MICROSTRUCTURAL INVE STIGATIONS
OF RARE-EARTH TRANSITION -METAL -
BASED MAGNETOCALORIC MATERIALS
FOR NEAR-ROOM-TEMPERATURE

BENJAMI N POD



Doctoral Dissertation
Jogef Stefan International Postgraduate Scho
Ljubljana , Slovenig Segember 2010

Evaluation Board:

doc.dr. GoraDr a €halrman) nst i t ut ,Lubjgneaf St ef an
prof. dr. Mir an MNeamlerl nsti t ut  Ludjgnaef St ef an
prof . dr . Membe niversty of Ljubljaniljubljana



Benj ami nakPodmi | j g

Microstructural investigations of rare-earth
transition-metal-based magnetocaloric
materials for near-room-temperature
applications

Doctoral Dissertation

Raziskave mi krostrukt
materialov na osnovi redkih zemelj in elementoy
prehoda za uporabo pri sobni temperaturi

Doktorska disertacija

SupervisorProf. Dr. Spomenka Kobe

Co-SupervisorAssist.Prof. Dr. Paul McGuiness

Ljubljana, Slovenia, Septemb2010

MEDNARODNA PODIPLOMSKA SOLA JOZEFA STEFANA
JOZEF STEFAN INTERNATIONAL POSTGRADUATE SCHOOL













For my father.






Index
N 15X = Vo (R Xl
0 A 7= (=] NS Xl
PN o] o1 (=AY = 110 1T XV
1 The MagnetoCaloriC EffECL......ccoi ettt e e e e e e e e e e eeeeree e eeeeeeees 1
0 T 1 o o 11 [ox 1o ] o TP 1
2 I =T o o PRSP 2
1.3 MCE during a firstorder tranSition...........c..uveiiieeoiiiiceerciiiiie et eeeee e e e seneneeee e e e e snnensnndd
1.4 MCE in the vicinity of magnetic phase tranSitioNS..............uuuuuriirimreinnrrrerrerene e e 10
1.5 MagnetoCaloriC MAEIIAUS. .......uuuurrreeeiiiiiiirrer e e e e e s e e s s e s e s e s s s e et e e e e aeeaaaaeaeaeaeeeameereeeneenneneees 13
1.5.1 MCE materials for Cryogenic teMPEeratures...........uuuurrrurrrrimmmriessiissssssssssssnnsmnneeseeaaeeeees 13
1.5.2 MCE materials for ro0m MBPEratUIES........cccoceiiieeeimmne e e e e e e e e e e e e e e e s e s smmr e e e e e e e e e e e eae s 14
1.5.2.1 Gdi4
1.5.2.2 Gd5(SixGeLy)4 alloys and related g materials............coovvvvviiiiiiiieeciiiiiiiiiiiiiivisvvees 14
1.5.2.3 MN-based COMPOUNGS......ccoooiiiieiecccc et e e e e e e e e e anensnnenee 15
1.5.2.3.1MN(ASL 1 S1) AllOYS.....uuiiiiiiiiit et 15
1.5.2.3.2MNnFe(PL i ASy) AllOYS.....cooo e 15
1.5.2.3.3NiTMni X (X = Ga, In, Sn, ShiHeusler alloys.............cccceeeeeiei it 16
1.5.2.4 La(Fas My)-based COMPOUNAS...........ccoviiiiiiiiii e e e e 16
1.6 MeasUuriNg the MCE.......ooui it rent e e e e s e e st e e e e e e smmne e s e ennebeeeeeaeenanns 18
T B 11Tt A 41 {10 ST 18
T2 [ Lo [T =Tt A g 1< 1 [0 1o T 19
1.6.2.1 Isothermal magnetization MeasSUremMENLS............ccoveeii i i e eeeereeaeeeeees 19
1.6.2.2 Adiabatic magnetization MEeaSUIrEMENLS...........ceiiiiiiiiiieeriiieieeee e e st eeeeenreeee e e anes 20
1.6.2.3 Heat capacity MEASUIEMENL.............ooiiiiiiiiieeeiiitiiirrrrerreerreeseeeeeese e nasaaasnnsensanans 20
A B LY 1o [T = g | o= o= Lo | Y 21
1.8 MAgNetiC reffigeIatiON......cciii ittt e e e e s et e e e eeme e e e e e r e eeas 22
2 GUESIGE vttt et e e e e e e ettt e—————a e eeeeattrertr i ———————— 25
2.1 The G@(Si,G8, system and the giant MCE.............coccuiiiiiiieene e seeeseeee e e 25
2.2 The Phase QIAgraM.........ooiiiiiiie ettt ettt e e st eeamme e e e e e e nbe e e e s nnees 25
A T O V2= = L= 1 (o (= 27
2.4 Interplay of structure, magnetism, and thermodynamics................ccoevreeceiieireieeeeeeeeeeeeee e eeea 29
ST Y Lo (o 1=y 1 (U ox (T TR 32
A IS U 153 1] 10 (o) T 33
3 EXperimental tEChNIGUES..........uuiiiiiie it eeet e e e emme e e st e e e e e s s et b e anensssareeeeeeeennnens 35
3.1 SAMPIE SYNINESIS...eiiiiiie e ittt e e e e e e e e e s et erne— et e e e e e e e reeaeeenane 35
0 700 001 A O o =T 0 g o= | I oo ' [0 1= 1o ] o 1R 35
Tt O N o3 1 =11 o Vo 36
3.1.3Mechanical @lloYiNgG.........coooiiiiiiii e e e e e 37
R T 0 |V =Y =Y o 11T 1 o 37
I T o (T L (=11 1] 1 PPN 38
3.2 SamMPIle CRAraCleriZAtION. ... ...ueiiiiiiiiiiiii e ceeete et nres s s s naneeeeeeeeaeeeseeas 39

