczynnik a jest podany w jednostkach T/kbar i ustalony w taki sposob, ze catkowanie po
cisnieniu pochodnej (0M/0T), zapewnia te same wyniki jak catkowanie po polu magnetycznym
pochodnej (dM/0T), a obliczenia sa wykonane dla zakresu ciSnien, w ktorym zmiany
namagnesowania indukowane ci$nieniem sg identyczne ze zmianami namagnesowania
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indukowanymi wptywem pola magnetycznego. Zachowanie Tsgr w warunkach przylozonego
ci$nienia jest podobne do efektu przytozenia pola magnetycznego prostopadle do osi c. Dlatego
efekt potgczenia cisnienia wspolnie z efektem kalorycznym indukowanym polem magnetycznym
badano dla B L c. To potwierdza istnienie silnego sprz¢zenia miedzy siecig krystaliczng Fe;Ses,
uporzadkowaniem uktadu magnetycznego, entropig magnetyczng i cisnieniem.

W rozdziale ,,Podstawy teoretyczne” opisano model jednojonowy dla monokrysztatow
Fe;Seg zaproponowany przez Kamimure [101]. Na podstawie tego modelu i wybranych parametrow
badanych krysztatéw obliczono wlasciwosci magnetyczne i1 efekty kaloryczne dla czystych
monokrysztalow w warunkach ci$nienia hydrostatycznego oraz domieszkowanych jonami Ni i Co
(wyniki dla domieszkowanych probek sg podane w rozdziale V) monokrysztalow Fe;Seg [Rys. 4.3].
W rozprawie za parametr dopasowania przyj¢to wspotczynnik K; i stwierdzono, ze ma on roézne
wartosci dla roznych koncentracji jonow domieszkujacych i wartosci cisnien . W podejsciu
Kamimury i in. [101] zastosowano stala warto$¢ K; w znacznie w¢zszym zakresie temperatur

wynoszacym 25 K. Zmiana entropii w funkcji temperatury zostata obliczona i poréwnana z

eksperymentem.
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Rys. 4.3. Zalezno$¢ zmiany entropii od temperatury w polu magnetycznym o réznych
amplitudach, przytozonym wzdtuz i prostopadle do osi ¢ przy P = 0 (a) oraz w polu magnetycznym
1TdlaB | ciB L cprzy roznych wartosciach przylozonego ci$nienia (b). Punkty reprezentuja
wyniki doswiadczalne, linie ciggle sg wynikami obliczen. [Rysunek pochodzi z Artykutu I

przedstawionego na stronie 41]

Porownanie wynikow eksperymentalnych dla ci$nienia zerowego, dla dwoch kierunkow
pola oraz réznych warto$ci pola i temperatury z wynikami obliczen przedstawiono na Rys. 4.3.
Obliczenia zostalty wykonane W do$¢ grubym przyblizeniu ze wzgledu na ograniczenia teoretyczne,

ale mimo tego zgodnos¢ migdzy eksperymentem a obliczeniami wynosi okoto 90%.
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Artykul powigzany z rozdzialem 1V

Artykut I: Combined pressure and magnetic-field induced caloric effects in Fe;Seg single crystals

Y. Konopelnyk, I. Radelytskyi, P. lwanowski, D.J. Gawryluk, M. Berkowski, R. Diduszko, J. Fink—

Finowicki, H. Szymczak, R. Puzniak

Journal of Magnetism and Magnetic Materials 543, 168626(2022)

Abstract

The effect of hydrostatic pressure on magnetic entropy change in a magnetic field, ASp, in Fe;Seg
single crystalsis determined. The application of hydrostatic pressure shifts the spin—reorientation
transition temperature, Tsgrr, to lower temperatures, similar to the action of a magnetic field applied
perpendicularly to the c-axis. The magnetization of Fe;Seg in a field parallel to the c-axis
monotonically decreases under increasing pressure. AS, and the refrigeration capacity of
investigated crystals strongly depend on Tsgt and thus on hydrostatic pressure. Experimental results

are described in the frame of a one-ion model of magnetic anisotropy.

https://doi.org/10.1016/j.jmmm.2021.168626.
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ARTICLE INFO ABSTRACT

Keywords:
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Spin reorientation

The effect of hydrostatic pressure on magnetic entropy change in a magnetic field, ASy,, in Fe;Seg single crystals
is determined. The application of hydrostatic pressure shifts the spin-reorientation transition temperature, Tsgr,
to lower temperatures, similar to the action of a magnetic field applied perpendicularly to the c-axis. The
magnetization of Fe;Seg in a field parallel to the c-axis monotonically decreases under increasing pressure. ASy,
and the refrigeration capacity of investigated crystals strongly depend on Tsgr and thus on hydrostatic pressure.

Experimental results are described in the frame of a one-ion model of magnetic anisotropy.

1. Introduction

The magnetocaloric effect (MCE) is a magneto-thermodynamic
phenomenon of entropy change under a varying applied magnetic
field in magnetic material [1]. Historically, two important points in this
field should be mentioned: The Nobel Prize given for reaching a tem-
perature below 1 K using the MCE [2]; and the discovery of a giant
magnetocaloric phenomenon in a Gds(SiGe), compound, which brought
this field to a completely new level of development [3]. The large
cooling effect was achieved in Heusler-type Ni- and Mn-based com-
pounds [4], in which magnetic entropy change strongly depends on
structure. Magnetocaloric effect is a fast developed topic and recently
MCE was reported in number of new various materials [5-9]|. Impor-
tantly, not only magnetic field but also pressure may be used to change
entropy of the sample in the same way as a magnetic field does in the
MCE. As an analogue of the MCE, the associated caloric effect has been
called the barocaloric effect (BCE) [10-12]. One can find that an interest
to a barocaloric effect grows significantly and a lot of researches pub-
lished the results of their studies in the last years [13-17]. Several
theoretical works have predicted the appearance of alarge BCE in
magnetic solid-state materials, in which applied pressure affects the
magnetization |18,19]. Following this idea, it was suggested that the
combined application of both a magnetic field and pressure could
significantly affect the magnetic entropy change in the crystals. Instead

* Corresponding author.
E-mail address: konopelnyk@ifpan.edu.pl (Y. Konopelnyk).

https://doi.org/10.1016/j.jmmm.2021,168626

of using a switch-on, switch-off magnetic field or an in-plug, out-plug
refrigerant, both of which require a large working space, the MCE can be
induced in some materials by rotating a sample in a constant magnetic
field. A large rotational MCE (r-MCE) has been observed in different
compounds, such as rare-earth single crystals of TmMnOj3 [20] and Co;B
(21, with working temperatures below room temperature, as well as in
DyNiSi single crystals [22]. Observation of a strong rotational MCE in
hexagonal manganites, such as HoMnO3, was recently presented in
Ref. [23]. A giant r-MCE in a NdCos single crystal, with a working
temperature range close to room temperature, has been reported as well
[24]. A strong rotational entropy change is also expected in anisotropic
materials, with a first-order phase transition (FOPT).

A FOPT was reported recently for Fe;Seg single crystals [25] which
are characterized by their unique physical properties. Generally, Fe;_,Se
chalcogenides have a simple NiAs-type structure, and their magnetic
properties depend on interatomic forces, the presence of in-
homogeneities and vacancies, and strong coupling of magnetization
with lattice deformations [26-29]. In particular, in Fe;Seg, filled layers
of a chalcogenide, with hexagonal packing, alternate with metal layers
with vacancies [27]. The origin of the MCE in Fe;Seg is connected not
only with antiferromagnetic transition at Neel temperature (Ty = 450
K), but also with the spin-reorientation transition (SRT) from the easy c-
axis to the easy c-plane. The origin of this MCE is related to the change
in anisotropic energy sign in a temperature range of about 125-131 K, in
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a magnetic field, B, as small as 0.01 T [25]. Recently, observed meta-
magnetic field-induced transitions provided a huge shift in SRT tem-
perature, Tsgr, to lower or higher temperatures, depending on the field
orientation with respect to the crystallographic axes. This phenomenon
allows a huge range of MCE working temperatures in Fe;Seg compounds,
as well as both negative (ASy < 0) and positive (ASy > 0) magnetic
entropy changes in the magnetic field, ASy [25]. The results of x-ray
diffraction studies of Fe;Sg and Fe;Seg compounds under pressure
showed a significant increase in the anisotropy of crystal lattice
parameter compressibility with increasing pressure [30,31]. A strong
correlation between the magnetic properties and lattice constant ¢ of
these crystals was suggested [30,31]. An overlap of electron energy
bands and delocalization leads to changes in the Fe electron configu-
ration, resulting in the collapse of iron magnetic moments at a pressure
higher than 60 kbar [32]. Along with previous results involving the
crystal structure and magnetic properties of Fe;Seg compounds [25],
and because of the lack of relevant data, we experimentally investigate
the effect of hydrostatic pressure on the magnetic properties of Fe;Seg
compounds. A comparison of the results of MCE based on magnetization
with results based on heat capacity was given in our previous work [25],
presenting the data at ambient pressure. In the current work, the scope
of the studies was extended up to the 11 kbar. Unfortunately, we were
unable to measure heat capacity of studied crystals under hydrostatic
pressure because of a lack of appropriate experimental tools. Due to the
similarity in the behavior of the lattice parameters of Fe;Seg and Fe;Sg
crystals [30,32,33], it can be assumed that the application of pressure
will have a strong effect on the magnetic behavior of both Fe;Seg and
Fe7Sg. In this work, the results of the hydrostatic pressure effect on the
MCE in single Fe;Seg crystals are presented and compared with magnetic
field-induced effects.

2. Experimental

Single crystals of Fe;Seg for present work were grown applying a
modified Bridgman's method. For crystal synthesis stoichiometric
quantities of Fe (vacuum remelted, low oxygen, Alfa Aesar) with 4 N
purity and Se (amorphous, Puratronic®, Alfa Aesar) with 5 N purity
were used as starting materials. Inside argon filled box a mixture of
appropriate proportions of the reagents was sealed into double-walled
evacuated (9.32 - 10 Pa) quartz ampules and placed in a horizontal
furnace at 1000 °C for two days. Then, the ampule was placed in a
vertical furnace with a temperature gradient equal to 1.3 °C/mm
(maximally up to ~ 2.9 °C/mm - along the first 60 mm) and after
melting the components at 1075 °C [34] the temperature was kept stable
for 6 h. Crystal growth was carried out by decreasing the temperature
from 1075 °C to 950 °C at a rate of 1 “C/h. Cooling of the crystals was
carried out in a temperature range of 950 °C to about 350 °C at a rate of
2 °C/h, held at this temperature for 18 h, and it was finalized by
quenching a sample to room temperature. Adjustment of temperature
gradient and/or cooling velocity permits to change the crystal growth
velocity in the ~ 0.5 up to ~ 8 mm/h range. The synthesized single
crystal of FeySeg showed well-developed (00 1) surfaces.

Phase analysis and structure determination were performed by x-ray
powder diffraction using a Siemens D500 diffractometer, equipped with
a semiconductor, high-resolution Si:Li detector. Magnetization mea-
surements were carried out using an MPMS 7XL SQUID magnetometer
with the accuracy about 6-10 7 emu. Investigations involving magnetic
fields of up to 5 T in a temperature range of 5 to 300 K were conducted
and MCE was estimated using M(T,B) data. For experiments oriented
Fe;Seg single crystal with almost cubic shape (1 x 1 x 1.2 mm) were
used.

Despite the high accuracy of measurement on SQUID magnetometer,
calculation of caloric effects and its cooling properties always have a
lower precision connected with imperfections of numerical and experi-
mental technics. Following the previous researches [35,36], the sys-
tematic errors were estimated as: oM is 0.5% or less, 6H is 0.1% or less,
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and oT = 0.1 K + 0.001 T or less, random errors assume to be negligible.
Following the authors of Ref. [37], where they suggest that averaged
total error in 1 T is in the range of 5-9 %, it was decided to set the total
error for 6AS (and as consequent for 6RC, 6RCP, 6TEC) equal to 7%.

The chemical composition of the crystals was verified by SEM/EDX
techniques on the X-MAX Silicon Drift Detector with the scanning
electron microscope JEOL JSM-7600F. Based on single-crystal and x-ray
powder diffraction measurements, the lattice parameters of the studied
material were determined. Lattice constant analysis of Fe;Seg shows that
a=b=7245 A and ¢ = 17.67 A (P3;21 space group). Crystal orien-
tation at room temperature was recorded using a KM-4
KUMA-Diffraction single-crystal x-ray diffractometer, with a Cu radia-
tion source, a 002 graphite monochromator on the primary beam, a four-
circle kappa goniometer, and a scintillation detector. Measurements
under hydrostatic pressure up to 11 kbar were performed using an
easyLab Technologies Mcell 10 pressure cell with Daphne 7373 oil [38]
chosen as the pressure medium, as it has good pressure stability char-
acteristics [39]. A high-purity Sn wire (0.25 mm in diameter) was used
as an in-situ manometer, setting the limit of precision of pressure value
measurement to about 0.25 kbar. In our experimental set-up, the hy-
drostatic pressure is fixed at room temperature. The room-temperature
value of magnetization under pressure is different from that at low
temperature. Thus, there are minute differences in the low-temperature
pressure for experiments performed in the two field orientations. The
contribution of the background signal, associated with the pressure cell,
was shown to be negligible.

3. Spin reorientation transition and magnetic properties under
hydrostatic pressure

The results of a careful investigation of Fe;Seg [25] pushed us to
continue the study of the physical properties of this interesting material.
X-ray diffraction measurements confirmed that the studied crystal is a
single-phase material with a 3¢ structure, meaning the size of the crystal
lattice along the c-direction is three times larger than that in NiAs.
Lattice-constant analysis shows that the a = b parameter increases with
increasing temperature, while the ¢ parameter has an almost constant
value, in a temperature range of 100 to 250 K, before decreasing strongly
[25]. Tt was decided to change the characteristics of the crystals using
amechanical (hydrostatic pressure) approach, since measurements
under pressure showed that crystal properties varied widely [30,31].
Fig. 1(a) and 1(b) shows dc magnetization data recorded with increasing
and decreasing temperature in magnetic field of 0.01 T for B|| cand B |
¢ at ambient pressure and under hydrostatic pressure of 10.25 kbar (B||
c) and 10 kbar (B L c¢). Temperature dependences of magnetization in
magnetic field of 0.01 T for the sample subjected to hydrostatic pressure
from the range between ambient pressure and 10 kbar were recorded as
well. Obtained data are not shown in Fig. 1 but they were used for the
construction of Fig. 1(d). Temperature dependence of magnetization
recorded with increasing and decreasing temperature in magnetic field
of 1 T under ambient pressure is presented in Fig. 1(c).

The shift of phase transition temperature to lower temperatures
under hydrostatic pressure, in the same way for both parallel (B || ¢) and
perpendicular (B L ¢) directions of the applied field, is well visible in
Fig. 1(a) and 1(b). The Tgpy at ambient pressure is located in a tem-
perature range of 124 to 130 K. In the case of the measurements per-
formed at P = 5.25 (not shown) and 10.25 kbar, the Tsgr for B || ¢ is
shifted to 90 and 25 K, respectively. The temperature dependence of
magnetization at very low temperatures (T < 50 K) differs for P = 0 bar
and 10.25 kbar [see, Fig. 1(a) for B || ¢ axis]. The observed behavior
seems to be due to the characteristic dependence of magnetocrystalline
anisotropy on hydrostatic pressure. A shift in Tsgr similar to that for B ||
¢ was observed for the perpendicular direction of the applied field. For B
|| ¢, the magnetic moments flop from the c-axis direction to the very near
c-plane direction [Fig. 1(a)]. In the case of B applied perpendicularly to
the c-axis, the opposite is observed [Fig. 1(b)]. Reorientation
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Fig. 1. Temperature dependence of ZFC and FC magnetization recorded in a magnetic field, B = 0.01 T, oriented parallel (a) and perpendicular (b) to the c-axis of the
Fe;Seg crystal at P = 0, 10, and 10.25 kbar. Temperature hysteresis of magnetization in ZFC and FC measurements at ambient pressure in a field of 1 T for B | ¢
geometry (c). The inset zooms in on a region of the phase transition where hysteresis is expected to occur. Pressure dependence of the SRT temperature for B = 0.01

T (d).

temperature decreases with increasing pressure at a rate of about 9 K/
kbar [see, Fig. 1(d)]. This is caused by a change in magnetocrystalline
energy, which depends on pressure variation. The sharp character of the
magnetic transition in the zero-field cooled (ZFC) and field cooled (FC)
magnetization curves M(T) at the region of SRT can indicate on a FOPT.
Jump at 250 K in the ZFC curve for P =10 kbar [Fig. 1(b)] recorded with
increasing temperature is most likely related to uncontrolled rotation of
the sample by a few degrees, since the hydrostatic medium becomes
liquid at higher temperatures while is frozen at lower temperatures. All
these phase transitions belong to the specific ones in which the magnetic
easy axis of an ordered spin system spontaneously reorients from one
crystallographic direction to another. Such behavior has been observed
in a large number of magnetic materials and has been the subject of
several theoretical and experimental studies (see, e.g., [40]). To describe
magnetic properties in the vicinity of phase transition an application of
Landau’s theory seems to be the most effective approach. For the Fe;Seg
single crystals the expansion of the thermodynamic potential ® may be
taken in the following form (assuming that the modulus of the magne-
tization vector M does not change during the transition and that
magnetization rotates in xz plane):

® = AM: + BM: + CM! + DM} + EM2M:, m

Minimization of this potential leads to the following three phases in
the studied system: I - M; = M, Il - M, = M and 1ll - M, # M, M, # M.
Phases I and II are collinear, whereas phase III is angular. Knowing the
parameters of thermodynamic potential, one is able to determine char-
acter of phase transitions in the studied system. Unfortunately, for the
Fe;Seg single crystals, these parameters have not been measured yet.
Furthermore, it is not easy to determine the type of phase transition in

Fe;Seg crystals following changes in magnetization with temperature
because temperature hysteresis, the presence of which would indicate
that a FOPT occurs in the sample, is absent or hardly detectable due to
the very small value of ATy = 0.02 K [see, magnetization data for
increasing and decreasing temperature in Fig. 1(c)], close to the mea-
surement error. Furthermore, the sharpness of the magnetization curve
changes with increasing pressure and becomes smoother; it can be seen
in MCE results, which are discussed later.

To determine the order of a phase transition, so-called Arrott plots,
seems to be very effective. The Arrott plot method is widely used and
based on the Banerjee criterion [41 ], which assumes that the material
follows a mean-field approach. According to this criterion, the positive
slope of an Arrott plot corresponds to a second-order phase transition
(SOPT), and a negative slope corresponds to a FOPT. Unfortunately, the
Arrott plots are effective only for the systems with single order param-
eter. For the systems with two order parameters (e.g. Fe;Seg crystals),
the Arrott plots cannot be effectively constructed. Therefore, one should
look for other methods of phase transition characterization. For this
purpose Kamimura [42] performed a detailed analysis of thermomag-
netic curves obtained by transformation of experimentally completed
field dependence of magnetization curves. Fig. 2 presents field depen-
dence of magnetization for both field configurations, i.e., for B || ¢ and
for B L ¢, at the temperatures from the range between 5 and 151 K,
recorded under external pressure of 5.25 and 10.25 kbar (B || ¢) and
under external pressure of 5 and 10 kbar (B _L ¢). The M(H) dependences
were recorded for the temperatures increasing with 2 K step and half of
the all recorded curves is presented in the figure, i.e., in order to avoid
overlapping of presented dependences, the data in the plot were shown
for temperatures increasing with 4 K step only. Furthermore, for clarity
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Fig. 2. Field dependence of magnetization for different temperatures at P = 5.25 (a) and 5 kbar (b) and at P = 10.25 (c) and 10 kbar (d) for magnetic field geometries

B || ¢ [(a) and (¢)] and B L ¢ [(b) and (d)].

of the figure, every forth experimental point only in field dependence of
magnetization is marked by a symbol. Data for field dependence of
magnetization under ambient pressure were published by us already
[25] and they were used in the current manuscript for construction of
the figures referring to magnetic entropy change in a magnetic field at
ambient pressure but they are not presented here.

Thermomagnetic curves presented in Fig. 3 for both directions of
external magnetic field and for two magnitudes of hydrostatic pressure
were constructed basing on the field dependence of magnetization data
of I'ig. 2, similarly as it was done in Ref. 42. In all cases abrupt changes of
magnetization is observed. It indicates that all measured phase transi-
tions have first-order character (FOPT) in low and moderate magnetic
field. Fig. 4 summaries the results concerning field dependence of spin
reorientation transition estimated from the data of Fig. 3 for various
magnitude of hydrostatic pressures. The properties of spin reorientation
transition are determined by the magnetocrystalline energy of the sys-
tem. As a consequence transition temperature depends on the magnetic
field and pressure and it is related with decreasing of uniaxial anisotropy
with pressure. It has to be added that Figs. 2 and 3 indicate appearance
of second-order phase transitions for high enough external magnetic
field and/or high pressure, suggesting existence of angular phase in the
high magnetic field region.

The majority of measurements of magnetic properties presented
already and below were performed using an isothermal approach—the
procedure used most often, in which the magnetic field is changed at a
fixed temperature. The difference between the magnetization curves for
different field orientations is clearly visible in the M(B) dependences
given in Fig. 2. For both geometries, parallel and perpendicular to the c-
axis directions of the applied field, there is a temperature region with
saturated magnetization in a maximum applied magnetic field (Fig. 5). A
decrease in magnetization of the Fe;Seg single crystal under applied
pressure at T = 10 K in the geometry B || ¢ [Fig. 5(a)] at 140 K for both

field directions [Fig. 5(b)] is clearly evident in the field dependences of
magnetization.

The coercivity, B,, at ambient pressure is very small, about
0.01-0.02 T, at 140 K for both directions of B and decreases with
increasing pressure. At 10 K the coercivity is slightly larger and equal to
about 0.04-0.07 T for B || ¢, while in the case of B L ¢ it becomes larger
than 0.4 T before decreasing with increasing pressure to a value of
approximately 0.09 T at P = 10 kbar. Fig. 5(a) shows that the magne-
tization of the sample at temperatures below SRT increases with
increasing field strength and comes closest to saturation for the highest
applied field. However, for P = 0 the magnetization at B | ¢ does not
saturate in the applied magnetic field. The magnetization M; values were
obtained by extrapolation of high-field region values of the M(B) curve
to zero field region [inset data given in Fig. 5(b)]. The SRT in Fig. 1(d)
and M; dependences in Fig. 5(b) show that both the spin-reorientation
transition temperature and the saturation magnetization of the Fe;Seg
sample for B || ¢ decrease with increasing pressure.

The curves in Fig. 3 represent parallel and perpendicular magnetic
field orientations in the studied Fe;Seg crystals and are typical for a
metamagnetic field and/or pressure-induced transition. Such a transi-
tion can be determined by the shape of a magnetization curve [12]. At
high temperatures (T > Tsgry), the studied crystals had ferrimagnetic
properties with high magnetization values for a magnetic field applied
along the easy c-axis and low magnetization values for a field in the easy
c-plane. The situation is opposite at low temperatures (T < Tsgr), where
a ferrimagnetic phase is observed for a magnetic field applied along the
easy c-plane and a ferrimagnetic phase with antiferromagnetic ordering
is observed for a magnetic field applied along easy c-axis. For both di-
rections of the applied field, the phase transition shift has a slope of
approximately 8-11 K/T in the full range of applied pressure (see,
Figs. 1, 3. and 4). The similarity of both the effects of a field applied in
the B | ¢ direction and pressure on the SRT behavior is clearly visible in
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the temperature dependences of magnetization, while in the case of B | |
¢ the effects are opposite. The Tsgy shift induced by the magnetic field is
associated with the Zeeman energy contribution HM to the magneto-
crystalline field. Under applied pressure, the above temperature shift of
SRT is related to the effect of interplanar distance decrease and the
changes in magnetocrystalline energy [42].

A field-induced metamagnetic transition from a low-magnetization

to a high-magnetization ferrimagnetic state during the spin-flop pro-
cess in Fe;Seg crystals at ambient pressure has been reported already
[25]. A similar metamagnetic transition at hydrostatic pressures with
various values of temperature is presented in Fig. 2, where a typical step-
like M(B) curve, is clearly visible at the ambient and applied pressure.
Generally, the character of SRT and similar phase transitions under
pressure depends on magnetocrystalline anisotropy. This anisotropy is
clearly a function of pressure. Figs. 2 and 5 clearly show that the shape of
a magnetization curve, determined mainly by magnetocrystalline
anisotropy, strongly depends on applied pressure. Such field-induced
metamagnetic transitions take place when the value of Zeeman energy
overcomes the exchange coupling value. In the case of temperature-
induced SRT, applied hydrostatic pressure leads to a shift in Tspr to
lower temperatures and to a decrease in B, as well as a decrease in
Zeeman energy, the latter being required for spin reorientation. As a
consequence, a metamagnetic transition in Fe;Seg can be induced by
pressure.

4. Caloric effects in Fe;Seg crystals

There are two parameters most commonly used when describing the
MCE: the isothermal change in magnetic entropy AS,, and the adiabatic
change in temperature AT,4. Based on isothermal measurements of
magnetization M(B) performed for different hydrostatic pressures, iso-
field magnetization curves M(T,B = const.) for temperature intervals of
5 to 175 K were constructed and used for indirect calculation of ASy,. In
general, the magnetic entropy change in magnetic field ASy(T,B) can be
described using one of Maxwell’s equations [43]:

3
ASa(T, B) = A (‘ZLT‘) B @
B
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(b)

Eq. (2) is easily transformed into numerical form:

by 1| fom oo
ASM(I.B)zi[Z(ﬁ”M+ﬁ‘"“)(Bﬂl_Bi)] (3)

i=1

In such an indirect path of MCE evaluation, the source of possible
errors should be discussed. As the studied material is magnetocaloric,
fast variation in the magnetic field can change the temperature of the
sample—together with the limitations inherent to numerical calcula-
tion, this may be responsible for the inaccuracies of the obtained results
[43,44].

The temperature dependence of magnetic entropy change in the
magnetic field parallel to the c-axis of the Fe;Seg crystals indicates a
normal MCE [AS,, < 0; Fig. 6(a) and 6(b)]; and for the perpendicular
direction, an inverse MCE [AS,, > 0; Fig. 6(a) and 6(b)] for samples
subjected to hydrostatic pressure. The MCE for B || ¢ almost reaches its
maximum magnitude for B = 1 T; however, the magnitude of |-ASy,| for
B L c increases for stronger fields. An increase in B to values larger than
1 T leads to an increase in the width of —AS,;, for both orientations of the
field, similar to the case for ambient pressure [25]. The last effect is
related to the field shift of Tspy to high temperatures for c-axis geometry
and to low temperatures for c-plane geometry. A high magnetic field
induces a metamagnetic transition and, consequently, leads to an
extension of the ASy, working range. This situation changes slightly at
high values of pressure. An increase in B causes an increase in ASp,
similar to the entropy behavior of SOPT crystals. The MCE, evaluated for
different values of applied pressure, is shown in Fig. 6(c). In the case of
ambient pressure, the calculated maximum change in magnetic entropy
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for a magnetic field of magnitude B =1 T applied in the direction B || c at
127 Kis -ASy, =~ 0.437(31) J/kg-K [Fig. 6(c), filled black squares] and in
the B L ¢ direction is ~ASy, = -0.494(35) J/kg-K at T = 95 K [Fig. 6(c),
empty black squares]. The inverse MCE in Fe;Seg crystals is stronger
than the normal MCE. However, the maximum entropy change de-
creases monotonically with increasing pressure and in a magnetic field
of 1 Tis -ASy &~ 0.353(25) J/kg-K at T = 33 K under P = 10.25 kbar for a
normal MCE [Fig. 6(b)] and -ASy, ~ -0.295(21) J/kgK at T = 22 K
under P = 10 kbar for an inverse MCE [Fig. 6(b)]. Solid bold lines in
Fig. 6(c), representing the MCE range, are schematically drawn by
connecting together all the individual curves for different pressures. A
sharp magnetic entropy peak at ambient pressure, typical for FOPTs,
becomes under high pressure more symmetric and gradually similar to
that observed for SOPT materials. These results indicate on a possible
changeover in single Fe;Seg crystals between FOPT and SOPT in a low-
temperature range at hydrostatic pressures of about 10 kbar.

One of the main parameters for the estimation of the working power
of MCE materials is their refrigeration capacity [RC; Fig. 6(d), black
closed symbols], calculated from the following equation [Eq. (53) in
Ref. 43]:

T>
RC = f AS,(T)dT @
LE

or its variation, known as the relative cooling power [RCP, Fig. 6(d),
red open symbols]:

RCP = AS " Srwim (5)

where Ty and T are the temperatures at which the value of -AS,, is
equal to half the maximum value, also known as the full-width-at-half
maximum (Srwam)-

For materials with a very broad magnetocaloric peak and with a
small entropy change, the RCP and RC criteria can overestimate their
refrigerating potential [43]. For such materials, the temperature aver-
aged entropy change (TEC) is used to evaluate the MCE [Eq. (11) in
Ref. 44]:

Tinig -2t
max / ASW(T)pdT (6)
i Twia [ S, 20

TEC(ATia, AB) =

Here, ATy, is the estimated temperature change induced by the
magnetic field change, AB. The values of ATz = 3 K [Fig. 6(e), closed
symbols] and 10 K [Fig. 6(e), empty symbols], commonly used in the
literature [44], were chosen for the calculations performed in the cur-
rent study. It has been suggested [44] that the TEC excludes the need for
AT,q measurements. A complete overview and comparison of all quan-
tities used for the characterization of MCE materials are presented in the
papers of Smith et al. [43] and Griffith et al. [44]. Table 1 gives the
magnitudes of -ASmayx, RC, RCP, TEC(ATji = 3 K), and TEC(ATjig = 10
K) for both orientations of the magnetic field and for the various pres-
sure values. These parameters decrease with increasing pressure. The
values of RCP and RC calculated for —ASy, ., (last row in Table 1) show
that they overestimate the refrigerating potential of the studied Fe;Seg
crystal. The enormous magnitude of RC and RCP, being in the case of
—ASpm ten times bigger than the one calculated for the case of pure
MCE, is related to the large &gy and does not represent the real value
of the refrigerating potential, with |ASy|max increasing only by 20%.

Combining a magnetic field with pressure in materials like Fe;Seg
could increase their TEC, because the BCE now influences AS,. Fig. 6(c)
(solid lines) shows that the MCE working temperature range becomes
large under the simultaneous variation in magnetic field and application
of pressure compared with that at ambient pressure. However, the
separate effects of MCE and BCE are not considered here. As already
mentioned, the BCE occurs in any material with pressure-dependent
magnetic properties [18,19]; therefore, the BCE (-ASp) can also be
detected in the Fe;Seg compound and separated from the MCE.
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Table 1

Comparison of different MCE parameters for a single Fe;Seg crystal in a magnetic
field B = 1 T for various values of hydrostatic pressure in both magnetic field
configurations, B || ¢ and B | c. The data show that the RC, RCP, temperature
averaged entropy change, and maximum entropy change decrease with
increasing pressure. The results for the case of simultaneous variation in pres-
sure and application of magnetic field are given in the last row.

Pressure Studied IRC| |RCP| TEC (J/kg) | ASm | max
(kbar) and effect s/ (J/kg) ATM—A'ﬁm (J/kgK)
geometry kg) ~3K  -10K
P=0,B||c -AS;, 5.4 5.7(4) 1.5(1) 4.2(3) 0.437
(@) (31)
P=0,Blc -ASy, 7.7 8.9(6) 1.5(1) 4.9(3) 0.494
() (35)
P=525B]| -ASy 5.3 6.6(5) 0.99 3.1(2) 0.332
c 4) @) (23)
P=5Blc -ASy 7.2 7.3(5) 1.14 3.7(3) 0.383
(5) (8) (27)
P=10.25B -ASs 4.4 5.6(4) 1.04 3.1(2) 0.353
Il e (3) @) (25)
P=10,B L ¢ -ASy, 2.6 3.2(2) 0.67 2.0(1) 0.295
2) (5) (21)
AP =0-10, B ~ASpim 52(4) 61(5) 1.8(1) 6.1(4) 0.610
le (43)

The effect of hydrostatic pressure on magnetic entropy change in a
magnetic field, ASp, in single Fe;Seg crystals is related to the shift in spin
reorientation transition temperature, Tsgr, to lower temperatures. Such
a shift is weakly dependent only on magnetic field orientation (Figs. 1
and 4), and therefore, we expect insignificant changes in the BCE when
the direction of the magnetic field is changed. The behavior of Ty
under applied pressure is similar to the effect of applying the magnetic
field perpendicularly to the c-axis. Therefore, the effects of combining
pressure with the magnetic field induced caloric effect were studied for a
magnetic field applied perpendicularly to the c-axis.

The simultaneous influences of both the magnetic field and the
pressure on the phase transition temperature are significant, as shown in
Fig. 7(a). The Tggy shifts to a lower temperature with B | ¢ geometry by
both magnetic field and pressure [see, Fig. 1(d) and 4]. This clearly il-
lustrates the strong coupling between Fe;Seg crystal structure, magnetic
system ordering, magnetic entropy, and pressure. BCE estimation based
on magnetic measurements in such a case is suggested in the current
paper. The effects of a magnetic field and pressure on —AS counteract
one another in the c-axis direction (Fig. 6) but are superposed in the c-
plane [inset in Fig. 7(b)]. This leads to a considerable reduction in the
strength of the magnetic field required to induce spin reorientation.

Due to the difficulty of directly measuring the BCE and the lack of
indirect methods for its calculation, the easiest way to evaluates the
possible caloric effects in FOPT materials, like Fe;Seg under both a
magnetic field and hydrostatic pressure, is to use a simple combined
experimental method, like the one proposed by Jun-Ding Zou [45].
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Taking into account analogies between BCE and MCE the entropy
changes induced by pressure may be written as follows:

P oM
ASy(T, P) = ASu(T, P) — ASn(T, Py) = / (-) dpP )
p \OT/

The BCE values obtained in such calculations, -AS;, = -0.220(18) J/
kg-K, are nearly half the MCE values and reach a maximum magnitude at
T =~ 80 K [inset in Fig. 7(b)]. The resulting effect of magnetic field
combined with pressure variation (MCE + BCE) leads to an increase in
all parameters used to characterize the MCE: maximum -ASp.m
magnitude, RC, RCP, TEC, and the working range [Fig. 7(b)]. The MCE
+ BCE curve shown in Fig. 7(b) was drawn out schematically and ob-
tained by adding the magnitude of MCE, calculated using a standard
method [Eq. (2)], to the magnitude of BCE, calculated using the method
proposed in the current paper. The obtained MCE + BCE values are
given in Table 1; for convenient comparison, AB = 1 T and AP = 10 kbar
were chosen. The results shown in Fig. 7 and in Table 1 can be explained
by the mechanism suggested by Baranov et al. [46], in which the
application of pressure leads to a high-spin to low-spin transition (spin-
crossover) of Fe* ions due to changes in the crystal field.

5. Phenomenological model of magnetocaloric and barocaloric
effects

To understand the origin of the magnetic properties and caloric ef-
fects of single Fe;Seg crystals under applied hydrostatic pressure,
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Kamimura's theory [42], with uniaxial anisotropy and magnetic field
energy taken into account, was used. The equation for total free energy
as a function of angle @ per unit mass of Fe;Seg can be written:

E(0) = — NkgTIn)_exp|~¢,(60) /kT|+Kicos’0 — HM.cos(6 — Oy) (8)

NKkp is the quantity of energy dependent on the number of ferrous
ions in the lowest non-degenerate state; K; is anisotropic energy, related
to the number of Fe*" ions; and the third term is the Zeeman energy. To
obtain the values for &, a cubic equation, describing the orbital triplet
ground state energy levels of Fe?” ions, must be solved:

& — e —n*[(2 — L —2)cos’0 + (L + 2)|e + i’ L2eicos™0 = 0 9)

where ¢, is the splitting of the ground state caused by the trigonal
field, -, is the z-component of the orbital angular momentum in the
degenerate orbital state, and 5 = 4S is the spin-orbit coupling.

Using the equation for free energy, the properties of the studied
crystals can be numerically calculated. The MCEs and BCEs of the
studied compound are simulated using the following equations:

_ O0E(T,B) 0E(T,0)

~AS, = ~(S(T,B) ~ S(T.0) === = 10)

and

—AS, = —(S(T.B=0,P) —S(T.B=0,P=0)) = "E(d;j i asg'. )

(11)

The parameter values for ambient pressure proposed by Kamimura
[42] were slightly modified here, and it was assumed I, = -0.55, 5 = 252
K, and g = 750 K. The parameter Nkg = 1.55 J/kg-K is proportional to
the ferrous (Fe®") ions fraction, and M; = 13.5-14.5 Amz/kg was
determined from experimental data at ambient pressure. To a first
approximation, calculations involving the temperature-dependent
anisotropy constant K; can describe the character of ASy, in the crystal
with SRT. Entropy change as a function of T was computed and
compared with that of the experiment.