T I -\ VAo [ = Tod 1 0] o ST 39



X Index

3.2.2 Scanning Electron MIiCrOSCOPY (SEM)......uuuuuiuiiiiiiiiiiiimmeiinssnasnnnnennnnenninnns e e e s s e e s s e s s snaenesd 40
3.2.3 Transmission electron MicroSCOPY (TEM)......ooiuuuiiiiiiiii et 41
3.2.4Vibrating sample magnetometer (VSM).........uuuuuurrrurrriiimreneasierssesssssssssmnneeeeeeeeeseeeeeens 42
3.2.5 Physical property measurement system (PPMS)............oooviiiiiicceeeeee e 43
BT T R VA 1V N 0 1 PP PTPPPRRPTR 44
3.2.6 Direct adiabatic temperature Measuring LINIt.........ccooeieiiiiiiimre e eee el 44
4 ReSUItS and iSOSSION.........uuiiiiiiieiiiiii ettt ettt e s emme e eetbeeee e e e s s snnbsenenseseeesaessennnnnneess Dl
€0 1S ] TR PRPTRR a7
g I N o 0T T PP PPRR 47
Vo Y [=Tod g F= Ta Tor=1 =11 (o) YT o o PP PPTR PP 51
o G Y 1= A= o1 ] 1 T 52
4.2 SUDSHItULIONS WIth IFOM......eeeeiicee e bbb e e 53
i |V = Lo 0 1 (U o (1 = PR 54
A.2.2 MICTOSIIUCTUNE ...ttt et ettt e e e s ettt e e e e e smmee s e s ea b eeeae e e s sansbb s ennbe e e e e e e s sannbbraeeaaeess 54
4.2.3R00M tEMPEFALUIE XRD ... .uuuiiiiiiiiiiiieiiiimeesaas s meee e e e e e e e e e e e s e e e s e e e s s s s smmmreeeaeeeeeas 60
4.2.4 LowW temperature XRD.........uuuiiiiiiiiiieiiiieme et eeeeme s e e e neeeesrannmeeeeenennnn 63
Y= To | L= o o] £ o 1= o 1= RO PPPPRRRR 66
4.2.5.1 ThermomagnetiC PrOPEITIES.........ccuvtueiiiee et iiieersetiieieee e e s e s seabreeeeeeseeeeeeesssnnrrreeeeeeesannes 66
WA o 1Y (=T (=TT LS o o T o 69
4.2.5.3 Magnetic entropy and hysteresis losses calculations...........ccveeviiieeceeiiinciiiieeeeeennd 75
4.2.5.4 (Net) Refrigerant CapPaCILY..........oocurrrriiieee ittt e e e e e st ieete e e e e e s s enb e e e e e e e smmne s 78
426Di rect measurement of t hgg.adi.ab.at..c..t.eBlperature
A. 2.7 TEM FESUITS.....ceiiiieiitee ettt e e e s ekt bbbt e e e e s ammme s e e bbb b e e e e e e e e s annbbeeean 84
N R R € To 1] PSP PPPR 84
4.2.7.2 GO5(SI,GEFQ) ..ttt 85
D CONCIUSIONS. .. tuiiiititiettie ettt e e e et eeee e e e e e e e e e e e e s e aaesaa e s ammmeeeaeaeaaeeaaaaaaeaeeesesaaasereeeees 89
6 ACKNOWIEAGEMENTS. ... ..ottt e e e e e eeeet e e e aeeeeeeeen a1
T REFEIBNCES. ..ot ee e bbb bbb eaae e e e s e e e e e e e e e e e e e e e e e e e e amnraaaaaaaas 93
INAEX O FIQUIES. ..ttt eeee e e e ee e e e e e e e e e e e e eeeeeeeeesssammmeeeeeeeeeeeaeeeaaeeeeeeesaannses 99
INAEX OF TADIES. ... eee e 103

Y o] 0 1= o [5G PP 105



Xl

Abstract

Magnetocaloric materials are promisingaterialsfor magnetic refrigerators which would substitute
presentcompressor refrigerator§hey work on the principle ahe magnetocaloric effect (MCE), where
the magnetocaloric material increases its temperature when exposed to an external magnétieseeld.
new type of refrigerators are energetically more efficéerenvironmentdy friendly.

One of the promising meatials, discovered in 1997, is the 5@Ge; alloy with a giant magnetocaloric
effect (-qB,), because it has a simultaneous structural magnetictransition. This giant MCE has a
disadvantage that it has very high hysteresis losses when cycled throhghging magnetic fieldTo
reduce this, a small amountgérmanium was substituted in small amounts with igith this an increase
in the netrefrigeration capacity (NRC) was achieved. The lower hysteresis losses were explained with the
suppression ahe structural transformation.

The goal inthis thesis was to investigate different preparation technigbi€kSi,Ge,, such asarc
melting, mechanical alloying and melt spinning to improve the properties of these alloys. Also we wanted
to investigate marthoroughly the effect of iroon GdsSi,Ge,. For thiswe have investigated the magnetic
properties as well as the maeronicro- and nansetructural changes for a wide range of iron substitutions
The affect of iron was researchedtbree sets of samplels the first one we substituted germanium with
iron by the following formula Ggbi,Ge.«Fg,, where x98, 0.06, 0.125, 0.25, 0.5, 0.75 and 1. The second we
substituted silicon with iron by the formula §5ib.,GeFe,, where x9, 0.06, 0.125, 0.25, 0.5, 0.@5d 1.

In the third set of samples we substituted silicon and germanium equally withyitbie formula Gebi,.
x2G&.xoFe, where x9, 0.06, 0.125, 0.25, 0.5, 0.75h&samples wre prepared with an anmelter and
homogenized in an inert atmosphéefbey were analyzed withraoptical microscope, fiel@missiongun
scanning electron microscope (FEG SEM) anlansmissiorelectron microscop€TEM). The structural
changesvere analyzedwith an Xray diffractometer at room temperature and at cryogenic teypes.
The magnetic measurements were made with a cryogenic vibsatingle magnetomet§/SM) and a
physical properties measurement system (PRMMth a vibratingsample magnetometer attachment.
Adiabatic temperature changes where measured with dietbdiagnetocaloric measurement setup.

The preparation o&6dsSiGe, presented many problems when trying to prepare them with mechanical
alloying or melt spinning. Only arc melting produced the desired pitesgively.

The substitutions in all three saif samplespresented us with some unusual macrostructures and a
consistent change in the microstructures of the samjies reduces the silicon and germanium
concentration in the main matrix phase, by forming a grain boundary phase. Because of tioa refd8ct
and Ge, the main matrix phase is converted t&ithéSi,Ge) phase.

Low temperatureXRD confirmed the structural transformation in the Sl and GESI sample. In the GE
sample only a partial transformation is observed suggesting that iron can ssupipee structural
transformation only in the GE samples.

We also observed that the addition of iron has a pronoun effect on the Curie temperature of the
GdSi,Ge phase. When substituting Si thg is reduced and when substituting &g increases. If we
substitute both the transition temperature does almost not change. In all substitpfigisreduced. The
difference is that it is reduced faster with GE substitutions then with GESI and S| substitutions. Also the
hysteresis losses are reduced faster in the GE samples than in the other two. This has to do with the change
in the Si/Ge rati in the main phase and the reduction of the main phase on account of the new 5:3 phase.
We also observe a broadening of the lowergsl, peaks. This results in a increase of the net refrigeration
capacityin the GESI samplesompared to the unsubstitut€&tkSi,Ge, sample. Adiabatic temperature
change measurements confirmed the reduction of the MCE in these alloys with added iron. The reduction is
comparable to theys, results with a broadening of the peak.

TEM investigations confirmed the formation of heiin theGdsSi;Ge, alloy. The results alsguggest
that additions of Fe produce complex changes to the structure of sSi material, like amorphous
regions, dislocations and planar faults, as well as crystallographically related grains.

We have adeved an increase of the refrigeration capacity by carefully substituting some of the
elements with iron. Also with iron we can tailor the transition temperature of the magnetocaloric material.
With these findings this material is a promising candidagewasrking material in a magnetic refrigerator.
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Povzetek

Magnet okal or i |oletavni materialr za arlagnetnse dladilnike, ki bi lahko zamenijali

dosedanje kompresorske hladilnike. Delujejo na
magnett al ori | nemu materialu dvigne temperatur a, | e
nova vrsta hladilnikov je energijsko bolj ulinkov
Eden od obetavni h magnet okal orGdkbixe fitakmaena/animal o v ,
velikanskim magnet okal ori(lgB), m arcd ekt coomene i stolasne st
transformaciije. Ta velikanski MCE i ma tudi negat
materi al ci klil no i zrpetsnemud japmloj wunBaj &imu tmag zg
kolilino germanija zamenjal. z gel ezom. S tem s
Ni gje histerezne izgube so razlogildi Z zaviranjer
Cilj teze je bilo raziskoanj e razl il ni h né&dS.,kep v kpt i proa voeb | zol| intc
mletje in indukcijsko taljenje z hitrim ohlajanje
GdsSiGe. Zato smo raziskovali magnetne lastnosti, kot tudi makrkranter nano strukturne spremembe

za ¢giroko obmolje zamenjav z ¢gel ezom. Vpliv gele
smo zamenjali g e r ma®@diSpGe.zFe, Kkjerlieexd,®.06, (p1@5, 0.25,r05,0175 in 1.

V drugem sistmu smo zamenjali silice  gel ez om pS,,G&FES kieujé x=0, Gab, 0.125,
0.25,05,07 1.Vt retjem sistemu smo zamenjal. siliciij i
GdsShr.2Gex2Fe, Kjer je x=0, 0.06, 0.125, 0.25, 0.5 in1.Vz or ci so bili priopra
taljenjem in nato homogeni ziral:@ Vv inertni at mos
vristilnem elektronskem mikroskopu s pol jsko em
mikroskopu (E M) . Strukturne spremembe so bile analizir
pri sobni temperaturi in pri temperaturi pod sobno. Magnetne lastnosti so bile izvedene na magnetometru z
ni hajolim vzorcem z ni zko t enompzrmarienjerfigil@anirelasmdsto ( V ¢
(PPMS) z dodatkom magnetometra 2z nihajolim vzor
i zmerjene z modificiranim magnetokalorilnim meri/|l
PripravaGdsSi;Ge, z mletjem ali s taljenjenz hitrim ohlajanjen se je izkazalo kot zelo neprimerno.
Obl ol no taljenje se je izkazalo kot najulinkovite
Zamenjava Vv vseh treh sistemih je pokazala zelo nenavadne makro strukture in skladno spremembo v
mi krostrukturi vje lomcentacijo lieijh | geomarzjanaghaynigfazi, s tem da ustvari
novo fazo med zrni. Zar adi zmanj ganja koncentra

Gds(Si,Ge} fazo.
Nizko temperaturna pragkovna doe¥ vzartihcSl n&ESL. & potr

vzorcih GE smo opazil:@ del no strukturno sprememb
ga zamenjamo namesto germanija.