According to the calculation results for Fe;Seg crystal at ambient
pressure [Fig. 8(a)], the temperature of the FOPT is in the range of T =
120 to 125 K. All the results obtained using different values of K, which
is a fitting parameter, for the studied range of temperatures, are
consistent with experimental observation. In the approach by Kamimura
etal. [42], a constant value of K; in a much narrower temperature range
of 25 K was used. To confirm the appropriateness of the chosen
parameter values, the anisotropy energy E, and anisotropy constant K;
were calculated based on the experimental data. The magnetic energy
density approach uses the equation:

E = ang(‘l)l) = Wmag(‘l’:) (12)
with
M.
Wing (@) = / MdB (13)
0

being one of the most common in the literature, e.g., in Ref. [47],
both equations were used for the evaluation of these numbers. Here, ¢;
and ¢, are the angles between the direction of the applied magnetic field
B and the easy c-axis and the easy c-plane, respectively. The results of E,
calculations are presented in Fig. 9—magnetocrystalline anisotropy
decreases with increasing hydrostatic pressure. At P = 10 kbar (Fig. 9,
blue triangles) magnetocrystalline anisotropy changes with temperature
more gradually compared to the fast growth at ambient pressure, and at
approximately 120 K, the positive slope becomes negative.

A comparison of experimental results for ambient pressure, two field
directions, and different field and temperature values with calculation
results is presented in Fig. 8(a). Calculations were made with fairly
crude approximations due to theoretical limitations, but despite this, the
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Fig. 9. Anisotropy energy E, calculated from the density of magnetizing energy
as a function of temperature for various pressures.

agreement between experiment and calculation is around 90%. How-
ever, such agreement was not observed for data at low magnetic field,
below 0.2 T. Entropy change at the low B likely depends on the effect of
crystal domain structure on magnetization and on errors in sample
orientation, which are not considered in the theory. These errors could
also be due to the role played by additional anisotropy constants (e.g.,
related to two-ion interactions) that are not included in our model.

Because fittings are not very good at low fields and close to the Tspr
region, they are not presented here. In the presented results, the values
of the anisotropy parameter K; were chosen in the range of -3.1 J/kg for
T =91Kto 11.1 J/kg for T = 161 K, in agreement with the experiment,
for applied field angles 6 = 3°, to the c-axis direction, and 88 to the
c-plane (Table 2).

A comparison of the experimental results with the calculations for
three values of hydrostatic pressure in B = 1 T field applied along the c-
axis and in the c-plane is presented in Fig. S(b). The agreement of
theoretical calculations with experiment for P = 0 and 5 kbar is good for
both parallel and perpendicular orientations of the magnetic field. The
parameters used are presented in Table 3. It is assumed that Ky, Nkg, M,
g, and the magnetic moment -1, decrease monotonically with increasing
pressure, while spin-orbit coupling n increases (T'able 3). Such behavior
is related to lattice deformation under pressure, affecting crystal-field
splitting, 1, and L. In such a case, at a high pressure of 10 kbar, the spin
reorientation temperature can still be obtained accurately, but the
calculation of AS,, no longer approximates the experimental results
because the proposed model is no longer valid [Fig. 8(b), solid blue
lines]. The proposed explanation is that the Bean-Rodbell type contri-
bution takes place at high values of pressure, and dipole-dipole in-
teractions can give rise to magnetization.

Using all the parameters and estimations mentioned above, it is

Table 2
Anisotropy energy K; for different temperatures used as a parameter in the
calculations of the magnetocaloric effect. Please note that K, changes sign at the
temperature of spin reorientation.

T (K)

Ky (3/kg)

91 101 111 121 131 141 151 161

-3.1 -1.8 o 1 -0.6 2.5 5.5 8.5 11.1
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Table 3

Calculated values of the anisotropy energy, energy depending on the number of
ferrous ions, saturation magnetization, splitting of the ground state, orbital
angular momentum, and the spin-orbit coupling. Please note that Ky, Nkg, My, €,
and [, decrease, while 1) increases with increasing hydrostatic pressure.

P Ky O/ Nky (J/ 0 M, (Am%/ nK) & I
(kbar) kg) kg-K) kg) (K)

0 2.5 15.5 3 14 252 750 ~0.55
5 2.3 12.5 3 13 260 710 ~0.53
10 2.0 10 37 12 274 650 ~0.50

possible to simulate the BCE by direct calculation of the temperature
dependences of entropy for different values of hydrostatic pressure. To
compare the results of calculations with those of experiment, a value of
B =1 T was chosen. As shown in Fig. 8(c), both data sets are in good
agreement and show that —ASy, is half the value of —AS;;,. The results
confirm the validity of the indirect method of BCE estimation using
magnetic measurements described in section 4.

6. Conclusions

Both Tggr and magnetization tend to decrease under hydrostatic
pressure. A metamagnetic transition, which shifts towards high tem-
peratures in the case of a magnetic field directed along the c-axis and
towards low temperatures in the case of a magnetic field directed in the
c-plane, is observed for all values of hydrostatic pressure. The experi-
mental results show that the Fe;Seg compound is a ferrimagnet, and a
small magnetic field can induce magnetization. Analysis of thermo-
magnetic curves suggests that magnetic phase transitions in Fe;Seg have
first-order character but in some special cases second-order transitions
are additionally observed.

The existence of both a normal MCE above Tsgy and inverse MCE
below Tsgr in a magnetic field directed parallel and then perpendicular
to the c-axis, respectively, is observed for all studied pressures. Entropy
change, ASp,, in magnetic materials, such as Fe;Seg, which are subjected
to a combined variation in the magnetic field and application of hy-
drostatic pressure, attains large values in a wide range of temperatures;
the application of hydrostatic pressure induces a strong BCE.

According to calculation results (Table 3), the shift in phase transi-
tion temperature under hydrostatic pressure is related to changes in the
crystal lattice constants and anisotropy parameter K;. The spin reor-
ientation effect likely originates from the dependence of the magneto-
crystalline energy on temperature and can be induced by applied
hydrostatic pressure and/or a magnetic field. This proves that a one-ion
model, as developed in Ref. 25, can be used to describe Fe;Seg crystal
behavior, with P and T up to P = 8 kbar and T = 40 K, respectively; and
therefore, such a model can be used to predict a crystal's physical
properties.
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V. Efekty kaloryczne wywotane cisnieniem i polem
magnetycznym w monokrysztatach Fe;Ses domieszkowanych
jonami Nii Co

W literaturze brak systematycznych badan wptywu domieszkowania monokrysztatow
3c-Fe;Seg jonami metali przejsciowych grupy zelaza o niskich koncentracjach na strukture
krystaliczng, wlasciwos$ci magnetyczne oraz kaloryczne. Na podstawie wynikow przedstawionych
wczesniej [79] (patrz rozdziat I) postanowiono rozszerzy¢ badania wiasciwosci magnetycznych
zwigzku Fe;Seg, o zastosowanie cis$nienia chemicznego zamiast hydrostatycznego. Biorgc pod
uwage dostepne w literaturze dane dotyczace kompresji sieci krystalicznej w przypadku
domieszkowania Co lub Ni, aby pokaza¢ efekty podstawienia atomow zelaza wybrano koncentracje
domieszek w zakresie do 21 %. Sklad chemiczny otrzymanych probek okreslono jako:
(Feo,987Ni0.013)7S€s,  (F€0,055Ni0,045)7S€3, (Fe€0.015Ni0085)7S€s, (F€089Ni011)7S€s, (F€0,790Ni021)7S€s,
(Feo,975C00 025)7Ses, (Fep951C00,049)75€s, 1 (Fep01C0009)7Ses. Przeprowadzono analiz¢ dyfrakcji
rentgenowskiej w celu okreslenia zmian w strukturze krystalicznej badanych zwiazkow. Na
podstawie danych dyfrakcji rentgenowskiej probek proszkowych i monokrystalicznych wyznaczono
parametry sieci krystalicznej oraz potwierdzono ze wszystkie monokrysztaly sg jednofazowymi
krysztatami o strukturze 3c typu Fe;Seg [115,116,83]. Analiza Rietvelda zmierzonych widm
dyfrakcyjnych zostala przeprowadzona przy uzyciu pakietu oprogramowania PDXL firmy Rigaku i
bazy danych ICDD PDF+4. Stwierdzono, ze monokrysztaty Fe;Seg z jonami Ni i Co, czgSciowo
zastgpujacymi jony Fe, wykazuja symetri¢ trygonalng (opisang przez grup¢ przestrzenng P3:21,
nr. 152) [Rys. 5.1(a)] [aut. dr Diduszko - informacja prywatna].

Aby uzyska¢ informacje o charakterze podstawienia 1 okresli¢ zmiany wlasciwosci
magnetycznych w wyniku domieszkowania, zmierzono temperaturowe 1 polowe zaleznosci
namagnesowania. Analizujac wyniki zaktadano, ze stan magnetyczny w badanym zakresie
koncentracji jest realizowany przez proste zastgpienie momentdw magnetycznych jondéw Fe
momentami magnetycznymi jonéw Co i Ni. Przeprowadzone badania pokazaly ze temperatura
przejscia fazowego pierwszego rodzaju przesuwa si¢ monotonicznie do nizszych temperatur wraz
ze wzrostem koncentracji niklu. Wida¢ ogromng rdéznice wilasciwosci magnetycznych probek
domieszkowanych niklem i kobaltem poniewaz, pomimo podobienstwa zmian statych sieci, wptyw
Co 1 Ni na Tsrr jest rozny ze wzgledu na rdézne stany magnetyczne tych jonéow w polu

krystalicznym.

52



120f \k\"\w
F

g 80 e,Se
E e \PI—
— 40, o e, . . \
" =— Tgrr pod cisnieniem hydrostatycznym —a-
0 5 P (kbar) 10
150f
IW.
2100~
i
|_<n 50+
o) O (Fe1,A)7Seq
0 4 8 12

X (%)

Rys. 5.1. (a) Potozenia atomoéw w komorce elementarnej w ptaszczyznie ac (czerwony — Ni,
fioletowy — Fe, niebieski — Se) dla Fe;Seg domieszkowanego 21% Ni. Luki (puste miejsca) sg
rozmieszczone wzdhuz osi ¢ w taki sposob, ze ciggle tancuchy Fe s3a oddzielone lukami.
(b) Zalezno$¢ migdzy temperaturg reorientacji spinowej a koncentracjg domieszkowanych jonow,
X (dolny panel), w porownaniu z wptywem ci$nienia hydrostatycznego na Tsgt dla czystego Fe;Seg
(gorny panel), mierzonego w polu magnetycznym B = 0,01 T. [Rysunek pochodzi z Artykutu Il
przedstawionego na stronie 64]

Obserwowana zalezno$¢ magnetyzacji od pola wskazuje ze badane krysztaty znajduja si¢ w
fazie ferrimagnetycznej o niskim namagnesowaniu dla B wzdtuz osi ¢ i w fazie o wysokim
namagnesowaniu dla B w tatwej ptaszczyznie ¢ przy T > Tsrr, tj. 0§ € powyzej Tsrr Nie jest osig
tatwa”, ale ,trudng”. Nalezy zauwazy¢, ze wptyw podstawienia Ni na krzywe M(T) jest podobny
do dzialania ci$nienia hydrostatycznego. W wynikach przedstawionych w ponizszej publikacji
widoczna jest korelacja migdzy zawartoscig jonow niklu a ksztaltem krzywej magnesowania
pojawiajgca si¢ dla koncentracji Ni ponizej 11%. Takie zachowanie namagnesowania wskazuje, ze
rodzaj przejscia fazowego w czystych i domieszkowanych monokrysztatach Fe;Seg koreluje sie ze

zmianami sieci krystalicznej, podobnie jak w przypadku przytozenia ci$nienia hydrostatycznego.
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Rys. 5.2. Zalezno$¢ namagnesowania od pola magnetycznego w réznych temperaturach dla

krysztatu podstawionego 8,5% jonow NidlaB || c (a) i B L ¢ (b).

Przeprowadzone badania wykazaty istnienia indukowanego polem przej$cia magnetycznego
dla probek domieszkowanych Ni i Co. Przedstawione krzywe namagnesowania i ewolucja ich
ksztattu sa najwyrazniej krzywymi charakterystycznymi dla antyferromagnetykéw [Rys. 5.2].
Jednak badany uktad jest anizotropowym ferrimagnetykiem. Wilasciwosci magnetyczne takiego

uktadu [117,118,119] szczegdtowo opisat Asti [120].
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Rys. 5. 3. Diagram fazowy Tsgr—B. dla probek o réznych koncentracjach domieszek.
Symbole puste przedstawiaja dane uzyskane w konfiguracji pola magnetycznego B L ¢, a symbole

petne w konfiguracji B || ¢. [Rysunek pochodzi z Artykutu 11 przedstawionego na stronie 64]

Zgodnie z wynikami badan efektow kalorycznych, normalny MCE (AS, < 0) jest

obserwowany w polu magnetycznym przylozonym wzdtuz osi ¢ krysztatlow Fe7.,ASes, podczas gdy
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dla pola magnetycznego skierowanego wzdhluz plaszczyzny c obserwuje si¢ odwrotny MCE
(ASm > 0) (Rys. 5.4). Zaobserwowano ze wpltyw cisnienia chemicznego na Tsgr | W konsekwencji
na efekt magnetokaloryczny jest znaczacy. Gtowne roéznice w MCE miedzy krysztatami
podstawionymi Ni i Co sg nastepujace: 1) rozne sg temperatury wystepowania maksimum MCE, ze
wzgledu na roznicg temperatur SRT; 2) rdézna jest szybkos¢ rozszerzenia MCE wraz ze wzrostem
pola magnetycznego. Obliczenia MCE wykonano réwniez w poblizu przej$cia fazowego drugiego
rodzaju (zakres temperatur od 350 do 380 K) dla prostopadiego i rownolegtego kierunku pola dla
probki o koncentracji 21% Ni.

Pomiary ciepta witasciwego (C) i wyznaczenia zmian entropii magnetycznej na ich
podstawie wykonano dla monokrysztalow Fe;Seg domieszkowanych 4,5% niklu oraz 4,9% kobaltu
dla B = 0 w zakresie temperatur 2 — 300 K oraz dla B w zakresie od 0,5 do 2 T, dla temperatur do
150 K, dla B przytozonego wzdtuz osi ¢ oraz w ptaszczyznie ¢. W obu przypadkach podstawienia
maksima ciepta wiasciwego maja zblizong warto$¢ dla obu kierunkow przylozonego pola
magnetycznego. W poblizu FOPT, catkowite ciepto wiasciwe jest sumg wktadu fononowego i
wkladu zwigzanego z utajonym cieptem przej$cia. Zalezno$¢ temperaturowa AT,y obliczono
zarowno dla rownoleglej, jak i prostopadiej geometrii pola magnetycznego wzgledem osi ¢, dla

zakresu polaod0do 1 T.
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Rys. 5.4. Zmiany entropii izotermicznej pod wplywem zmiany pola magnetycznego w
funkcji temperatury dla krysztalow Fe;Seg domieszkowanych 8,5% jondéw Ni (a) i 9% jonow
Co (b).

Przeprowadzono réwniez pomiary krysztatow (FeogssNiposs)7Ses 1 (Fep91C0o,09)7Ses pod
ci$nieniem hydrostatycznym. Szybko$¢ przesunigcia Tsgr W kierunku nizszych temperatur dla
probek podstawionych Ni i Co jest 2,5 — 3 razy wigksza niz w przypadku czystego Fe;Seg.
Prawdopodobnie przyczynag przesunigcia w czystych i domieszkowanych krysztatach Fe;Seg jest

specyficzna zmiana energii magnetokrystalicznej, ktora jest wrazliwa na zmiany ci$nienia.
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W rozdziale ,,Podstawy teoretyczne” opisano model jednojonowy dla monokrysztatow
Fe;Seg zaproponowany przez Kamimurg. Na podstawie tego modelu i wybranych parametrow
badanych krysztatow obliczono wtasciwosci magnetyczne i efekty kaloryczne dla czystych i
domieszkowanych jonami Ni i Co monokrysztatbw Fe;Seg. Na Rysunku 5.5 przedstawiono
porownanie teoretycznych (obliczonych przez rozniczkowanie energii swobodnej [Rownanie (11)])
[101] i eksperymentalnych (obliczonych za pomocg réwnania (1)) wynikéw zmiany entropii
magnetycznej. Obliczenia zostaly przeprowadzone dla B = 1 T przylozonego rownolegle i
prostopadle do osi ¢ krysztatow zawierajacych 1,3%, 4,5%, 8,5% i 11% jonoéw Ni (Rys. 5.5(a)) i dla
krysztatdw domieszkowanych jonami Co o koncentracji 2,5%, 4,5% i 9% (Rys. 5.5(b)). Zgodnie z
wynikami modelowania zachowanie domieszkowanych probek koreluje si¢ z wynikami obliczen

dla ci$nienia hydrostatycznego.
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Rys. 5.5. Zalezno$¢ zmiany entropii od temperatury 1 pola magnetycznego przytozonego
wzdtuz 1 prostopadle do osi € przy zerowym cisnieniu w polu magnetycznym 1 T dla krysztatow
0 roznych wartosciach koncentracji Ni (a) i Co (b). Punkty reprezentujag wyniki eksperymentalne,
grube linie to wyniki obliczen. [Rysunek pochodzi z Artykutu Il przedstawionego na stronie 64]

Celem pracy bylto ustalenie wptywu podstawiania w podsieci zelaza atoméw 3d metali
przejSciowych na zmiany struktury krystalicznej, wiasciwosci fizycznych i przemian fazowych w
warstwowych chalkogenkach metali przejsciowych typu Fe7..ASes. Uzyskane w tej pracy wyniki
poglebiaja nasze zrozumienie roli Ni 1 Co w ksztattowaniu struktury krystalicznej 1 wlasciwosci
fizycznych takich zwigzkéw oraz moga postuzy¢ do konstruowania nowych modeli teoretycznych
opisujacych te wlasciwosci fizyczne. Znalezienie korelacji 1 zrozumienie zwigzku migdzy zmianami
strukturalnymi a zachowaniem wtasciwosci domieszkowanych zwigzkéw poszerzy mozliwosci

ukierunkowanej syntezy nowych materiatdw funkcjonalnych o zadanej kombinacji cech fizycznych.
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Artykul powigzany z rozdzialem V

Artykut 1I: Combined pressure and magnetic field induced caloric effects in Fe7Se8 single crystals

doped with Ni and Co ions

Y. Konopelnyk, P. Iwanowski, R. Diduszko, T. Zajarniuk, J. Fink-Finowicki, |. Radelytskyi, A.
Szewczyk, H. Szymczak, M. Pekala, and R. Puzniak

Journal of Applied Physics 132, 173904 (2022)