Opazili smo tudi, da ima Jgelezo GiSiGe faeki k Lep
zanmenjamo Sise temperatifaz ni guj e i n | eTczaimguwj emol &epaezamenj :

temperatura magnetnega prehoda skor aff, Radikagppr e me n
tem, da-gf, hitreje pada pri zamenjavah Ge kot pri dhudiveh sistemih. To je zaradi spremembe v Si/Ge
razmerju v glavni fazi in zmanjganjem delega | e
pri z g varejdunost i . Ta razgiritev privede d&l zvi §ea
glede na vzorec brez geleza.

Meritev adiabatnih temperaturnih sprememb j e
dodajanjem ¢gel eza. Spr eme mba zE,sppeimentbam, kje prige tudiz o r ¢
do razgiritve vrhov.

TEMraziske e so potrdil e Ghii&Sébaheki Wivoj] RéEpul tvat i tudi
geleza privede do kompleksnih sprememb v strukt
planarne defekte, kot tudi kristalografsko sorodna zrna.

Doseglisno zviganje skupne hladil ne k a@dSgdetzldiniez s
gel ez om. Prav tako | ahko izdelamo zlitino z do
material postane primeren kandidat za delovni material v  magnetniladilniku.

s k
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Abbreviations

ADC = analogue digital convert

AM = arc melting

AFM = anti ferromagnetic, anti ferromagnet

AMR = active magnetic regenerator

BSE = backscattered electrons

CMCE = colossal magnetocaloric effect

COP = coefficient of perfomance

DC = direct current

EDS = energy dispersive spectroscopy

EDXS = energy dispersive Xay spectroscopy

EELS = Electron Energy Loss Spectroscopy

et al. = and ceworkers

FFT = fast Fourier transformation

FM = ferromagnetic, ferromagnet

FOMT = first order magnetic transition

FWHM = full width at halfmaximum

GB = grain boundary

GMCE = giantmagnetocaloric effect

HRTEM = high-resolution transmission electron microscopy
HM = Halbach magnet

HT = heat treatment

JSI = Jogef Stefan Institute
L.B. = layered bed

M = monoclinic

MA = mechanical alloying

MC = magnetocaloric

MCE = magnetocaloric effect

MR = magnetic refrigeration

MS = melt spinning

NDR = nuclear demagnetization refrigeration

NRC = netrefrigerant capacity

o = orthorhombidl) GdsSis-type structure

o(ln = orthorhombidIl) SmsGey-type structure

PEM = permanent magnet

PM = paramagnetic, paramagnet

PPMS = physical property measurement system
SAED = selecteehrea electron diffraction

SCM = superconducting magnet

SEI = semndaryelectron image

SEM = scanning electron microscopy/microscope
SOMT = second order magnetic transition

STEM = scanningtransmission electron microscopy/microscope
SQUID = superconducting quantum interference device
RC = refrigerant capacity

VSM = vibrating-sample magnetometer

TEM = transmission electron microscopy/microscope
TB-LMTO = tight binding linear muffin tin orbitamethod
XRD = X-ray diffraction






1 The magnetocaloric effect

1.1 Introduction

The magnetocaloric effect (MGE a magnetéhermodynamic phenomenon and is defined as the heating
or cooling of a magnetic material due to the application of a magnetic field.

Similarities can be drawmith the pr@esses in a gas in response tehanging pressure. When
isothermally compressing as, the positional disordand, therefore, the corresponding component of the
entropy are suppressed. The same thing happens when isothenagigtizinga paramagnetic solid near
absolute zero or a ferromagnetic material near its spontaneous magdetingptemperatuée the Curie
temperatureTc. They reduce the disorder thfe spin system, thus substantially lowering the magnetic part
of the total entropy. In the reverse process, which is similar to the expansion of a gas at constant
temperature, iso#rmal demagnetizingestores the zesfield magneticentropy ofthe system. Figure 1
shows the relationshipetweerthe two methods.

Conventional Magnetic
e

e N

Compress, andJ

~

Magnetize, andJ

thereby warm
the gas.

thereby warm
\the solid.

L

Hot Fluid Out 4

Hot Fluid Out =
Remove heat

| Y
p
with a cooling

Y [
Remove heat
with a cooling
fluid.
. A ~

fluid.

Cool Fluid In—5» Cool Fluid In +

y

Demag

and thereby <— :\' \I

L cool the solid.

Cool Fluid In <« +Coo| Fluid In
| y

ST s
Absorb heat Absorb heat lﬁ
from a from a
cooling load. cooling load. r—J
J \
_J Cold Fluid Out <= j ¥ Cold Fluid Out

Figure 1: Comparison ofa vapor compressorand a magnetic refrigerator [1]

The magnetocaloricfiect was first discovery by Warbuiig 1881, where he observed ttaffect in
iron. [2] However, t was 45 years later that this effect was explained independently by D&baed]
Giauque 4], for which they got the Nobel prize. They also proposed thectical use of such an effeict
cooling via adiabatic magnetization. In the early 1930s Giauque and MacDdrjgdénfionstrated the
process for the first timeeaching a temperature of 0.25 K. Since then most of the redesdbcused on
finding materi¢s with high MCE in cryostatic regions. Commonparamagnetic salts are used to reach
low temperatures of 100 mKlthough for this ey have to be preooled with liquid 4He (1.2 K) or 3He
(0.3 K). One variant of adiabatlemagnetizatiorthat continuedo find many research applicati@nis
nucleardemagnetizatiomefrigeration (NDR). NDR follows the same principle described above, but in this
case the cooling power arises from the magnetic dipoles of the nuclei of the refrigerant atoms. Thus
achievingtemper at ur es of ¢ qoledtwlDOMKt has to be pre

Although magnetocalorics are commonly used in thetkawperature region there has been in the last



2 The magnetocaloric effec

century no use for them in the room temperature region, because other cooling mechanisms were more
efficient. Pure Gd was the only known material that had a high magnetocaloric effect at room temperature.
In 1976 Brown §] showeda continuously operating device working near room temperature, filled with Gd
plates, that achieved a maximum temperature gpat7 K in an alternating 70 kOe field produced by a
superconducting magneBut no practical applications wereealized Not until 1997, wkn two
breakthroughccurred First the unveiling of a proofof-principle magnetic refrigerator demonstrating

that magnetic refrigeration is a viable and competitive cooling technology in theooeatemperature

region with potential energy savings of up to 3Q%.Second the discovery of tlggant MCE (GMCE) in
GdSi,Ge. [8] Thesetwo breakthroughs boosted tresearch in the field of magnetic refrigeration at room
temperature increasing the number of publications exporign{ligure 2). An important increase of
interest was produced also with the new fluowas regulation and the Kyoto regulationreducirg the

CO, concentration in the atmosphere. The fear of global warming in the last dexsadksdncreased the
researchon saving energy. Witll5% of the total worldwide energy consumption involving the use of
refrigeration (air conditioning, refrigeratip freezing, chilling, etc.) any improvement could have an
enormous effect on the energy consumptidfith a technology that has no ozedepleting gases, reduces

the CQ output and uses less energy, funding for research was easier to get. This makelsl tims
magnetic research so interesting. For a number of excellent reviews on this subject see rederehfles [

300 ]

1 A
E 250 ]
2
g .
% g 200-_
27T 150 1 Discovery of the giant -
- .::n 1 magnetocaloric effect -
5 2 100 4 m
S 2 ]
S ] n,
=z 50 A

] a

' -| L -T“nlI

o A 1 N T UL el
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Figure 2: The number of research papers published annually over the past 80 years con&iwingl th
66magnetocal oricd6é in the title, abstract, or among
number of papers abstracted during the first tioeeths of the yearTaken from Ref. [14].

1.2 Theory

All magnetic materials intrinsidlg show a MCE. The intensity of each depends on the properties of the
material. To explain the theory behind the magnetocaloric effect thermodynamics is used.

The mportant characteristics of a magnetic material are its total entropy and the entreppaxrietic
subsystenfy, called the magnetic entropy. Bwrying thethermodynamic parameters like the magnetic
field, temperature or pressure the entropy can be changed. This influences the MCE because they are
closely relatedo each other.

The total enbpy of a magnetic material can in general, at constant pressure, be preselfied as [

SH =5 HD+SHT)+SH.T), (1)

whereS, is the magnetic entropg is the lattice and&: is the electron contribution to the total magnetic
entropy.In general, all three contributions depend on the temperatura@nthgnetic field and cannot be
clearly separated. lafirst approximation we can believe thiaelattice and electronics parts thie entropy

t

h



The magnetocaloric effect 3

depend only orthe temperature, and athe contributions depending otine magnetic field (from any
changes of magnetic subsystem) are presentdbe fatal value otheentropy inEquation (1) bySy(H,T).
The heat capacit at constant parameteis defined as

_adg
Cx —g%ﬁgx, (2)

wheredQ is the heat quantity changing the system temperatitinerespect taT. Using the $cond law of
thermodynamics

ds=R

T (3)

and the heat capacity can be written as
C, =THE
¢

Using the FKuatiors 1 and 4we can present the total heat capacity of a magnetic material as

G =G +C + G, (5)

whereC'y, C. andCg are the magnetic, lattice and electron contributions, respectivelyndéeH means
that the heat capacity is calculated at constant magnetic field.

Let uschange the total entrop§(H,T) of a magnetic material by changing the magnetic field and
temperature under isobaric conditionswié include the heat capacity (iaton 4) in Equation 1 and
taking into account the suggestion about the independerfgeanid S on a magnetic field, we can write
the total differential o5(H,T) as

S . (4)

asH M) = S0 g CeM gy GiHT) 4 &S, (HT) G oy o)
T T T ¢ MH =
The last two terms represent the totéfledential of the magnetic entropy:
dg,(H, 1) =HE D gr AT G g (7)
T ¢ M =

using the Maxwell equation
apsSge _auMa
aéJEQ =aéJMQ , (8)
(;UH “T,p 9 HT “H,p

Equation (5) caralsobe written as

i (H,T OUSM H,T)G

dSA(H,T):C'h( , )dT+§c (H, )8 dH, (9)
T ¢ M

dSv is made upout of two parts, one related to the change of temperature (field constant paing atine:r

due to the change of the magnetic field (isothermal field).

We can calculate the finite change of the total magnetic entropy for a temperature €fariger(T;
to T, and a magnetic field changeH) fromH; toH, as

DSy6(H. T) =S, (H +DH, T +DT) - §,(H,T)

— J+DTéC'L(H’T)(?ﬂT+ﬁngcHM(H’T-'_DT)ng (10)
¢c T = C pT =

The first integral represents the finite isofield change of the magnetic eBi&py The second integral
in Equation (9) (the isothermphrt DSyr), for a field chang®H =H, - H,, can be calculated from the
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Maxwell relation (8) on the basis of magnetization data and can be defined as

D83 (HT) =8, (H, )+ (4, ) = 358 o

—:T
=3 FMEDG gy = 54, 1)- S(H,LT) (an)
1¢ M
=DS(H,T).