Abstract

The influence of Co and Ni ion doping on the crystal structure, phase transitions, and magnetic
properties of the Fe;Seg system has been investigated. The compounds studied are
(Feo.087Nio.013)7S€s,  (F€0.955Ni0.045)7S€8, (Fe0.915Ni0.085)7S€s, (F€o.80Ni0.11)75€s, (F€0.70Nio21)7S€s,
(Feo.975C00.025)7S€8, (F€0.951C00.049)7S€8, and (Fep91C0009)7Seg as well as the parent compound
Fe;Seg. The crystals are grown using a modified Bridgman method and exist as a hexagonal NiAs-
like structure with an ordered distribution of Fe vacancies that determine their magnetic properties.
The substitution effect, inducing a systematic decrease in the unit-cell volume due to the ionic radii
of doping ions being smaller than the radii of Fe?* ions, is a source of chemical pressure, acting on
the magnetic subsystem and determining the magnetic ordering temperature Tc and the spin-
reorientation temperature (Tsgt). As the most important result of this paper, it was shown that
hydrostatic and chemical pressures are strongly correlated in the investigated system. The character
of magnetic phase transitions has been designated in the vicinity of T¢ and Tsgr temperatures, and
the magnetic entropy change ASp, and refrigeration potential magnitudes have been determined for
this temperature range. These magnetocaloric parameters were shown to depend strongly on
chemical pressure. A phenomenological model developed based on the experimental measurements
demonstrated that the magnetic properties of the system depend strongly on the crystal field acting

on Fe?* ions and the ratio of the numbers of Fe?* and Fe*" ions.
https://doi.org/10.1063/5.0093024

Oryginalna publikacja jest dostgpna pod adresem
https://aip.scitation.org/doi/abs/10.1063/5.0093024
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ABSTRACT

The influence of Co and Ni ion doping on the crystal structure, phase transitions, and magnetic properties of the Fe;Sey system has been
investigated. The compounds studied are (Fegos;Nig13)75€s, (Feos5Nigo45)75€s, (Fego15Nigoss)7Ses, (FeggoNig11)7Ses, (Fep79Nig2y)-Ses,
(Fep.975C00.025)75€s, (Fegos1C0g 049)7Ses, and (Feg o, Copgo)7Ses as well as the parent compound Fe;Ses. The crystals are grown using a
modified Bridgman method and exist as a hexagonal NiAs-like structure with an ordered distribution of Fe vacancies that determine their
magnetic properties. The substitution effect, inducing a systematic decrease in the unit-cell volume due to the ionic radii of doping ions
being smaller than the radii of Fe** ions, is a source of chemical pressure, acting on the magnetic subsystem and determining the magnetic
ordering temperature T and the spin-reorientation temperature (Tsgr). As the most important result of this paper, it was shown that
hydrostatic and chemical pressures are strongly correlated in the investigated system. The character of magnetic phase transitions has been
designated in the vicinity of T and Tsgy temperatures, and the magnetic entropy change AS,, and refrigeration potential magnitudes have
been determined for this temperature range. These magnetocaloric parameters were shown to depend strongly on chemical pressure.
A phenomenological model developed based on the experimental measurements demonstrated that the magnetic properties of the system
depend strongly on the crystal field acting on Fe** ions and the ratio of the numbers of Fe** and Fe’* ions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093024

1. INTRODUCTION

Iron-chalcogenides have recently attracted significant interest
because of superconductivity discovered in iron-based compounds.’
Among these materials, FeSe, composed only of conducting planes,
exhibits the simplest crystal structure, while the stoichiometric
Fe;Sey compound exhibits a long-range magnetic order. The
vacancies compensate for the iron deficiency in Fe;Seg at the cation

effect appears below Tspy in a magnetic field directed perpendicu-
lar to the c-axis.”

As the subject of the current work, this material crystallizes in
the NiAs structure, where one-eighth of the metal positions are
vacant.” Filled layers of the chalcogen in NiAs-type Fe;Seg com-
pounds alternate with metal layers, where the spins of Fe atoms are
aligned parallel to each other inside each metallic layer and are
ordered antiparallel in neighboring layers." It was shown in the lit-

sites, which may be ordered. It was shown that the magnetic field
induces a shift of spontaneous transition, consisting of spin reori-
entation. The magnetocaloric effect (MCE) exhibits unusual prop-
erties near the spin-reorientation temperature Tspr. The normal
magnetocaloric effect is observed above Tspr in a magnetic field
directed parallel to the c-axis, while the inverse magnetocaloric

erature” that the Fe,Seg compound is a ferrimagnet with Néel tem-
perature Ty equal to 450 K. As the temperature increases, the
spin-reorientation transition phenomenon from an easy c-axis to
an easy c-plane, measured in a small B=0.01T field, proceeds as a
first-order phase transition in the narrow temperature range of
124-131 K.

J. Appl. Phys. 132, 173904 (2022); doi: 10.1063/5.0093024
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The NiAs-type crystals consisting of iron and selenium have a
large number of possibilities for cation (Fe) magnetic moment
distributions.”” Replacing cations with an element of the same
chemical group changes the crystal’s magnetic coupling and mag-
netocrystalline anisotropy, leading to various complex magnetic
properties. Substitution of iron with atoms of other transition
metals (Ti, V, Cr, Mn, Co, Ni) in Fe;Seg showed that small concen-
trations of these atoms, from 3% to 10%, can lead to strong
changes in magnetic properties.” It was found that an increase in
the cobalt concentration in (Fe;_,Co,);Xg systems, where X=S or
Se, leads to the vanishing of the long-range magnetic order and the
average magnetic moments of metal ions.”” Upon replacing iron
with cobalt, the Néel temperature of (Fe;_,Co,);Ses decreases mono-
tonically, and finally, the Co,Seg becomes a Pauli paramagnet.”

It was assumed” that the disappearance of the long-range
magnetic order of the magnetic moments in these systems was
caused mainly by the decrease in the interlayer’s distance with the
replacement of iron by other transition metals and is well illustrated
in the case of substitution with Ni** ions. The ionic radius of Ni**
in the high spin (HS) state is 0.69 A, while the size of Fe*' ions in
the HS state is 0.78 A.""'" It has been established that the lattice
parameter ¢ decreases considerably with increasing nickel content,
but the lattice parameter a = b varies little, indicating strong anisot-
ropy of the crystal compressibility. This agrees with pressure experi-
ments when the long-range magnetic order and the magnetic
moments on Fe atoms in the Fe,Sg compound disappear under the
action of sufficiently high hydrostatic pressure.”” In the case of
cobalt substitution, the effect is expected to be much smaller since
the ionic radius of Co®* in the HS state is 0.745 A, which is signifi-
cantly larger than the ionic radius of Ni** in the HS state (0.69 A)
and is much closer to the size of Fe** ions in the HS state
0.78 A)."

Combined pressure and magnetic field-induced caloric effects
are particularly interesting in Fe;Seg because of the existence of
two phase transitions.”’ This work is aimed at determining the
effect of the replacement of iron with nickel and cobalt on the
structure, magnetic, and magnetocaloric properties of single-crystal
(Fe,_Ni,);Se; and (Fe;_,Co,);Ses compounds with various
chemical compositions: (Fegos7Nigo13)75€s,  (Feg955Nip.045)75€s,
(Fegg15Nigss)7S€s (FeosoNin11)75¢s, (Feg7oNig21)7Ses, (Feoo7sC00025)75€s,
(Feg.951C0.049)75€s, and (Feg 91Coq,09)7Ses, and the comparison of
this effect with the effect of hydrostatic pressure. The Ni and Co
ions have been chosen because their ionic radii depend not only on
their valency but also on their spin state (low or high spin state).

In connection with previous research on the magnetocaloric
effect' ™" and on ferrites, it is of great interest to investigate mag-
netic property changes, phase transitions, and magnetocaloric phe-
nomena in iron-chalcogenides when iron atoms are replaced by
nickel or cobalt. These investigations of the nickel and cobalt effect
on the magnetic and magnetocaloric properties of Fe;Seg were
performed considering previous investigations of Fe;Ses com-
pounds ™' as well as the small amount of available data. The very
simple crystal structure of Fe;Seg allows us to develop a phenome-
nological model of the magnetocaloric effect for pure and doped
Fe;Sey crystals. Although the model has some limitations (it is a
single-ion model, and interactions between magnetic ions are
neglected), it correctly describes the experimental data.

ARTICLE scitation.org/journal/jap

Il. EXPERIMENTAL DETAILS

The Fe;Sey single crystals doped with Ni and Co ions were
grown using a modified Bridgman method. For the crystal prepara-
tion, stoichiometric proportions of Fe (Ni/Co) with 4N and Se with
5N purities were used as a starting material. A proper combination
of the reagents was mixed inside a glovebox under an argon atmo-
sphere and sealed into double-walled evacuated (9.32 x 107" Pa)
quartz ampoules. Samples were synthesized in a horizontal furnace
at 1000 °C for 2 days. Next, the ampules were placed in a vertical
furnace with a 1.5 °C/mm temperature gradient. Crystal growth was
carried out by decreasing the temperature from 1075 to 950 °C at a
1°C/h rate. After growth, the samples were cooled to about 400 °C
at a 2 °C/h rate and then quenched to room temperature.

The primary phase and structure analysis of the obtained
compounds was performed by x-ray powder diffraction using a
Siemens D500 diffractometer equipped with a high-resolution
Si:Li detector. The chemical compositions of the obtained samples
were examined by SEM/EDX techniques on an X-MAX silicon
drift detector with a JEOL JSM-7600F scanning electron micro-
scope and determined as (Fepgg;Nipo13)75€s, (FegossNippas)7Ses,
(Fe.915Nig.085)75€s, (Fe.goNig 11)7Ses, (Feg,79Nig.21)7Seg,
(Feo.975C00.025)75¢es,  (Feg051Cop,040)75€s, and  (Feg,Cog o) Ses.
The error of concentration measurements on EDX is approximately
0.2%, and for unit-cell measurements, it is approximately 0.001 A.

The crystals were orientated at room temperature using a
KM-4 KUMA-diffraction single-crystal x-ray diffractometer with a
filtered Cu radiation source, a 002 graphite monochromator on the
primary beam, a four-circle kappa goniometer, and a scintillation
detector. The structure parameters and the purity of the Fe;Sey
phase were determined by measuring the powdered samples on a
Rigaku SmartLab 3 kW powder diffractometer with a filtered Cu
radiation source and a D, 250 linear detector. Measurements were
made in the 20 range of 10-100° in 0.01° steps, and a 2° per min
scan speed. The Si510 single crystal without a background material
was used as the holder. A Rietveld refinement analysis of the mea-
sured diffraction patterns [Figs. 1(a) and 1(c)] was performed using
the PDXL software package by Rigaku and the ICDD PDF4
database.

Magnetization measurements have been performed on the
SQUID MPMS 7XL magnetometer in magnetic fields up to 5T in
the 5-380K temperature range with an accuracy of about
6x 1077 emu. The magnetocaloric effect was calculated based on
M(B,T) measurement data. Magnetic measurements in the vicinity
of the Néel temperature (300-450K) were performed using a
Faraday balance in a 1.5 T magnetic field.

Specific heat was measured using the relaxation method, with
the standard HC option of the physical property measurement
system (PPMS) made by Quantum Design. The estimated uncer-
tainty of the determined specific heat values was approximately 2%.
For B =0, the studies were performed in the 2-300 K temperature
range, and for several fixed magnetic field values up to 2 T, mea-
surements were made for the temperatures in the vicinity of a
phase transition. The specific heat was measured every 0.5K near
the phase transition and every 1 K in regions where a phase transi-
tion was not expected. Not all experimental points are marked with
symbols in the figures presented to maintain legibility.
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FIG. 1. (a) and (c) X-ray diffraction patterns recorded at 300 K for (Fe;_,A,);Se; crystals, where A= Ni or Co for various Ni and Co concentrations. The * symbols indicate
the positions of the diffraction peaks of the Fe;Ses phase (weaker reflections are not marked). (b) The arrangement of atoms in the unit cell in the ac plane (the displayed
crystal structure represents one of many ion distribution possibilities; all ion positions are filled randomly, either with Fe ions or with the corresponding probability for Ni or
Co ions: red—Ni/(Fe), violet—Fe/(Ni), and blue—Se) for Fe;Ses doped with 11% Ni. The vacancies (empty spaces) are located along the ¢ axis such that vacancies sepa-
rate continuous Fe chains. (d) The volume of the crystal unit cell, V. and the c/a ratio (f) as a function of doping, determined from the Rietveld refinement analysis.
Squares and dots represent experimental data, and straight lines are fitted to the data.

Experiments under external hydrostatic pressure, in the range
of 0-10.25kbar, were performed with the easyLab Technologies
Meell 10 pressure cell with Daphne 7373 oil' " chosen as a medium
with stable pressure characteristics.” The hydrostatic pressure in
our experimental setup was fixed at room temperature, and the
sample was cooled to low temperatures. A high-purity Sn wire
(0.25 mm diameter) was applied as an in situ manometer with a
precision of about 0.25kbar. The background noise from the

pressure cell was very small compared to the sample signal and
was, therefore, neglected in the data analysis.

Inaccuracies in numerical and experimental techniques always
lead to lower precision in MCE estimation. Following the method
presented in our previous work,' the systematic errors were esti-
mated as follows: o, is equal to 0.5% or less, oy is equal to 0.1% or
less, and 67=0.1 K+ 0.001 T or less. Random errors were assumed
to be negligible. Following the authors of Ref. 19, where the average
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TABLE I. The unit-cell parameters of pure Fe;Seg and Ni and Co doped samples.
Fe;Seq (Fe,_Ni.);Seg (Fe,_,Co,);Seg

x (%) 0 13 4.5 8.5 11 21 2.5 4.9 9
a=b(A) 7.245 7.241 7.239 7.232 7.232 7.235 7.239 7.236 7.228
c(A) 17.67 17.613 17.509 17.473 17.462 17.205 17.615 17.534 17.41
c/a 2439 2432 2419 2416 2415 2.378 2433 2423 2.409
Vv (A“) 803.24 799.76 794.60 791.43 790.94 779.94 799.41 795.08 787.71

total error in 1T was suggested to be in the range of 5%-9%, the
total uncertainty of AS,, [and as a consequence of refrigerating
capacity (RC), relative cooling power (RCP), and temperature-
averaged entropy change (TEC)] was assessed at oas~ 7%.

11l. X-RAY DIFFRACTION

The lattice parameters of the crystals were determined from
the single-crystal and powder x-ray diffraction data and are listed
in Table I. The parameters obtained agree well with previously
reported results.”””' According to the x-ray diffraction results
[Figs. 1(a) and 1(c)], all of the single crystals are crystallized in a
single-phase 3¢ structure of the Fe;Seq type.” ™ It was determined
that the Fe,Segy single crystals with Ni and Co ions partially substi-
tuting Fe ions exhibited trigonal symmetry (described by the space
group P3,21, no. 152). There are five Wyckoff positions of Fe ions
in the unit cell: Fel in 3b (x,0,5/6), Fe2 and Fe3 in 3a (x,0,1/3), and
Fe4 and Fe5 in 6¢ (x,),z). Four selenium ions (from Sel to Se4) are
located in 6c (x,y,z) positions.” Figure 1(b) presents the arrange-
ment of atoms in the unit cell in the ac plane for Fe;Ses doped
with 11% Ni.

Figures 1(d) and 1(f) present the unit-cell volume V and the
lattice constants ¢/a ratio as a function of Ni and Co content. It is
seen that the ¢ parameter (17.67 A for pure Fe;Seg) decreases much
faster with increasing Ni and Co concentration (17.205 A for 21%
Ni and 17.41 A for 9% Co) than the a=b parameter (7.245 A for
pure Fe;Ses, 7.235 A for 21% Ni, and 7.228 A for 9% Co) (see
Table T). Smaller-sized doped ions cause a decrease in the lattice
constants with increasing Ni or Co concentrations. The lattice
constant dependency for the samples doped with Ni is less sloped
than that for the samples doped with Co, which may indicate that
some fraction of the Co ions are in the low spin state because Co”"
ions in low spin states have lower ionic radii than Ni**, while the
ionic radii of Co”" ions in the high spin state are higher than Ni**,

IV. SPIN-REORIENTATION TRANSITION AND
MAGNETIC PROPERTIES OF DOPED FE;SEg SINGLE
CRYSTALS

Based on data from previous papers,”’” it was decided to
extend the research of pressure-dependent Fe;Seg magnetic proper-
ties by applying chemical pressure instead of a hydrostatic one. For
this purpose, the magnetic properties of Fe;Ses single crystals
doped with 1.3%, 4.5%, 8.5%, 11%, and 21% Ni and 2.5%, 4.9%,
and 9% Co have been studied.

Figures 2(a) and 2(b) show the temperature dependencies of
zero-field cooled (ZFC) magnetization in a B=0.01 T magnetic

field applied parallel [Fig. 2(a)] and perpendicular [Fig. 2(b)] to the
c-axis for the crystals with various Ni and Co concentrations. The
temperature of spin reorientation from the easy c-axis to the easy
c-plane [Fig. 2(a)] at about 116 K for the sample doped with 1.3%
Ni was lower than that at 125K for pure Fe;Seg, as determined
from the magnetization temperature dependency. The temperature
of the first-order phase transition is monotonically shifted to lower
temperatures with increasing nickel concentration. For the crystal
with 11% Ni ions, the spin-reorientation temperature was
Tsrr=9K [Fig. 2(a)], and for 21% Ni content, Tsgy is no longer
visible [Fig. 2(g)]. The spin-reorientation temperature equals nearly
124K for the sample doped with 2.5% Co ions, while Ty is
shifted to ~133K for 9% Co. A significant difference in the mag-
netic properties for nickel- and cobalt-doped samples is observed
because the effect of Co and Ni on Tggy is different because of the
difference in the crystal field acting on these ions despite the simi-
larity in the lattice constant changes.

The magnetization in the vicinity of the Néel temperature of
Fe,Seg samples doped with nickel and cobalt, recorded in a
B=15T external field perpendicular and parallel to the c-axis, is
presented in Fig. 2(d). The recorded dependencies are typical for
materials exhibiting a second-order transition from the ferrimag-
netic to paramagnetic phase. The samples were oriented in a mag-
netic field with an accuracy of about 10°. Even a small rotation of
the samples caused significant changes in the magnetization
because strong anisotropy was observed below the Néel tempera-
ture (Ty). Ty was determined from the minimum of the magneti-
zation derivative, with an accuracy of a few Kelvins, and the
following values were obtained: 416 K (4.5% Ni), 403 K (8.5% Ni),
361 K (21% Ni) [see Fig. 2(g)], and 415-418 K (4.9% Co). The Néel
temperature tends to decrease with increasing Ni concentration
similar to the tendency observed for Ty but at a few times slower
rate [see Figs. 2(e) and 2(f)].