It can be seen th&Syr is equal to the chamwegof the total entropS This is valid ifS. andS: are not
field dependent. Figure 3 shows h®®,r and DSy contributeto the total magnetic entroDdS for a
ferromagnetic material under isobasdiabatic magnetization process fré# to H,. The totalentropy
change in this process is equal to zero.

Magnetic entropy
>
&P

AT

! I
T T+AT
Temperature

Figure 3: Temperature dependence of the magnetic entrop8y at two different fields H; and H, in a
ferromagnetic material

The process can be divided into two steps. First tthésmal change of magnetization, represented as
the process from-12, corresponding to the entropy charg®,r, and second the isofield temperature
change,represented as the process from3 corresponding to the entropy charlg8yy. Both steps
influence DT. DSy determinestte distance betwee?r 3 andDSyr the displacement of the initial
DSu(T) curve. To reach the maximum MCE value one should provide such conditions aD8high
should be equal to zer®$yr = DSuy) - Under such a coandtiangheeMCE canbeedi abat i
calculated using Equation (9)
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The same conclusions can be madetherprocesses taking place in antiferromagnets, wieR,T) lies
aboveS(H,,T) for H, > H;.

In theliteratureis conventional to usihe value of isothermal magnetic entropy charidf&s- referring
to it without the symbaTl. The same markind)Sy or dSy, will be used from now on.

For aninfinitesimal change of magnetic entropg§, can be written as

(12)

d, = C” (13)

After integrating Equation(13) and taking into account the third law tfermodynamicswhich
assumeshat the entropy is zero @t= 0, the magnetic entropy changg&,(T) can be calculated from the
data of the heat capity temperature dependencggT):

D8, (T) = @TICH(HZ,T)%CH(HJ)J JT. (14)

The equation shows that we can expect large chang8&g(fRewhen the magnetic field strongly affects
the heat capacity and whe&ns very low (providing thabDCy stays the same). The maximum and minimum
for DSy(T) can be calculatefom Equation (14). Pecharskgt al [17] showed that the maximum in
DSu(T) is observed for

H,,T)

G (H,T) =G, (H,.T) and “CHS:Z’T) < ”Q*fn (15)
And the minimum irDSy(T) is observed for
Gy (H, T) =G, (H,,T) and ”CH$2’T) > “CH$1’T) (16)

When adiabaticaly changing the magnetic field fidio H, in a reversible process, there is with the finite
change of the magnetic entropy also a finitarge of the sample temperature frono T,. This change in
temperature T,y is called the magnetocaloric effect. This change can be visualizttk a@entropic
differencebetween the correspondir®jT)y functions as shown ifigure4 by the horizontaarrow. The
vertical arrow shows the isothermdifference between the correspondi®@)y functions by which the
MCE can also be expressed. According to the diagram, the BiGEat a given temperature can be

determined by the adiabatic condit®rl',H,) = ST +DT_4, H,).
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Entropy, S

Temperature, T

Figure 4: Temperature dependence of the total enti®@y of a simple ferromagnet iwo differentmagnetic
fields. Thedottedline showsthe electronic and lattice contribution to the entropy. The dashed liveg the
magnetic contribution. The two arrowepresent the two quantitative charactergstf the magnetocaloric

effect. The horizontabrrow representthe DTqand the verticahrrow representhe DS,,. Taken from Ref. [8].

If we integrate uation(12) and assume that the heat capacity does not depend on the magnetic field, we
can simplify the equation for the magnetocaloric eff&iGk;

— \" : EEV(I 1EI I) q
DI_ T,D_| T A - .
ad( ) - :,ex%'e ) H :I.ly| ( 17)

A further simplification can bmadeassuming thabSy/Cy is snmall (Equation(18)). It was noted that this
canonly be true in regions very far from the transition temperature and /or in very weak fi€|ds. [

: (18)

DT, and DSy represent the two quantitative charactersstié the magnetocaloric effect. The above
equations (11 and 12) can give us some information about their behavior in solids. It can be seen that
materials whose entropy is strongly influenced by a magnetic field and whose magnetization varies rapidly

with temperature, are expected to exhibit an enhanced M§Epeaks whed(uM / uT)HX is the greatest,

i.e,, around theTc in a ferromagnet or near absolute zero temperature in a paramblgadviCE of a
simple ferromagnet is gradually lowered bo#idw and abovdc, as Figures clearly showsHigh DTyq
values can be reached in simple ferromagnets and paramagnets with high absolute values oD&ggative
and low contributions to the total heat capacity frtm lattice and conduction electron suligyss,
because they act as an additional heat load, reducing the MCE tfEhedadition can be reachédthe
low-temperature region, whef& and Cg approach zeroThe ®unterbalance can be seen froguBtion

(17) where the value @T,qis directly prgortional to the temperaturBT,q is positive for negativ®Sy
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and changes the sign@$, = 0. If DSy(T) has a maximum in absolute valldT, 4 should also have one.

z 104
E =30
IR
s 89 5
- <
’é‘ AH = constant, 5,
N 7 = —20 g
“5 -
o 67 15 §
& =15 8
5 z
EL . H = constant 10 2
~
= 4= \

| | T T T T T 5

Reduced temperature, 7'- T (K)

Figure 5: Temperatureglependencef the magnetocaloric effefdr a fixed magnetic field chandeH (red
curve) and temperature dependence of the magnetization for constant magneti¢blakl curve). Both near
its Curie temperaturd,..

The equations above describing the M&ih be applied for materials with acead order magnetic
transition (SOMT), a transition where the magnetization continuously changes with the change of
temperature. If the material has a first order magnetic tranafamm (FOMT), where the material has a
non-continuous change in magnetizatidue to simultaneous processes occurring, then one has to use the
above equations carefully, because they can produce unreal MCE values. This problerdisdlidsed in
the next chapterThe equationgake into accounthe contributions corresponding tvarious processes
occurring under magnetization, including contributions from paraprocesses and r@Eygsiketitine
anisotropy. Other processes that can influence the MCE are: the contribution from magnetoelastic energy
change, the contribution relateal the destruction of the magnetic metastable states and the contribution
from nonreversible processes. Different kinds of metastable processes, which could arisa filtating
order phase transition, especially simultaneous magnetic and crystal sttumhsfermation processes,
have a huge effect on the MCE.

1.3 MCE during a first-order transition

The previous section assumed that the magnetic phase transition is a phase transition of the second
order type. For this transition it is known that the first wives of the thermodynamic potential are
continuous functions and the second derivatives undergo a discontinuous change. The first adrikiative
temperature of the thermodynamic potential is the entropy, whickastamuous function for this typef o
transition.Because of the continuity there are no jumps in entropy and there is no latent heat in the second
order phase transition. There are no differences between the initial and the new phase. Both phases have the
same physical properties, which bewe different only far away from the transition. The second derivative,
which in this case is heat capacity, shooddurat the point of the second transition a finite discontinuous
change.

If the firstorder derivatives of the thermodynanpotential chage discontinuously, then the material
undergoes a firsbrder transition. The heat capacity in the point of the-@rder transition should be
infinite. Figure6 shows a schemati&T diagram of a magnetic system urgteing a firstorder transition
where the magnetic field has a small effect on the heat capacity above and theldinstorder phase
transition The transition temperature is effected by the magnetic field, ffa(hl,) to Ty(H2). The

enthalpy of the transition aft,(H1) and T,(H1) is DEHl and I]EHZ, repectively. This results in #otal
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entropy chan g#H)TgH). Athboeetical analysis of the behaviour of the MCE inmster
phasetransition materials was first made by Pecharskgl [18] The total entropy of the system can be
represented as:

_ Ju() CL(T,H) J CI(T,H) DE(H)
STH=R =5 4R, — 7 OITJrTr,t(H)’

(19)

S(T.H)

Temperature

Figure 6. A schematicT-Sdiagram of a magnetic system in the vicinity of the findder phase transition two
magnetic fieldsH; andH,. The corresponding values of the total entropies are marked on the plot.

C4(H,T) andC"4(H,T) are the heat capacities of the phases stable above and Togld)y respectively.
When the constant magnetic field heat cayaafi both the low and hightemperature phases is essentially
the sameC'y(H,T) © C"4(H,T), we can write the magnetic entropy change, for a defined field change, in
different temperature ranges as follows:

T<Tpt(H1) [B\A(r’m):[)s(r,m)@ij(CH (T1H2)+CH(TaH1))dT (20)

T (M) <T <T(H,) D8, (T, 0H) =0s(T, o) @y (Rl Gy, BEL - 5
pt
DS, (T,DH)=DY(T,DH) @&j (CH (T, Hz)_;_ oF (T, Hl))dT

To(H) <T (22)

_8DE(H,) _ DE(H,)8
B (H)  Tu(H)Q

BecauseDEHl and DEH2 are theoretically temperatindependent constants, thguations (15) and

(16) provide a good approximation also for the {firsler phase transition. Because the magnetic field has
little effect on the heat capacity beldiy(H,) and abovd ,(H.), we can use the approximati@(H,,T) ©
Cu(H2,T), at any temperature excéfpt(H1) andTy(H>). This simplifies Euation (21) to
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DE(H,) . DE(H)
() & T (Hy)

resulting in a large and constant magnetic entropy change, befwéey and Ty(H,). From previous
equations itis clearthat the high entropy for the firstder phase transition, between both temperatures, is
defined by the value of enthalpy of the phase transformation.

As for the magnetic entropy change one can expect the highest magnetocaloridheffadiabatic
temperature change, to occur in the same temperature range bépftegrandTy(H). The difference is
thatDTqis critically dependent on the temperature. The temperature span b&wyeghandTy(H,) can
be separated into two regignghich areseparated by the temperatig This temperature is defined as
the temperature where the total entropidahas the same valwesthe total entropy &tl, at the beginning
of the firstorder transformation, which occurs at the temperafipi(ll,). This is visualized ifrigure?.

DS, (T.DH) @ (23)

S(T)x

TptkH‘\) -i—1 Tm -II—Z Tot(H2)
Temperature

Figure 7: A shematicS-T diagram of a magnetic material in two magnetic figldgndH, near the firsorder
transition.T,, is the temperature where the total entropy of the materiakimagnetic fieldH, equals to the
total entropy of the material in the magnetic fielgat the start of the firsbrder phase transition &f; (H.).