Because SRT temperature hysteresis, indicating a first-order
phase transition (FOPT) in the sample, is close to the measurement
accuracy [ATyq = 0.02 K; see Fig. 2(c)], it was decided to confirm the
type of phase transition using a method similar to the one used for
pure Fe;Sey crystals under hydrostatic pressure.’” The applied
method is based on the qualitative analysis of magnetization temper-
ature dependency at various field values, obtained by transforming
experimentally measured magnetization as a function of the field
value. Observation of abrupt changes in magnetization indicates the
FOPT. However, the sharp jump in magnetization becomes
smoother at higher Ni concentrations similar to pure Fe;Seg at high
hydrostatic pressure values. Such behavior indicates a possible cross-
over of the FOPT to the SOPT (second-order phase transition).
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FIG. 2. (a) and (b) Zero-field cooled (ZFC) magnetization as a function of temperature for the Fe;Seq single crystal doped with various Ni and Co concentrations,
measured in a B=0.01T magnetic field applied parallel (a) and perpendicular (b) to the crystallographic c-axis. (c) Temperature hysteresis curve for B=0.1T directed
parallel to the c-axis for crystals with 4.5% and 11% Ni concentrations. The zero-field cooled curve is denoted ZFC, and the field-cooled curve is denoted FC.
(d) Magnetization at high temperatures for samples with various Ni and Co concentrations in a B=1.5T magnetic field oriented parallel and perpendicular to the c-axis of
the Fe;Se, single crystal. (e) and (f) Correlation between spin-reorientation temperature (7sgr) and concentration of doped ions (x) compared with the influence of
hydrostatic pressure on Tsgr for pure Fe;Seg measured in a B=0.01 T magnetic field. (g) Temperature dependency of magnetization for the sample doped with 21% Ni in
various magnetic fields.
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The difference between magnetization curves for various Ni
and Co concentrations parallel to the ¢ axis orientation of the
applied field is evident in the M(B) dependencies given in Fig. 3,
obtained in the isothermal measurements. The decrease in the satu-
ration magnetization for the Fe;Ses single crystals doped with
nickel at T=10K for B || ¢ is well illustrated in the inset of
Fig. 3(b). However, for the external magnetic field applied along
the hard direction, no saturation of the hysteresis loop was
observed even for B=5T (not shown). The observed magnetization
field dependency demonstrates strong magnetocrystalline anisot-
ropy for the doped Fe-Seg crystal.

The coercivity B. is about 0.1 T at 10K for B || ¢ at ambient
pressure, decreasing to about 0.02 T with an increase in the Ni con-
centration to 8.5%. For the samples doped with 11% Ni, coercivity
increases slightly to approximately 0.04 T. The increase in B. for
higher Ni concentrations could be related to T=10K being in the
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FIG. 3. Comparison of magnetic hysteresis loops at T=10K for crystals doped
with various nickel (a) and cobalt (b) concentrations for B || c. The inset in
panel (b) is the saturation magnetization M at T=10K as a function of the
doped crystal concentration.

ARTICLE scitation.org/journalljap

region above Tgpy. For lower concentrations, this temperature is in
the region below Tgry. Therefore, the measurements were done for
different phases.

Saturation magnetization (M;) values, presented in the inset of
Fig. 3(b), were obtained by extrapolation of the high-field region of
M(B) dependency to the zero field [see the data given in Fig. 3(a)].
As seen from the Tgpy concentration dependencies [Figs. 2(e)
and 2(1)] and M, [inset to Fig. 3(b)], both the spin-reorientation
transition temperature and the saturation magnetization decrease
with increasing Ni concentration for B || c. However, for Co-doped
samples, only the saturation magnetization and B decrease.

Figure 4 presents the field dependence of magnetization at
various temperatures for the studied system. Presented curves are
apparently the curves characteristic for antiferromagnets. However,
the studied system is an anisotropic ferrimagnet. Magnetic proper-
ties of such a system were described in details by Asti.”" The
observed change has the same character as in pure Fe;Segs crystals.
However, the reorientation temperature shift in the doped samples
is larger than in the pure samples. For Fe;Ses, a field change from
0.01 to 2T induces a 20K difference in the SRT, while in the
sample doped with 2.5% Co, the shift is equal to 43 K and exceeds
90K for the crystal with 9% Co.

Magnetization as a function of temperature for crystals with
various Ni and Co concentrations, measured in magnetic fields
from 0.01 to 3T, is shown in Fig. 5. The crystals are in the ferri-
magnetic phase of low magnetization for B applied along the c-axis
and in the high magnetization phase for B in the easy c-plane at
T> Tepys ice., the c-axis above Tspy is not “easy” but “hard.” Tt
should be noted that the effect of Ni doping on the M(T) curves is
similar to the action of hydrostatic pressure.'

The spin-reorientation temperature of (Fe;_Ni,);Seg com-
pounds increases (B || ¢) or decreases (B L ¢) with an increasing
magnetic field, similar to pure Fe;Seg with/without applying hydro-
static pressure. However, the phase-transition temperature shift
increases with increasing Ni concentration for both applied field
directions. For Fe;Ses, the change occurs with a slope of approxi-
mately 8-11 K/T, while in the sample doped with 4.5% Ni, the
slope is 20 K/T and becomes 75 K/T for 11% Ni.

In the case of doped crystals, the above temperature shift is
related to the effect of decreasing interplanar distance shown in
Fig. 1. According to Ref. 25, the nickel content stabilizes the ferri-
magnetic state of the Fe;Seg crystal. The decrease in magnetization
is related to the large reduction in the lattice constant ¢ and a con-
sequent increase in the interaction between 3D wave functions,
broadening the energy band and causing the collapse of the metal
atom’s magnetic moment. Therefore, the decrease in magnetization
in the Ni-doped compounds is caused by the decrease in the
unit-cell constant ¢.”” The situation is similar in the case of Co
doping. However, increasing cobalt concentration does not lead to
a decrease in Tgpy but may be related to the fact that Co™" is non-
magnetic in the low spin state.

Magnetization temperature dependencies measured in the
vicinity of the Néel temperature for the magnetic field directed par-
allel to the c-axis for the sample doped with 21% Ni ions are
shown in Fig. 2(g). As mentioned above, the second-order phase
transition from the ferrimagnetic to paramagnetic phase is
depressed to Te=365K in the sample doped with 21% Ni ions,
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FIG. 4. (a) and (b) Magnetization field dependencies at various temperatures for the crystal doped with 1.3% Ni ions for B || ¢ and B L c. (c) and (d) Magnetization field
dependencies at various temperatures for the crystal doped with 4.9% Coions for B || cand B L ¢.

compared with T =450 K for pure Fe;Seg. One can see that, unlike
the first-order transition, increasing the magnetic field does not
shift the second-order phase-transition temperature.

The magnetization temperature dependencies are presented
for samples doped with 1.3% Ni ions [Fig. 5(a)], 8.5% Ni ions
[Fig. 5(b)], 4.9% Co ions [Fig. 5(¢)], and 9% Co ions [Fig. 5(d)] for
B || c and B L c. These results were obtained from the magnetiza-
tion field dependency of Fig. 4, similar to Ref. 26. The abrupt mag-
netization change indicates that all measured phase transitions
exhibit first-order characteristics in low and moderate magnetic
fields. Figure 5(¢) summarizes the results of the SRT field depend-
ency estimated from the data given in Figs. 5(a)-5(d) for the mea-
surements performed at various chemical pressure magnitudes. It is
noted that the results presented in Iigs. 4 and 5 may be interpreted
as indicating the appearance of the second-order phase transition
for a sufficiently high external magnetic field or doped ion concen-
tration, suggesting the existence of an angular phase in the high
magnetic field region. However, this interpretation is not well-
grounded and has a rather qualitative character. Definitely, it is not

a simple case of a ferrimagnetic material with easy-plane
anisotropy.

V. MACNETOCALORIC EFFECT IN DOPED FE;SEg
CRYSTALS

The isothermal magnetic entropy change AS,, in the crystals
with various Ni and Co concentrations was calculated using
Maxwell’s relation,”

B

ASw(T, B) = J(%ﬁ;—) dB. (1)
B

0

The isofield magnetization M(T,B) curves appearing in Eq. (1)
were measured for the interval from 5 to 210 K.

Detailed descriptions of the chosen approach (see the
supplementary material), as well as the sources of possible errors in
determining the MCE, were presented in previous works.” ™" A
normal MCE (AS,, <0) is observed in a magnetic field applied
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along the c-axis of the (Fe, (Niy);Sey crystals, while for a magnetic
field directed along the c-plane, an inverse MCE (AS,,>0) is
observed (Fig. 6). The impact of chemical pressure on Tspy, and
consequently on the magnetocaloric effect, is significant. The shift
in the phase transition with increasing Ni concentration is compa-
rable to that induced by the magnetic field directed perpendicular
to the c-axis or by hydrostatic pressure in pure Fe;Ses. This effect
clearly illustrates the strong coupling between the crystal structure,
magnetic system ordering, and magnetic entropy. Consequently, Ni
doping considerably reduces the required magnetic field at a fixed
temperature below Tsgy to induce spin reorientation. For the
studied range of nickel concentrations (1.3%-21%), the maximum
possible value of the magnetocaloric effect for each composition
was reached even below 1 T.

An increase in the Ni ion concentration led to an increase in
the field-induced Tsgy shift, increasing the —AS;, peak width. A
high magnetic field induces magnetic transitions and affects the

ARTICLE scitation.org/journalfjap

extension of the AS,, peak. The MCE curve is broader for all doped
samples than for pure Fe;Seg. The calculated maximum change of
magnetic entropy in a 1T field parallel to the c-axis is
—AS,, ~0.439(30) J/kgK and —AS,,~0.176(12) J/kgK for the
samples with 1.3% and 8.5% Ni concentrations, respectively (data
for the sample doped with 8.5% Ni are not presented in Fig. 6;
these data are presented in I'ig. 12(c) comparing the experimental
data with the phenomenological model predictions).

For the B L ¢ magnetic field direction, the maximum values
of the inverse magnetocaloric effect are —AS,,, ~ — 0.489(35) J/kg K
and —AS,, ~—0.188(13) J/kg K, respectively [see Fig. 6(a)]. The
decrease in the |-AS,,| value with increasing Ni concentration is
stronger than in pure Fe;Ses under hydrostatic pressure. However,
the correspondence between Ni content and pressure should be
specified to reach firmer conclusions. Further increases in the mag-
netic field do not affect the maximum |—-AS,,| magnitude for mag-
netic field B || ¢ but lead to an increase in |-AS,| for B L c
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FIG. 6. (a) and (b) Isothermal entropy changes for varying magnetic fields from 0 to 2 T as a function of temperature for Fe;Se; crystals doped with 1.3% Ni ions (a) and
with 4.9% Co ions (b). (c) and (d) High-temperature entropy changes for the crystal doped with 21% Ni ions for varying magnetic fields from 0 to 2T, recorded in the
vicinity of the Néel temperature for B || ¢ (c) and B L ¢ (d).
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A sharp magnetic entropy peak for pure Fe;Sey becomes gradual
and very wide for 11% Ni, which is quite different from the case of
hydrostatic pressure application to the pure Fe;Ses compound,
where the curves are more symmetrical and narrow.'”

In the case of Co doping, MCE behavior is similar to the
Ni-doped samples. The MCE reaches its maximum magnitude at
~0.5T, and an increase in the external magnetic field results
in MCE peak expansion [Fig. 6(b)]. The calculated maximum
changes in magnetic entropy for a 1T, B || ¢ magnetic field at
127K are —AS,,,~0.39(3) J/kgK for the 2.5% Co sample and
—AS,, 0.18(1) J/kg K for the 9% Co sample (data for the sample
doped with 2.5% and 9% Co are not presented in Fig. 6; these data
are presented in Fig. 12(d) comparing experimental data with phe-
nomenological model predictions). For B L ¢ the maximum
changes in magnetic entropy for 2.5% Co-doped and 9% Co-doped
Fe;Seg are —AS, ~—041(3)J/kgK and -AS,~-0.17(1) J/kgK,
respectively. The main differences in the MCEs of crystals doped
with Ni and Co are as follows: (1) different temperatures for the
MCE maximum because of the difference in SRT temperatures and
(2) different MCE expansion rates with an increasing magnetic field.

To estimate the working power of the magnetocaloric effect in
the materials considered, commonly used parameters, i.e., the
refrigeration capacity (RC),” relative cooling power (RCP)
[Eq. (54) in Ref. 27], and the “temperature-averaged entropy
change” (TEQC),”" were calculated. More detailed descriptions, with
complete overviews and comparisons of chosen approaches, are
available in Smith et al.,”” Griffith ef al,” and in Ref. 1. Calculated
magnitudes of |ASy|max RC, RCP, TEC(AT;z=3K), and TEC
(ATyiq = 10 K) are given in Table 11 for crystals with various Ni and
Co concentrations for both applied magnetic field orientations. The
symbol ATy indicates the estimated temperature change induced
by the magnetic field variation, and the values of AT given here
are commonly used in the literature.”

ARTICLE scitation.org/journalljap

The values in Table 11 generally tend to decrease with increas-
ing Ni concentration. However, a slight increase in the refrigeration
potential magnitude compared with the pure Fe;Seg compound can
be seen for the crystal with a 1.3% Ni content [Fig. 6(a) and
Table 11]. This effect is related to the fact that the |AS,|may value is
comparable to pure Fe,Seg for this crystal, but the full width at the
half maximum (8pwn) is 40% larger for B || ¢ and 25% larger for
B L ¢ than for pure Fe;Seg. The relative cooling power and refriger-
ation capacity values tend to grow for wide AS,, curves even if
|ASi|max does not change, and they do not represent the actual
merit of the material. Together with the RC and RCP, the TEC
gives additional information about the refrigeration potential of
materials with wide entropy change curves and avoids the overesti-
mation of a material’s actual merit.” "

MCE calculations were also performed in the vicinity of the
second-order phase transition (temperature range from 350 to
380K) for the perpendicular and parallel field directions for the
sample doped with 21% Ni [Figs. 6(c) and 6(d)]. This —AS,, curve
represents a standard temperature dependency of the magneto-
caloric effect around the Néel temperature, occurring because of
the transition from the ferrimagnetic to paramagnetic phase.
As usual, an increase in the magnetic field magnitude increases the
|-AS,,,| maximum value. Near Ty 2363 K, the maximum entropy
change at B=2T is —AS, ~0.15(1)]J/kgK for B || ¢ and
—AS,, 7 0.19(1) J/kg K for B L c. These values are approximately
one-fifth those of pure Fe;Seg.

The corresponding refrigeration capacity is equal to
|RC| % 0.92(6) J/kg for B || ¢ and |RC|~0.94(7) J/kg for B L c.
These values are one-sixth those determined in the vicinity of the
first-order phase transition for 11% Ni and one-fourth those
determined in the vicinity of the Néel temperature for pure Fe;Ses.”
The temperature-averaged entropy changes at B=2T for B || ¢
are equal to TEC(AT;z=3K)=0.133(10)J/kgK and TEC

TABLE II. Comparison of various MCE parameters obtained in the vicinity of the SRT at B =1T for the Fe;Seg single crystal and crystals doped with various doping ion

concentrations. All parameters decrease with increasing doped ion concentration,

Doping content in (Fe,_,A,);Seg

TEC (J/kg K)

and the geometry FWHM (K) |IRC| (J/kg) |RCP| (J/kg) ATy =3 (K) AT =10 (K) [AS | max (J7kg K)
Pure x=0,B || c 13(1) 5.4(4) 5.68(40) 0.493(31) 0.421(29) 0.435(30)
Pure x=0, BLc 18(1) 7.75(54) 8.89(62) 0.493(31) 0.487(34) 0.494(35)
Ni 1.3%, B || ¢ 21(1) 8.4(6) 9.15(64) 0.437(30) 0.435(30) 0.439(30)
Ni1.3%,BLlc 22(1) 9.75(68) 10.8(8) 0.493(31) 0.484(33) 0.489(35)
Ni 4.5%, B ” (S 25(1) 7.45(54) 8.0(6) 0.316(22) 0.314(22) 0.32(2)
Ni 4.5%, BL ¢ 27(1) 8.14(57) 8.75(61) 0.32(22) 0.317(22) 0.324(30)
Ni 8.5%, B || ¢ 50(1) 8.1(6) 8.8(6) 0.177(12) 0.175(12) 0.176(12)
Ni 8.5%, BL ¢ 29(1) 46(3) 5.54(39) 0.187(13) 0.183(13) 0.188(13)
Ni 11%, B || c 58(1) 6.17(43) 7.63(53) 0.107(7) 0.105(7) 0.106(7)
Co2.5%, B || c 14(1) 5.1(4) 5.5(4) 0.387(27) 0.378(26) 0.39(3)
Co 2.5%, BL ¢ 15(1) 4.9(3) 6.2(4) 0.403(28) 0.385(27) 0.41(3)
Co 4.9%, B || C 30(1) 5.9(4) 7.2(5) 0.24(17) 0.227(16) 0.24(2)
Co 4.9%, BL ¢ 35(1) 8.5(6) 9.8(7) 0.27(19) 0.257(18) 0.28(2)
Co 9%, B || C 43(1) 6.9(5) 7.7(5) 0.180(12) 0.176(12) 0.18(1)
Co 9%, Blc 49(1) 7.7(5) 8.4(6) 0.163(11) 0.164(11) 0.17(1)
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the crystal doped with 4.9% Co ions (b). Insets in both panels present heat capacity curves in the extended temperature range from 5 to 300 K. (c) and (d) Shift of the
peaks related to the latent heat of the phase transition at Tsgr with increasing B to lower temperatures for B L ¢ and to higher temperatures for B || ¢, determined by sub-

tracting the estimated phonon contribution from the total specific heat.

(AT =10K) =0.103(7) J/kgK. When B L ¢, these values are
TEC(ATyiq=3K) =0.177(12) J/kg K and TEC(ATy5 = 10K)
=0.155(11) J/kg K. These values are comparable or slightly higher than
those determined in the vicinity of Tsgr for 11% Ni at 1T and are
half of those determined in the vicinity of Ty for pure Fe;Seg.”

VI. CALCULATIONS OF A MAGNETOCALORIC EFFECT
BASED ON THE HEAT CAPACITY MEASUREMENTS

Magnetic entropy changes from magnetization measurements
were compared with those determined from specific heat (C) data.
The measurements were performed for Fe;Seg single crystals doped
with 4.5% Ni and 4.9% Co. Data were obtained for B=0 at
2-300K and B=0.5-2T for temperatures up to 150K, with B
applied along the c-axis and in the c-plain.

Temperature dependencies of the heat capacity in various
magnetic fields in the B || ¢ and B L ¢ geometries for the crystal
doped with 4.5% Ni ions are presented in Fig. 7(a) and for the
crystal doped with 4.9% Co ions in Fig. 7(b). The maximum heat
capacity value, related to the FOPT, is observed at a temperature of
about 86-88 K for B =0 for Ni doping and 120K for the Co-doped
sample. The spin-reorientation transition shifts with an increase in

the external magnetic field to lower temperatures for B L ¢ and to
higher temperatures for B || ¢ for both the Ni- and Co-doped
samples. These results are in good agreement with those obtained
from magnetization measurements presented in Figs. 6(a) and 6(b).

In the range of temperatures considered, the total specific heat
value is smaller by 3.4% for the crystal with 4.5% Ni doping and by
3.5% for the crystal with 4.9% Co doping compared with pure
Fe;Seg.” It is noted that the heat capacity peaks are similar in size
for both directions of the applied magnetic field for both doping
cases. Additionally, the peaks of the AC(T) dependencies for
Ni-doped crystals [I'ig. 7(c)] are much narrower than the Co-doped
crystals [Fig. 7(d)], possibly indicating that Ni ions are distributed
more homogeneously than Co ions. The samples doped with Ni
ions probably have only one valence (2+ ions), while those doped
with Co ions possess Co™* and Co®* valences, meaning that the
system doped with Ni ions is more homogeneous than the system
doped with Co ions.

The total entropy is defined by the equation

T

5(T) =j

0

Cy(T)

o dr, (2)
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where Cy(T) is the temperature dependency of specific heat at a
fixed B value. Thus, the magnetic entropy change AS,,(T) can be
calculated as follows:

ASy(T, B) = Sp(T) — So(T). )

In Fig. 8(a), one can see the AS,, peak extension with an
increase in the magnetic field value, similar to the value calculated
from the magnetization measurements (Fig. 6). In the case of the
Ni-doped sample, AS,,, calculated for the field variation from 0 to
1 T from the C data is larger by 10% for B || ¢ and smaller by 11%
for B L ¢ than AS,, obtained from the M(T,B) dependencies. For
the Co-doped crystals, these values are larger by 13% and 4% for
B || cand B L ¢, respectively.

Figures 7(a) and 7(b) show the experimental temperature
dependence of the total specific heat C, which is the sum of the
phonon, magnetic, and electron contributions and of the contribu-
tion related to the latent heat of the first-order spin-reorientation
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FIG. 9. Zero-field cooled (ZFC) and field-cooled (FC) magnetization as a func-
tion of temperature in magnetic fields 8=0.01 and 0.1 T directed paralle! to the
crystallographic c-axis of (Fe;_,A,);Seg single crystals doped with 4.5% Ni ions
(a) and 9% Co ions (b), recorded for P=0, 1.5, 2.25, 3, and 3.75kbar. The
inset in panel (b) shows the dependency of the spin-reorientation temperature
on the applied pressure.

transition. As mentioned above, the transition point [i.e., the peak
related to the latent heat of the transition, Figs. 7(c) and 7(d)]
shifts significantly under the influence of the external magnetic
field of 2 T. Such behavior allows one to extract the contributions
other than that related to the transition from the measured specific
heat based on the relation —[C(B=0) - C(B=2T)]. The approxi-
mate value of the latent heat of the first-order phase transition, Qy,
is then estimated by calculating the area below the peak of the spe-
cific heat anomaly related to the SRT [Figs. 7(c) and 7(d)]. As
explained in Refs. 29 and 30, for example, this is an approximate
approach because the relaxation method used in the present study
is based on the application of small probing heating pulses that
disturb the shape of the specific heat anomaly. As one can see, in
the case of the crystal with a 4.5% Ni concentration, the peak is
approximately a factor of 2.5 smaller than that for the pure Fe;Seg
crystal, and its width is equal to 2K compared to 5K for pure
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P =23.75 kbar for the crystal doped with Ni (c) and at P =3 kbar for the crystal doped with Co (d).

Fe;Ses. The peak for the crystal with a 4.9% Co concentration is

smaller but wider than for Fe;Seg doped with 4.5% Ni ions.
Following a simple equation relating the latent heat of the

first-order phase transition to the product of a magnetic entropy

change and a spin-reorientation temperature,

QL = ASx Tsgr,

(4)

the entropy jump near the SRT for B=0 was calculated as
AS,=0.14(1) J/kg K for the Ni-doped crystal and as AS,,=0.15

(1) J/kg K for the Co-doped sample.

Additionally, the temperature dependency of adiabatic tempera-
ture changes AT,4 induced by an external field variation [Fig. 8(b)]
was assessed using the approximate relation described in

Refs. 31 and 32,

TAS

ATy = — < (5)

The temperature dependency of AT,y was calculated for mag-
netic field geometries both parallel and perpendicular to the c-axis
over the range from 0 to 1T. In the case of Ni doping, the value of
AT,q is equal to ~0.12 K, which is slightly more than half that of
pure Fe;Seg. For the Co-doped crystal, AT,q=0.08 K. However, the
working temperature range in both cases is 60%-65% larger than
for undoped Fe;Seg single crystals. Because the calculated AT,q is in
good agreement with the values measured directly for pure Fe;Ses,
we can assume that the calculated AT,y data for the crystals with
Ni and Co doping presented in this work should accurately
describe the adiabatic temperature changes as well.”
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VII. THE SPIN-REORIENTATION TRANSITION,
MAGNETIC PROPERTIES, AND CALORIC EFFECTS IN
NICKEL- AND COBALT-DOPED FE,;SEg CRYSTALS
UNDER HYDROSTATIC PRESSURE

As shown in Fig. 1, an increase in nickel concentration in
(Fe;_xNiy);Ses compounds is accompanied by anisotropic compres-
sion of the lattice. The most significant compression occurs in the
direction perpendicular to the plane of the layers, while the average
distances inside the layers change little. The measurements of the
(Feg.955Nip.045)75¢s and (Feg9,Cop9)7Ses crystals under pressure
showed that their properties varied widely.

It was shown in the magnetization measurements that the
hydrostatic pressure depresses Tgpy for a magnetic field applied
parallel to the c-axis (see Fig. 9), while the spin-reorientation tem-
perature of the (Fegg55Nig 045)7Seg crystal is located between 85 and
90 K at ambient pressure. For P=1.5 and 3.75 kbar, Tsgr moves to
62 and 15K, respectively [see Fig. 9(a)]. At higher pressures, the
phase transition is no longer observed. The rate of a reorientation
temperature decrease is about 20 K/kbar, 2.5 times larger than for

ARTICLE scitation.org/journalljap

pure Fe;Seg. A similar effect was observed in the Co-doped sample.
However, the rate of Tspy shifting toward lower temperatures is
faster at approximately 25 K/kbar. This shift in pure and doped
Fe;Seg crystals is probably caused by a specific change in the mag-
netocrystalline energy, which is sensitive to pressure variation.
Temperature hysteresis in the Ni-doped crystals is absent or
hardly detectable even at high hydrostatic pressures [see I'ig. 9(a)],
proving the first-order character of the phase transition in the
sample as in pure Fe;Seg crystals. Furthermore, the M(T) curve
becomes less sharp with increasing pressure, similar to that in pure
Fe;Seg, and is clearly visible at P =3.75 kbar when the SRT occurs
over an approximately 30 K range, much wider than the range of
6 K observed at ambient pressure. This may indicate that the first-
order phase transition does not change into the second-order
phase transition under applied pressure. However, a second-order/
continuous transition cannot be excluded if the transition becomes
more smeared but can also indicate widening of the phase coexis-
tence range, characteristic of the first-order transition. The situation
is different for the crystals doped with Co ions, where the
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FIG. 11. (a) and (b) Magnetization temperature dependencies for various values of applied magnetic fields with B || ¢ for crystals doped with 4.5% Ni ions at P=1.5,
2.25, and 3.75 kbar (a) and doped with 9% Co ions at P= 1.5 and 3 kbar (b). (c}-(e) Temperature dependencies of isothermal entropy changes upon a magnetic field vari-
ation from 0 to 1T with B || ¢ for the pure crystal at P=0, 5.5, and 10.25 kbar (c), for the crystals doped with 4.5% Ni ions at P=0, 1.5, 2.25, and 3.75 kbar (d), and
doped with 9% Co ions at P=0, 1.5, and 3 kbar (e).
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TABLE lll. Comparison of various MCE parameters obtained in the vicinity of the SRT at B=1T for various hydrostatic pressure values in the B || ¢ magnetic field configura-
tion for a Fe;Sey single crystal doped with 4.5% Ni ions and 9% Co ions. The data show that the refrigeration capacity, relative cooling power, temperature-averaged entropy

change, and maximum entropy change all decrease with increasing pressure.

TEC (J/kg K)

Pressure (kbar) and composition FWHM (K) |IRC| (J/kg) |RCP| (J/kg) ATy =3 (K) AT =10 (K) |AS | max (J7kg K)
P=0, Ni45% 25(1) 7.45(54) 8.0(6) 0.316(22) 0.314(22) 0.32(2)
P=1.5, Ni 4.5% 30(1) 6.9(5) 8.1(6) 0.27(2) 0.267(19) 0.27(2)
P=225, Ni 4.5% 32(1) 6.6(4) 7.6(5) 0.236(17) 0.234(17) 0.237(17)
P=3.75, Ni 4.5% 34(1) 4.6 (3) 5.9(4) 0.17(1) 0.171(12) 0.173(12)
P=0, Co 9% 43(1) 6.9(5) 7.7(5) 0.18(1) 0.176(12) 0.18(1)
P=1.5, Co 9% 41(1) 5.1 (4) 5.5(4) 0.136(9) 0.135(9) 0.133(9)
P=3, Co 9% 49(1) 2.6(2) 3.1(2) 0.063(4) 0.063(4) 0.063(4)

temperature hysteresis appears [Fig. 9(b)] and the M(T) curve
becomes less sharp than those in Ni-doped samples under the
action of hydrostatic pressure.

Magnetization field dependencies for the Fe;Seg single crystals
doped with nickel and cobalt under applied pressure at T= 10K in
the B || ¢ geometry are shown in Figs. 10(a) and 10(b), respectively.
For P <3.75 kbar, the regions where magnetization reaches satura-
tion below the highest applied magnetic field can be distinguished.
The magnetization M, values for them were obtained by extrapolat-
ing the high-field M(B) to the zero field [see the data in Fig. 10(a)].
The coercivity B, at ambient pressure is very small, equal to about
0.01-0.015 T at 10K for B || ¢, and does not change up to 3.75 kbar
but increases to approximately 0.075 T at P =7.75 kbar. The origin
of such effects is the same as mentioned above for the 11%
Ni-doped sample and could be related to the fact that the measure-
ments were made for different phases. As one can see, both Tgpy
[see Fig. 9(b)] and M, [see Fig. 10(b)] of the Ni- and Co-doped
Fe,Ses decrease with increasing pressure for B || c.

Field-induced magnetic transitions at ambient and applied
hydrostatic pressures were reported previously for Fe;Sey”'" and
Ni- and Co-doped crystals, as described earlier. A step-like shape
of the M(B) curve, appearing at ambient pressure in all measured
samples, disappears under pressure in the Ni- and Co-doped crys-
tals and the spin-reorientation transition proceeds more gradually.
This effect is more pronounced for the crystals doped with Co.
However, the difference between the SRT at ambient and high pres-
sures is less visible than in pure Fe;Ses. Nevertheless, pressure in
the doped crystals strongly affects the transitions.

Magnetization as a function of temperature for the crystals
doped with 4.5% Ni ions and 9% Co ions at various pressures and
magnetic fields is presented in Figs. 11(a) and 11(b). As described
in Secs. 1V-V1, the ferrimagnetic phase for B || ¢ with a high mag-
netization value occurs in the region of T< Tsky, and the phase
with a low magnetization value appears at T> Tspy. At P=1.5kbar,
the phase-transition shift occurs with a ~19 K/T slope, increasing
to 23 K/T for P=3.75 kbar. The field-induced shift of Tsgy is asso-
ciated with the contribution of the Zeeman energy to the free
energy, whereas the pressure-induced SRT change is related to the
effect of a lattice size decrease. "' The similarity between the M
(T) curve changes caused by an increase in the Ni concentration
and an increase in pressure is noteworthy.

Temperature dependencies of a normal MCE (AS,,, <0) calcu-
lated for B || ¢ at various applied pressures are shown in Fig. 11(b).
An entropy change reaches its maximum for a magnetic field of
~1T, and the |-AS,,| peak becomes still wider at higher values of
B. This effect is related to the shift of Tsgy under the magnetic
field’s influence and is often observed in materials showing FOPT.
Changes in the shape of the AS,,, curve are similar to pure Fe,Seg,
where the entropy peak at P=10.25kbar shows SOPT features.
However, the difference between results at ambient pressure and
those at P=3.75kbar is not obvious. Under hydrostatic pressure,
the maximum magnetic entropy change exhibits a decrease similar
to pure Fe;Seg or the crystals doped with high Ni concentration.
The value of —AS, at 1T is 0.17(1) J/kgK at T=31K and
P=3.75kbar for normal MCE [Fig. 11(d)] and is comparable to
—AS,, for 8.5% Ni [Fig. 12(c)] but half that observed in pure Fe;Seg
at P=10.25kbar [Fig. 11(c)] (see Ref. 16). A sharp —AS,, peak is
observed at P =0 kbar, becoming more symmetric at higher pres-
sures and gradually similar to pure Fe;Ses crystals. For the
Co-doped sample, the MCE value under hydrostatic pressure drops
dramatically (see Table I11).

VIIl. PHENOMENOLOGICAL MODEL OF THE
MAGNETOCALORIC EFFECT

The theoretical approach developed by Kamimura ' is used
to describe the origin of magnetism and the MCE in Fe,Seg single
crystals doped with Co and Ni, assuming that the doping is low.
This method, which accounts for uniaxial anisotropy and the
energy of interaction with the magnetic field, was applied and
described in a previous article.'” Magnetic properties and the
magnetocaloric effect were calculated for the crystals doped with
Ni and Co by following this model, in which the free energy of
the system in the single-ion approximation is given by the
formula

E(0) = —NkgTIn Z exp [— %] + K;cos’0 — BM,cos(0 — 05),
- B

(6)

where N is proportional to the fraction of ferrous ions in the
lowest degenerate orbital state.” A cubic equation representing
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FIG. 12. (a) and (b) Anisotropy energy E, as a function of temperature for undoped Fe;Se; and crystals doped with 1.3% and 8.5% Ni ions (a) and an undoped crystal
under hydrostatic pressure (b) after Ref. 16. (c) and (d) Temperature dependencies of an entropy change in the magnetic field applied along and perpendicular to the
c-axis at ambient pressure in a 1 T magnetic field for crystals with various Ni (c) and Co (d) concentrations. Points represent experimental results, and thick lines are the

results of calculations.

the orbital triplet ground state energy levels of Fe>* ions (split by
a low symmetry field) must be solved to obtain &; values of the
lowest energy levels following the approach presented in previous
papers, "

e —get—n [(lﬁ — 1, — 2)cos’0 + (I, + 2)]6 + nzlfe‘cosze =0,
(7)

where g, is the splitting of the ground state caused by the trigonal
field, L is the z-component of the orbital angular momentum in
the degenerate orbital state, and 1 =4S is the spin-orbit coupling.
More detailed descriptions of this model can be found in
Refs. 2, 16, and 34.

Properties of the crystals were calculated based on this model
by treating the material parameters for pure Fe,Ses, proposed by
Kamimura in his paper ' for P=0, as the initial values. These

values were then recalculated for the present case as [, = — 0.55 (the
z-component of the orbital angular momentum in the degenerate
orbital state); n=252K (the spin-orbit coupling); £, =750K (the
splitting of the ground state caused by the trigonal field); and
Nkg = 15.5 J/kg K (parameter proportional to the number of ferrous
Fe** ions). Saturation magnetization M, was determined from the
experimental data to be in the range of 11-14.5 Am®/kg for all
studied concentrations of Ni and Co. In the present paper, the coef-
ficient K; was assumed to be a fitted parameter and was found to
have different values for different doping ion concentrations. To
confirm the computed values of parameters, the anisotropy energy
E, was calculated for the crystals doped with 1.3%, 4.5%, and 8.5%
Ni using a method similar to the one used in Ref. 16 [see Egs. (12)
and (13) in Ref. 16]. The values obtained for the anisotropic part of
free energy are presented in Fig. 12(a) for undoped Fe,Seg and the
crystals doped with 1.3% and 8.5% Ni ions. The comparison of E,
for the doped crystals [Fig. 12(a)] '" with E, for pure Fe,Segq under
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TABLE IV. Calculated values of anisotropy energy constant K;, the energy depending on the numbers of ferrous ions Nkg, the saturation magnetization M, the splitting of the
ground state m, the orbital angular momentum &, and the spin—orbit coupling I,. Note that Ki, Nkg, M, €, and || decrease, while 1) increases with increasing nickel concentra-

tion. Ky(T) is given for the region close to T = Tgrr

x (%) K, (J/kg) Nkj (J/kg K) M, (Am?/kg) n(K) e (K) I, Tegr (K)
Pure 25 15.5 14 252 750 —0.55 124
1.3% Ni 2.45 15.2 135 252 735 —0.55 115
4.5% Ni 23 10 12.5 260 705 -0.53 85
8.5% Ni 1.1 6.2 11.5 269 645 —0.52 37
11% Ni 0.5 4 11 272 635 —0.50 7
2.5% Co 24 13.5 13.5 253 760 —0.55 124
4.9% Co 2 8.3 12.5 253 760 —0.55 120
9% Co 1.5 7 12 253 800 —0.55 133

hydrostatic pressure [Fig. 12(b)] is a good illustration of the
analogy between the chemical pressure effect of Ni dopants and the
hydrostatic pressure effect.

The comparison of the theoretical (calculated) and experimen-
tal results of the magnetic entropy change for B=1T applied paral-
lel and perpendicular to the c-axis for crystals doped with 1.3%,
4.5%, 8.5%, and 11% Ni ions is given in Fig. 12(c) and for the crys-
tals doped with 2.5%, 4.5%, and 9% Co ions in Fig. 12(d).
Experimental results denote the values determined directly using
Eq. (1). Theoretical (calculated) values were obtained by differenti-
ating the free energy [Eq. (6)] with respect to temperature as
described by Kamimura,

The applied theory has some limitations; e.g., it is a single-ion
model. Nevertheless, the adjustment of the calculations to the experi-
ments is about 90%. The fitting agreement is not very precise below
0.2 T. Possible explanations for these discrepancies include the effect
of a magnetic domain structure on magnetization and a more signifi-
cant role played by additional anisotropy constants (e.g., related to
the two-ion interactions), which are not considered in the applied
model. Another cause of the differences between the theory and
experiments could be sample orientation errors. Because the agree-
ment at low field values and close to the Tsgr region is not very
good, the theoretical functions for those cases are not presented here.

The calculations suggest that K;, Nkg, and M, decrease with
increasing Ni and Co concentration. The parameter g, and the
magnetic moment proportional to —I/, monotonically decrease,
while spin-orbit coupling 1 increases with increasing Ni content
(see Table 1V). In the case of T<40K for higher values of Ni
content, Tgspy can still be identified unequivocally, but the theoreti-
cal AS,,, curve no longer fits the experimental results. According to
the modeling results, such behavior is related to the decrease of the
lattice constants and correlates with the results of calculations
obtained for the hydrostatic pressure. By contrast, the calculations
indicate an increase in the g, parameter for crystals doped with Co,
while n and the magnetic moment proportional to —I, do not
change. The fitted parameters are listed in Table [V,

IX. CONCLUSIONS

This study found a strong correlation between the impacts of
increasing Ni and Co concentration in Fe;Seg single crystals with

Fe partly replaced by Ni and Co (chemical pressure) and the hydro-
static pressure in Fe;Seg single crystals on the spin-reorientation
transition temperature. Both factors lead to a monotonic decrease
in the lattice constants and a resulting decrease in magnetization
and Tsgy for Ni doping. The field-induced shift of a magnetic tran-
sition could be identified from the field dependency of magnetiza-
tion as an origin for the magnetic entropy peak expansion. AS,,
was calculated from the isothermal magnetization curves near Tspr
(for the temperature interval from 10 to 210 K) and the range close
to Ty (the interval from 345 to 380 K).

The normal and inverse magnetocaloric effect was observed in
the nickel- and cobalt-doped Fe;Seg single crystals in the external
magnetic field. Calculated results confirmed the strong correlation
between hydrostatic and chemical pressure in Fe,Seg crystals. The
measurements showed a difference in heat capacity, magnetization,
and MCE when replacing iron with nickel and cobalt. The spin-
reorientation temperature is slightly shifted toward higher tempera-
tures with partial (up to x <0.09) cobalt substitution for iron. In
the (Feg;Cop9)7Ses compound, the spin-reorientation tempera-
ture increases to Tggy~ 133K, about 10K higher than Fe,Ses.
These studies of single crystals deepened our understanding of the
physical mechanisms responsible for the magnetocaloric phenome-
non, and the data obtained will help find better refrigeration mate-
rials in the future.

SUPPLEMENTARY MATERIAL

See the supplementary material for an extended description of
the MCE calculation procedure and a more detailed analysis of
x-ray  diffractograms  of  the  (Fego15Niposs);Ses  and
(Feg.91C0g.09)7Ses samples.
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Experimental details

An oriented Fe;Seg single crystals doped with Ni and Co ions with a shape close to a cubic
(approximately 1x1x1.3 mm, slightly vary for different samples) were glued on the quarts rod,
placed in the plastic tube and used for magnetization measurements. The main part of magnetic
properties measurements were performed using an isothermal approach (the most often used
procedure), in which at each fixed temperature (temperature was changed with 2 K step) the
magnetic field is changed (from 0.01 T to 5 T with various steps).

The method that was used to measure and calculate MCE is based on isothermal
measurements of magnetization M(B) performed for temperature intervals of 5 to 175 K with 2 K
steps. The isofield magnetization curves M(T, B=const) were constructed and used as input data for
indirect calculation of the magnetic entropy change. Generally, ASy(T,B) can be described using
Maxwell’s equation [24]:

Asm(T,B)=T(aa—'\T"j dB . (S1)

B

For the practical application, this equation is transformed into numerical form:

A8 (T, B) = ;[27;11 ("—M + Z—"T”|B_> (B,-H—B,-)]. (2)
J

LY

Applied procedure of calculation is described as follows:

1. Isofield magnetization curves M(T, B=const) construction.

2. Calculation of derivative dM/dT for each isofield curve, using Differentiate Gadget function
(The Differentiate Gadget use a centered difference formula to approximate the derivative.
Detailed description of algorithm is available at: https://www.originlab.com/doc/Origin-
Help/Math-Differentiate), built in Origin program (2019b version).

3. Isothermal curves dM/dT (T =const, B) construction.

4. Calculation of integral function, using Integration Tool (Integration Tool use trapezoid
approach for approximating. Detailed description of algorithm is available at:
https://www.originlab.com/doc/Origin-Help/Math-Integrate), built in Origin program.

The refrigeration capacity (RC) was calculated applying following equation [Eq. (53) in Ref.
24]:
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RC = fTTf AS..(T) dT (S3)

Calculations were made in Origin program using Integration Tool.
The relative cooling power (RCP) was estimated from the following formula:

where T, and T, are the temperatures at which the value of -ASy, is equal to half the maximum
value, also known as the full-width-at-half maximum (Sgyy ).

The temperature averaged entropy change (TEC) was calculated using approach described in
Ref. 25 (Eq. (11)):

ATj;
Tm id+ 2|m

max|  [AS, (T),,dT |. (S5)

: mid
lift T _m;m

TEC(AT,,, AB) =

Here, ATjix is the estimated temperature change induced by the magnetic field change, AB. The
values of ATz = 3 K and 10 K were chosen as commonly used in the literature [25]. A complete
overview and comparison of all quantities used for the characterization of MCE materials are
presented in the papers of Smith et al. [24] and Griffith et al. [25]. Calculations were made in
Origin program using standard Integration Tool.

The MCE data from heat capacity measurements were calculated, applying appropriate Egs.
(2) and (3), given in the manuscript, basing on the similar Origin program tools as described above.

X-ray diffraction

Describing crystal structure of (FegggNio.11)7Seg [Fig. 1(b)] it should be noted, that the Fe and
Ni positions suggest a special filling of the positions with these cations, but performed simulations
showed that such precise information cannot be obtained from x-ray measurements (Fe, Ni and Co
scatter x-rays very similarly). In Rietveld's calculations was assumed that all positions are mixed
(randomly: either it is Fe or, with the corresponding probability, Ni or Co), so that all Fe (and Ni)
positions should be rather Fe/Ni.

All samples studied in this work were single-phase single crystals. In Figs. 1(a) and 1(c), not
all reflections were marked to avoid obscuring of the figure (weaker reflections are not marked). In
experimental setup not x-ray tubes ("Cu lamp" and "Cu tube™), but "filtered Cu radiation source"
were used. It may explain the residual Kg lines in the diffraction patterns.

The Rietveld refinement analysis results, to explain and proof of the samples monophasic
nature, (we believe, that figures would be informative enough), are attached here. Experimental
diffractograms of the samples, in the article marked as (Feg.g15Niooss)7Ses and (Feo.91C0o.09)7S€s
(8.5% of Ni and 9% of Co respectively) with the Fe;Seg standard applied from the Rigaku and
ICDD PDF4 database, are presented below on the Figs. S1 and S2. One can see that all the observed
reflections are filled with the pattern lines (slightly shifted, because slightly different unit-cell
constants as a consequence of Ni or Co impact). In the 9% Co sample, the intensity is a bit too high
for the 112 line (angle approx. 26.7° at 20). It results from the inaccurate grinding of the single
crystal in this case [some larger crystal was positioned with the plane (112) parallel to the specimen
surface]. One can see that the experiment and simulation fitting are good - all lines are filled. For
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smaller angles and stronger reflections, one can see imperfect profiles of simulation. This is because
the observed reflections are very narrow and it is difficult to simulate the ideal profile of reflections
during the step-by-step measurement (the split pseudo-Voigt profile function was used in the
analysis), but it does not effect on calculations of real unit-cell constants.

60000 g (Fey91Cog g9)75€s
g : experimental

40000 | g ) - calculated
A ) = g % g5 _g a B i
0.20000F = _ 33888 2 §]555}358 § g ° S 34
8/ L f : ) ;‘_Aj i a A L % L-A__L ¥ Sl '
2> 10000 i : : . . . L L
Z 5000 difference
Q | J
= (] fromer e ~-
= =

-5000
-10000 ‘ ‘ . : s
20 40 60 80 100 120
20 (deg)

FIG. S1. X-ray data (black squares) with the Fe;Seg standard applied from the Rigaku ICDD PDF4 database
and Rietveld refinement calculations (red line) for the sample doped with 9 % Co. The difference between
experimental and theoretical sets of data is given in lower panel (blue line).

o 2 (Feg 915Nig gg5)75¢€g
40000 . experimental
il _. ) calculated
S20000f 5 Z__ 9 : %5 . 5§
et =_ 3Faggd = 288 § 3 ¢ £ 3§
2 10000 =2 ==°° g cF ; =
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FIG. S2. X-ray data (black squares) with the Fe;Seg standard applied from the Rigaku ICDD PDF4 database
and Rietveld refinement calculations (red line) for the sample doped with 8.5 % Ni. The difference between
experimental and theoretical sets of data is given in lower panel (blue line).
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VI. Korelacja miedzy magnetostrykcjg liniowg a efektem
magnetokalorycznym w monokrysztatach FesSes.

W pracy doktorskiej przedstawiono wyniki badania magnetostrykcji liniowej dla réznych
wartos$ci temperatur i pola magnetycznego. Na podstawie poprzednich badan, przewidywano silng
anizotropie magnetostrykcji, ktora zalezy od kierunku pola, podobnie do zachowania magnetyzacji.
W temperaturze pokojowej przy maksymalnym zewng¢trznym polu magnetycznym 0,9 T,
zarejestrowana zostala poprzeczna magnetostrykcja, 0 wartosci okoto 8-10° i 2:10° w przypadku
magnetostrykcji podtuznej. W niskich temperaturach niewielki wzrost pola magnetycznego
prowadzi do gwaltownego zwigkszenia rozmiarow liniowych probki [magnetostrykcja Ae (= Ad/d)
rzedu 3-10]. Najbardziej drastyczne zmiany magnetostrykcji w funkcji temperatury i pola
magnetycznego zachodzg w obszarze temperatur zblizonym do przejscia fazowego pierwszego
rodzaju (SRT przy okoto 125 K w niskim polu magnetycznym) [79]. Maksymalne wartosci
osiggnig¢to dla B = 10 T, czyli dla maksymalnego pola osiggalnego w wykorzystanym ukladzie
doswiadczalnym.

Zaleznoséci temperaturowe podluznej 1 poprzecznej magnetostrykcji przy ro6znych
wartosciach 1 orientacji zewnetrznego pola magnetycznego, pokazane na Rys. 6.1(a, b), wykazuja
bardzo silng korelacje Ae z wynikami badan efektu magnetokalorycznego (MCE) przedstawionymi
w [79]. Jak wykazuja wyniki przedstawione w rozprawie, Fe;Seg jest uktadem o silnej korelacji
miedzy wilasciwosciami magnetycznymi i parametrami sieci krystalicznej oraz mig¢dzy efektem
magnetokalorycznym, magnetostrykcja i efektem barokalorycznym w monokrysztatach Fe;Seg.
Analizujac korelacje miedzy magnetostrykcja a danymi magnetokalorycznymi (Rys. 6.1), mozna
zasugerowa¢ istnienie bezposredniej proporcjonalnosci MCE i magnetostrykcji AS, ~ Ae dla
monokrysztalow Fe;Seg w roznych polach magnetycznych (w rozprawie przedstawiono wyniki
tylkodla0—-2T).
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Rys. 6.1. Liniowa magnetostrykcja Ae (= Ad/d) w funkcji temperatury dla réznych warto$ci
indukcji zewnetrznego pola magnetycznego B mierzona wzdluz osi c. (&) magnetostrykcja
podtuzna, (b) magnetostrykcja poprzeczna. Entropi¢ w funkcji temperatury przy zmianach pola
magnetycznego od 0 do 2 T dla konfiguracji B || ¢ i B L ¢, pokazano odpowiednio na gornym (a) i

dolnym panelu (b). [Rysunek pochodzi z Artykutu Il przedstawionego na stronie 92]

Model, opisujacy zwiazek pomi¢dzy magnetostrykcja a efektem magnetokalorycznym zostat
przedstawiony w publikacji [63]. Zgodnie z tg idea, moze istnie¢ wspotczynnik proporcjonalnosci
a(J/kgK), niezalezny od temperatury 1 pola magnetycznego, opisujacy przejscie od
magnetostrykcji Ae do zmiany entropii ASy,. Przedstawione w rozprawie wyniki sg prostg ilustracja
obserwacji [121] istnienia proporcjonalnosci pomiedzy magnetostrykcja a krotkozasiggowa
korelacja spinowa <S;-S;>, ktéra determinuje oddziatywanie pomigdzy réznymi spinami w

rozpatrywanym uktadzie.
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Artykul powigzany z rozdzialem VI

Artykut 1ll: Correlation between linear magnetostriction and magnetocaloric effect in the Fe;Seg

single crystals

Y. Konopelnyk, R. Zuberek, H. Szymczak and R. Puzniak

Mater. Res. Express 9, 106102 (2022)

Abstract

The effect of the change in size under the influence of an applied magnetic field (magnetostriction)
was studied in Fe;Seg single crystals. It was shown that a systematic change in the unit-cell
constants, induced by an external magnetic field and dependent on the direction and magnitude of
this field, strongly correlates with the change in the spin reorientation temperature (Tsgr) and the
magnetic entropy change, which is strongly dependent on Tsgr and magnetization. The obtained
results suggest that the relation between magnetostriction and the change in magnetic entropy
(ASr), reported previously for different materials, seems to have universal character, and
magnetostriction can be used as an indirect method to estimate the change in magnetic entropy in

Fe;Seg single crystals substituted with transition metals.

https://doi.org/10.1088/2053-1591/ac9777

Oryginalna publikacja jest dostepna pod adresem
https://iopscience.iop.org/article/10.1088/2053-1591/ac9777
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Abstract

The effect of the change in size under the influence of an applied magnetic field (magnetostriction) was
studied in Fe;Seg single crystals. It was shown that a systematic change in the unit-cell constants,
induced by an external magnetic field and dependent on the direction and magnitude of this field,
strongly correlates with the change in the spin reorientation temperature (Tsgr) and the magnetic
entropy change, which is strongly dependent on Tsir and magnetization. The obtained results suggest
that the relation between magnetostriction and the change in magnetic entropy (AS,,), reported
previously for different materials, seems to have universal character, and magnetostriction can be used
asan indirect method to estimate the change in magnetic entropy in Fe;Seg single crystals substituted
with transition metals.

Introduction

Among a variety of phenomenological research methods, very useful seems to be based on the analysis of
correlations between the properties of studied matter (see, e.g., [ 1]). The correlated effects observed for various
groups of materials are particularly important. Among numerous examples noted in recently published papers
are the results of correlations between magnetoresistance and magnetocaloric effect near the points of phase
transitions in manganites (see [2] and references therein). The correlation effects arise here because of a specific
mechanism of magnetoresistance in manganites related to the suppression of carrier spin-disorder scattering,
which is directly related to magnetic entropy. A different mechanism responsible for the correlation effect was
recently discovered in the Haldane spin-chain compound Er,BaNiOs [3]. In this material, two magnetic-field-
dependent metamagnetic transitions have been shown to be correlated with the magnetocaloric switching effect.
This switching arises because of the coexistence of conventional and inverse magnetocaloric effects. Another
example of the correlation effect in multifunctional materials is observed in manganites [4, 5]. In this case,
magnetostriction and magnetocaloric effect (MCE) are strongly correlated because of the magnetostructural
phase transitions of the first order. This correlation can be used as an effective method for estimating the
parameters of the magnetocaloric effect. An interesting correlation between the magnetoelasticand
magnetocaloric effects was recently observed in NiMnGa and NiMnSn Heusler alloy thin films [6]. According to
the authors, the observed correlation is probably related to the texturized structure of the layers and coexistence
of the austenitic and martensitic phases.

The examples presented above indicate that many different mechanisms exist to determine the correlations, even
in one fixed group of materials. For example, one should expect to find a correlation between magnetostriction and
the magnetocaloric effect (under the condition that the magnetocaloric effect depends on magnetocrystalline
anisotropy) when the magnetoelastic interactions are determined by the strain dependence of the anisotropy energy
[7]. To investigate this mechanism, we studied the correlation between the magnetocaloric effect and
magnetostriction in NiAs-type Fe;Seg single crystals. These compounds are members of the group of chalcogenides
which are binary compounds consisting of at least one chalcogen (S, Se or Te) ion. All chalcogenides have six valence
electrons. Fe;Seg single crystals, due to their high iron concentration, are characterized by the high magnetic ordering
temperatures (for pure Fe;Seg itis 450 K). These layered crystals are highly anisotropic due to partially unquenched

© 2022 The Author(s). Published by IOP Publishing Ltd
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orbital angular momentum of Fe** ions. The magnetic moments of iron ions are ferromagnetically ordered within
layers [8], but the coupling between adjacent layers is antiferromagnetic. The presence of vacancies (due to intrinsic
nonstoichiometry) in each second layer leads to the appearance of resulting magnetization and ferrimagnetism. The
vacancy ordering leads to the formation of superstructures with a higher lattice parameter along the direction
perpendicular to the layer plane. The Fe;Seg selenide is characterized by the spin-reorientation (SR) phase transition
related to the reorientation of magnetic moments from the ¢ plane to the c-axis direction. The SR transition in the
samples with the 3¢ structure occurs at ~125 K. The magnetic and magnetocaloric properties of these crystals have
been presented in Refs. [9, 10]. The magnetocaloric effect in Fe;Seg has attracted interest because of the existence of a
normal MCE above the spin reorientation temperature Tsiy for B || cand an inverse magnetocaloric effect below the
TsprforB L c[9, 10].

Experimental details

The single crystals of Fe;Seg studied in the present work were grown by applying a modified Bridgman method.
Phase analysis and structure determination were performed by x-ray powder diffraction using a Siemens D500
diffractometer equipped with a semiconductor high-resolution Si:Li detector. It was found that the studied
crystal is a single-phase material with a 3¢ structure and the following lattice constants: a = b = 7.245 Aand

¢ = 17.67 A (P3,21 space group) [9]. The chemical composition of the crystals was verified by scanning electron
microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDX) techniques using an X-MAX Silicon Drift
Detector with the scanning electron microscope JEOL JSM-7600F. More details on sample preparation are
presented elsewhere [9].

One of the most frequently used methods of measuring magnetostriction is the capacitive method (‘three-
terminal capacitance’), which is based on the idea of the Widdington ultramicrometer [11, 12]. In the
capacitance technique, one of the capacitor electrodes is moved by a sample whose dimensions are changing in
an external magnetic field.

In the current study, the changes in capacitance were registered using a high-precision 1 kHz capacitance bridge
(AH2550A). The studied sample was in the shape of a thin plate (0.8 mm thick) with the c-axis perpendicular to its
surface. Changes in the thickness, Ad, that is, the changes in the sample dimensions along the c-axis of the crystal, d,
were measured. The experiments were performed in two sample orientations: (1) for the external magnetic field
parallel to the c-axis, longitudinal magnetostriction measurements, and (2) for the external magnetic field
perpendicular to the c-axis, transverse magnetostriction measurements. The measurements were performed at room
temperature usinga conventional magnet with a maximal field induction of approximately 1 T. A superconducting
12-T magnet equipped with a variable temperature insert was used to study the magnetostriction in an external
magnetic field up to 10 Tesla and over a wide temperature range (5-240 K). The accuracy of the magnetostriction
measurements was not worse than 5% of the determined value.

Magnetization was measured in magnetic fields of up to 5 T at temperatures from 51 to 191 Kon a SQUID
MPMS 7XL magnetometer with an accuracy of approximately 6 x 10~ 7 emu. Following the method presented
in our previous work [10] and based on that presented in Ref. [13], the systematic errors in our measurements
were estimated to remain at oy; = 0.5% orless, oy = 0.1% or less, o7 = 0.1 K + 0.0017T or less, and the total
uncertainty of entropy change was setas opg ~ 7%. Random errors were assumed to be negligible.

Results and discussion

Transverse magnetostrictions of approximately 8 x 10 and2 x 10~ in the case of longitudinal
magnetostriction were recorded at room temperature at a maximum external magnetic field of 0.9 T (figure 1).
The anisotropy of magnetostriction, which depends on the field direction, is clearly visible in figure 1. In the case
of a field perpendicular to the c-axis, the magnetostriction quickly saturates. In the case of a field parallel to the ¢-
axis, the changes in magnetostriction in the field range mentioned above are relatively small. Some
magnetostriction hysteresis was visible in the data presented in figure 1.

The changes in plate thickness Ad/d in the low-temperature range of 6-125 K were initially small in an external
magnetic field parallel to the c-axis of the crystal (figure 2(a)). The rapid change occurs at 130 K, where a slight increase
in the magnetic field leads to a rapid increase in the size of the sample [magnetostriction As (= Ad/d) of the order of
3 x 10™"]. The observed magnetostriction reaches a value of 4 x 10~ *ata temperature of 140 K. However, the
magnitude of the magnetic field at which the longitudinal magnetostriction becomes saturated increases with
increasing temperature, and above the saturation field, only a relatively small, approximately linear increase in the
plate thickness is observed with increasing field. In the case of longitudinal magnetostriction, its magnitude depends
strongly on the temperature. At 6 K, the value of A is only approximately —1 x 10>, The magnetostriction changes
with increasing temperature increases, reaching a maximum value in the T range close to the first-order phase
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Figure 1. Linear magnetostriction Az (=Ad/d) as a function of magnetic field induction, applied at room temperature. Field parallel
to the c-axis - longitudinal magnetostriction, field perpendicular to the c-axis - transverse magnetostriction. All of the changes in size
were given along the c-axis. Not all experimental points are marked with symbols in the figure to maintain legibility.

transition (FOPT). At 140 K, it becomes equal to 4 x 10, starts to decrease with a further increase in temperature,
and at 240 K is located at approximately 3.5 % 10~*, The maximum values were achieved for B = 10 T, that is, for the
maximal field attainable in our experimental setup. The most dramatic changes in magnetostriction occur at T'and B,
where the spin reorientation transition (SRT) occurs (at approximately 125 K at alow magnetic field) [7, 9]. This SRT
abruptly presides as a first-order phase transition. This phase transition, although formally of the first order, has
character very near to that of the second order. It is characterized by extremely narrow hysteresis, during the
transition no symmetry of the system is changed, and no structural changes are expected. It has already been shown
that Tgpy strongly depends on Band can be shifted to lower or higher temperatures by applying a magnetic field
perpendicular or parallel to the ¢c-axis, respectively [9]. Mechanism responsible for spin reorientation transition is
related to the magnetocrystalline anisotropy of Fe ions. This mechanism and its dependence on hydrostatic pressure
and magnetic impurities were developed in our previous papers [9, 10]. The mechanism determining the response of
the system to the external field is due to specific properties of Fe** ions. It has been shown that A¢ is also related to the
SRT and consequently depends on the magnetic field magnitude and its orientation in the same way as the
magnetocaloric effect [9]. The hysteresis of the magnetostriction increases with increasing temperature and reaches a
maximum at approximately 240 K.

Linear magnetostriction in the field perpendicular to the c-axis (transverse Ac; figure 2(b)) behaves
differently from that in the parallel field. The value of transverse magnetostriction at 5 K and 10 T was
approximately —1.3 x 10~ . With increasing temperature, its magnitude increased, reachinga maximum
absolute value in the temperature range close to the SRT. At T' = 80 K, the magnetostriction was approximately
—4 x 10~ *. With a further increase in temperature, the magnitude of the negative magnetostriction decreases
and changes sign in the T range of 125-130 K. Subsequently, the value of magnetostriction increases, and reaches
avalue of approximately I x 10~*. The maximum Ae magnitudes were achieved for the maximum applied B of
10 T. Similar to the previously discussed longitudinal magnetostriction, the observed changes in the transverse
magnetostriction curves correlate with the magnetic phase transition, that is, the most dramatic changes in A<
occur in the SRT range. The observed hysteresis was smaller than that for longitudinal magnetostriction. The
magnitude of hysteresis increases with increasing temperature, reaches a maximum at a temperature of
approximately 120 K, and disappears at higher temperatures.

In the case of transverse magnetostriction, one can observe, in the low-temperature range, (approximately
parabolic) initial decrease in Ad/d with increasing external magnetic field in the low-temperature range. At
temperatures above 40 K, transverse magnetostriction gradually saturated with an increase in the field in the
studied field range. At 80 K, the saturation magnetostriction reached a value of almost —4 x 10 *(at 10 T).
With a further increase in temperature, the field at which magnetostriction becomes saturated gradually
decreases toward zero at the phase transition temperature. A relatively small, approximately linear increase in
the thickness of the sample was observed above the saturation field. Magnetostriction sharply changes the sign at

3
94



10P Publishing

Mater. Res. Express 9(2022) 106102 Y Konopelnyk et al

4x107* + W
3x10* | 4
3
M L
8 Fe,Seq
1x104F T Bl .
longitudinal
0F

3 : R, Sttt

S -1x10*F A—o—T=5K

2 Ao 40K < 124K |Fe;Seq

S k104t o 80K 130K [BLc

97K = 175 K' transverse
BXI0*} e S
-4x10™ l(b) — . n : m&"’““’.”“’h‘?‘”f!ﬁ@éﬂ:fw::»pm
0 2 4 6 8 10

B (T)

Figure 2. Linear magnetostriction Ac (=Ad/d) as a function of magnetic field induction for various temperatures. (a) Field parallel to
the ¢-axis - longitudinal magnetostriction. (b) Field perpendicular to the c-axis - transverse magnetostriction. Relative changes in the
size along the c-axis are shown. Arrows illustrate the jump of magnetostriction at spin reorientation transition. Not all experimental
points are marked with symbols in the figures to maintain legibility.

the SRT. The value of the observed A« saturation increases with increasing temperature above the SRT, and the
intensity of the magnetic field at which magnetostriction saturates is relatively low.

The temperature dependences of the longitudinal and transverse magnetostrictions in various external
magnetic fields are shown in figures 3(a) and (b), respectively, demonstrating a very strong correlation of Az
with the results of the magnetocaloric effect (MCE) presented in Refs. [9, 10]. As shown in our previous
investigations [10], Fe;Seg is a system with a strong correlation between magnetic and lattice properties. A strong
correlation can be observed between the magnetocaloric effect [9], magnetostriction, and barocaloric effect [ 10]
in Fe;Seg single crystals. The data obtained in the magnetic field parallel to the c-axis of the Fe;Seg crystals
indicated anormal MCE (AS,,, < 0; see figure 3(a)) and in the field perpendicular to the c-axis the inverse
magnetocaloric effect (AS,,, > 0;see figure 3(b)). The MCE almost reaches its maximum magnitudeat B = 1T,
and an increase in B to values larger than 1 T leads to an increase in - AS,,, width for both orientations of the field
[9, 10]. Figure 3 clearly shows that the temperature dependences of the magnetostriction As(T, B) and MCE AS
(T, B) are quite similar. The shape of the magnetostriction curves is consistent with that of the AS,,, curves,
describing the area of the SRT. The maximum values of magnetostriction and MCE occurred at similar
temperatures and in a similar magnetic field B = 1 T. The nature of these curves is similar. Magnetostriction and
AS,, have negative (—) sign below the phase transition (figure 3(b)) and positive (+) sign above the transition
(figure 3(a)). The agreement between the MCE and magnetostriction curves in the case of B L ¢(figure 3(b)) was
better than that for B || ¢ (figure 3(a)), where the data did not coincide well at higher temperatures. The
magnetostriction changes observed at the phase transition are very strong, on the order of 4 x 10~ *. Because of
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Figure 3. Linear magnetostriction Az (=Ad/d) as a function of temperature for various values of external magnetic field induction B.
(a) Field parallel to the c-axis - longitudinal magnetostriction. (b) Field perpendicular to the c-axis - transverse magnetostriction. In
both cases the size changes along the c-axis are given. The inset zooms in on a region of the phase transition where correlation is the
best. Entropy change versus temperature upon magnetic field variation from 0 to 2 T for both magnetic field configurations, B || cand

B L ¢,isalso shown in upper (a) and lower panel (b), respectively. Reprinted from [ 10], Copyright (2022), with permission from
Elsevier.

magnetoelastic coupling, a change in the magnetic state leads to a change in the lattice state. Such behavior could
indicate a specific correlation between MCE and magnetostriction.

By analyzing the correlation between magnetostriction and magnetocaloric data (figure 3), one can suggest
the existence of a direct proportionality of the MCE and magnetostriction AS,,, ~ A for the Fe;Seg single
crystals in various magnetic fields (results for 0.1-2 T only are presented here). Correlation between
magnetocaloric and magnetostrictive systems is expected to be strong in high enough magnetic fields, where it is
possible to avoid the inhomogeneities due to domain structure and various magnetic defects. The data for
magnetic field in the range of 1-2 T, presented in the manuscript, are related to such moderate field range. It
seems that in these regions dependence of magnetostriction As on magnetic field is very sharp. The increase in
the number of experimental points does not increase accuracy of measurements and thus not affect the final
conclusions. Measurements of high field magnetostriction are practically impossible because of strong forces
acting on the sample and resulting in crushing the sample.

A model relating magnetostriction with magnetization has already been presented in the literature [4].
Following this idea, the proportionality coefficient « (J/kg K), independent of temperature and magnetic field,
describing the transition from magnetostriction A¢ to entropy change AS,,,, may exist. In high enough magnetic
fields coefficient v does not depend on the strength of the external magnetic field. The coefficient o is
anisotropic and for B = 2 T equal: a; = 1017 (J/kg K) (parallel), o, &~ 1491 (J/kg K) (perpendicular). The AS,,
and magnetostriction data, shown in figure 3, demonstrate good agreement between both sets of data, indicating
the similarity of the mechanisms determining both magnetostriction and magnetocaloric effect in Fe;Seg and, as
a consequence, the possibility of using the magnetostriction data as one of the indirect methods for magnetic
entropy change estimation. The results presented here are a simple illustration of the observations [14] of the
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existence of proportionality between magnetostriction and the short-range spin correlator (S;-S;), which
determines the interaction between different spins in the system under consideration.

Correlation between magnetostriction and magnetocaloric effect was previously studied for
Pry 7Srp2Cay ;MnO; and Sm,_ Sr,MnOj polycrystalline manganites [4, 5]. It is not easy to compare the results
presented in Ref. [4] and in this paper because the volume magnetostriction measurements in Ref. [4] were
performed in cyclic fields. Taking these into account we decided to use in our paper expression ‘linear
magnetostriction’ instead of ‘magnetostriction’.

Conclusions

The temperature and field dependences of longitudinal and transverse magnetostriction were measured in
Fe;Seg single crystals, and they were compared with the magnetocaloric effect data, confirming the existence of
FOPT at T = 125K, obtained by magnetization measurements. A metamagnetic transition, which shifts toward
high temperatures in the case of a magnetic field directed along the c-axis and toward low temperatures in the
case of a magnetic field directed in the c-plane, has been observed.

The existence of both normal MCE above Tspyand inverse MCE below Ty in magnetic fields directed parallel
and perpendicular to the c-axis, respectively, has been reported earlier. Giant magnetostriction was observed near the
phase-transition temperature. Application of the external magnetic field leads to a negative (with the sign ‘—*)
magnetostriction in temperature range below Ty, and to a positive (with the sign ‘+°) magnetostriction in
temperature range above Tsgr. The temperature and magnetic field dependence of the magnetostriction Az correlate
well with the MCE temperature dependence in different fields by a simple relation AS,,, ~ As. This correlation
indicates that: (1) the mechanism determining both magnetostriction and magnetocaloric effect in the case of Fe;Seg
has the same origin (related to magnetocrystalline anisotropy); (2) the relation AS,,, ~ A= observed in different
materials seems to exhibit a universal character; and (3) magnetostriction can be used as an indirect method to
estimate the change in magnetic entropy in Fe;Seg single crystals substituted with transition metals.
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Podsumowanie

I. W rozprawie pokazano, ze zaréwno Tsrr, jak I namagnesowanie majg tendencj¢ do
zmniejszania w warunkach ci$nienia hydrostatycznego. Dla wszystkich wartosci cis$nienia
hydrostatycznego obserwuje si¢ przejscie magnetyczne, ktore przesuwa si¢ w kierunku wysokich
temperatur w przypadku pola magnetycznego skierowanego wzdtuz osi ¢ oraz w kierunku niskich
temperatur w przypadku pola magnetycznego skierowanego w plaszczyznie c¢. WynikKi
eksperymentalne pokazuja, ze zwigzek Fe;Seg jest ferrimagnetykiem, a mate pole magnetyczne
moze W nim indukowaé¢ namagnesowanie. Analiza krzywych termomagnetycznych sugeruje, ze
magnetyczne przejscia fazowe w Fe;Seg majg charakter przejs¢ pierwszego rodzaju, ale w
niektorych szczegolnych przypadkach obserwuje si¢ dodatkowo przejscia drugiego rodzaju.

Il. Istnienie zar6wno normalnego MCE powyzej Tsrr, jak 1 odwrotnego MCE ponizej Tsrt
w polu magnetycznym skierowanym odpowiednio rownolegle, oraz prostopadle do osi ¢, obserwuje
si¢ dla wszystkich badanych ci$nien. Zmiana entropii, ASy,, w materiatach magnetycznych, takich
jak Fe;Seg, ktore poddawane sg polaczonej zmianie pola magnetycznego i dziataniu ci$nienia
hydrostatycznego, osigga duze warto$ci w szerokim zakresie temperatur; zastosowanie cis$nienia
hydrostatycznego wywotuje silny BCE.

I11. Stwierdzono silng korelacje migdzy wptywem koncentracji Ni i Co w monokrysztatach
Fe;Seg z Fe czgsciowo zastgpionym przez Ni i Co (ci$nienie chemiczne) a wpltywem ci$nienia
hydrostatycznego w monokrysztatach Fe;Seg na temperatur¢ przejScia reorientacji spinowe;.
Wykazano, ze w przypadku podstawienia Ni oba te czynniki prowadza do jednostajnego spadku
stalych sieci, a tym samym do zmniejszenia namagnesowania i Tsgr.

IV. Przejscie magnetyczne indukowane polem mozna zidentyfikowa¢ na podstawie
zalezno$ci namagnesowania od pola jako zrodia rozszerzenia maksimum entropii magnetycznej.
ASy, obliczono na podstawie krzywych izotermicznego namagnesowania W poblizu Tsgr (dla
przedziatu temperatur od 10 K do 210 K) oraz w zakresie zblizonym do Ty (przedziat od 345 K do
380 K). Normalny i odwrotny efekt magnetokaloryczny zaobserwowano w monokrysztatach Fe;Seg
domieszkowanych niklem i kobaltem w zewnetrznym polu magnetycznym.

V. Obliczone wyniki potwierdzity silng korelacje pomiedzy cisnieniem hydrostatycznym 1
chemicznym w krysztatach Fe;Seg. Przeprowadzone pomiary wykazaly roznice w cieple
wlasciwym, namagnesowaniu i MCE po zastgpieniu Zelaza niklem i kobaltem. Temperatura
reorientacji spinow jest nieznacznie przesuni¢ta w kierunku wyzszych temperatur z czgsciowym (do
x < 0.09) zastgpieniem zelaza kobaltem. W zwigzku (Fep.91C0009)7S€s temperatura reorientacji
spinow wzrasta do Tsgt ~ 133 K, czyli jest o okoto 10 K wyzsza niz w Fe;Ses.

VI. Zmierzono zalezno$ci magnetostrykcji podtuznej i poprzecznej od temperatury i pola w

czystych monokrysztatlach Fe;Seg 1 porownano je z danymi efektu magnetokalorycznego,
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potwierdzajacymi istnienie FOPT przy T = 125 K, uzyskanymi z pomiaréw namagnesowania.
Przytozenie zewngtrznego pola magnetycznego prowadzi do magnetostrykcji ujemnej (ze znakiem
~— ) W zakresie temperatur ponizej Tsgt oraz do magnetostrykcji dodatniej (ze znakiem ,,+7) w
zakresie temperatur powyzej Tsgrr. Zalezno$¢ magnetostrykcji Ae od temperatury i pola
magnetycznego koreluje si¢ z zalezno$cig temperaturowa MCE w roznych polach za pomoca
prostej zaleznosci AS,, ~ Ae. Korelacja ta wskazuje, ze: 1) mechanizm determinujacy zaréwno
magnetostrykcje, jak i efekt magnetokaloryczny w przypadku Fe;Seg ma to samo pochodzenie
(zwigzane z anizotropig magnetokrystaliczng); 2) zalezno$¢ ASy, ~ Ae obserwowana w roéznych
materiatach wydaje si¢ mie¢ charakter uniwersalny; oraz 3) pomiar magnetostrykcji mozna
zastosowa¢ jako metode posrednia do oszacowania zmiany entropii magnetycznej] w
monokrysztatach Fe;Seg domieszkowanych metalami przej$ciowymi.

VIl. Zgodnie z wynikami obliczen zmiana temperatury przej$cia fazowego w warunkach
ci$nienia hydrostatycznego oraz chemicznego zwigzana jest ze zmianami stalych sieci krystalicznej
i parametru anizotropii K;. Efekt reorientacji spindw prawdopodobnie wynika z zaleznosci energii
magnetokrystalicznej od temperatury 1 moze by¢é wywotany przylozonym ci$nieniem
hydrostatycznym/chemicznym i/lub polem magnetycznym. Dowodzi to, ze model jednojonowy,
opracowany w [79,81], mozna wykorzysta¢ do opisania zachowania krysztatu Fe;Seg, przy roznych
cisnieniach i temperaturach odpowiednio do P = 8 kbar i T = 40 K oraz koncentracji Ni do 8 — 9% i
Co do 9% ; a zatem taki model mozna wykorzysta¢ do przewidywania fizycznych whasciwosci
krysztatu. Badania tych monokrysztaltow pomagaja glebiej zrozumie¢ mechanizmy fizyczne
odpowiedzialne za zjawisko magnetokaloryczne, a uzyskane dane moga by¢ pomocne w

poszukiwaniu lepszych materiatow chlodniczych w przysztosci.
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