In the first region where the temperatdrgis betweenTy(H1) and T, the material does not reach
To(H2) when the magnetic field is changed fréto H, regardles®f how largeis the DT,q In thesecond
region when the initial temperature is situated betwBgm@nd Ty(H.), the temperature increases up to
To(H2) before reaching the magnetic fidity becase of the MCE andannotexceed this temperature,
becase of the infinie value of the heat capacity of the mateidalring the firstorder transition.
Considering that the heat capacity is only effected by the magnetic field befygen andT,(H,), the
DTaqcan be expressed with tRguations (18) and (23):

i T
Cy(H,T)

oS, (T.oH) @ — 1 DE(H)

DlaalT. ) = Cor(HIT) T

(24)
The MCE temperature dependence is only determined bybehaviorof T/C,(H,T), because
DE(H,)/T,(H,) is constantWhenthetemperature exceeds, , i.e., whenT, < T OTy(H,) , the value of

ol T, &) becomes dependent only on the difference betWeamd T,(H,)  ( a Mk(13)wn Figure?)
and can be written:
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DT(T,DH) =T, (H,)- T, (25)

This means tht the MCE begins to decrease ab®ygebecause as the magnetic system approaches the
phasetransition temperaturpractically no further temperature change occurs in response to the changing
magnetic field as long as the two different phases coexiste Ifimagnetic field change or its effect on the
magnetic phase transition is small, tigrbecomed ,(H1) andEquation (25) becomes:

DT(T1 D_I) @-pt(HZ) - Tpt(Hl) : (26)

The MCE is then the differeedetween the temperatures of the finster transformation in the fields
H; and H,. This provides areasy estimate of the maximum adiabatic temperature change without
thermodynamic or magnetic measurements as long asTh@ith) and Ty(H) are known. Also, if the
magnetic field strongly influgces the magnetic ordering temperature, a larger giant adiabatic temperature
change in small magnetic fields is expected.

To evaluate the firsbrder magnetic phase transitime usethe ClausiusClapeyron equation:

dT DM

wh e rSq a medM aze the differences in the magnetic part of the entropy and the magnetic moment
between the magnetic states at the temperatutheofransition. With this equation it is possible to
calculate the entropy change at the transittom the ma@netization data. Fromdtatiors (18) and27)

we can obtain the equation for the M@Hring thefirst-order transition:

pr=_1 #H G (28)

Cu gl =

Because of the jumps and the high speed of the jume magnetizatin, for the firstorder magnetic
t r ans Bytainodd asenach higher than in secomuder magnetic transitions for the same value of
magnetization. Firsorder magnetic transitions are usually ordeder transitions.They are usually
accompanied by thergttural transition, which also enforces the magnetization charaléng it sharper.

1.4 MCE in the vicinity of magnetic phase transitions

To explain the magneti c f iTer the vianitydofthe magpetcrplaaseur e de p «
transition Tishiret al [19] proposed a thermodynamic model.
Considera reversible closed thermodynamic cyd#XYZin the §, T) coordinatesas shown inFigure
8. Starting from pointWand adi abatically magnrHetH, gh, it liovshthea f i el d
path WX The temper at 0dr=dx qTg becahsa ofdhe chagtetocalesic effect. When it
reachesX, it is connected to a hot sink, which has a lowghanTy. Because of the energy that has been
given to the hot sink follows pathXY, where the ttal entropy is reduced froto S, and its temperature
from Ty to Ty, Then the material is disconnected from the hot aimkadiabatically demagnetizeghich
leads to adecrease# its temperaturdrom Ty to Tz because of the inverse magnetocaloriecff{path
Y Y X To close the cycle the material is connected to a cold Figk>*T,) from which it absorbs a finite
amount of energy, thus increasing its entropy fifin 4 S and its temperaturérom T, to Ty. For
infinitesimal XY andZW pathswe canwrite:

dS, =0,
dS, =-C(H,,T,)dT, /Ty,
ds, =0, e

d%w =- C(Hl’TZ)dTZ /Tz’

whereC(H,, Tx) andC(H,TZ), andTyx andT; are the heat capacities and the temperatures of a matefial at
andZ, respectively. Because of the closed thermodynamic ayelean write

DS=d§, +dS, +dS,+dS,, =0. (30)
CombiningEquation(29) and (30) yields:
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C(H,,Ty) _C(H,T.)
2 XIdT, =2 27dT,.
T, X T, z (31)
Considering that:
DT(DH,Ty) =Tx - Ty @F, - T, @ - Tz, (32)

and introducingl,= Txe Ty, T:=Tw € TzandT, =T, + DT(DH, T;) Equation (31) can be written as:

_ 8 (DT(DH,T,) C(H,.T,)®
DT(DH,T,) =-T,C(H, T)- ) 33
where
pe(r, Hy = ST - C(H T) (34)

C(H.,T)

TZE ETW TYE iTx

Temperature
Figure 8: ST diagram with an ideal revebde thermodynamic cycl&VXYZ represented as thick lines, with
correspondingntropy and temperature denotations.

At the position where MCE has a maximum (or minimum) the conditbi /4T =0 is fulfilled and
Equation 83) is reduced to

D-I_(D_LT:L)peak:'T:L[x:(T! H) (35)

for the peak MCE.Cdefines tha sign betore the MCE value.altshinaexperimental
showed thatDC(H,T) <O for ferromagnets in various magnetic fields at temperatures below and just

above the zero magnetic field heajpacity peak. It changes the sign and becomes negative at higher

temperaturesThis was tserved in numerous experimentgufe 9 shows the results for GdPid could be

concludel that the maximum magnetocaloric effect should occur above the zero magnetic field hea

capacity peak.
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Heat capacity (J/mol K)

Temao | O(H)

I
0 50 100

Temperature (K)

Figure 9: Heat capacity measurements palycrystallineGdPd at different magnetic fieldS (max COrresponds
to the heatapacity maximum in zero magnetic fiel@(H) is the temperature whe@H,,T) andC(H,,T) are
equal.[19]

For small magnetic fields and/or for relatively high temperatures (room temperatures),
DT (H,T;) peall T1is small and can beeglected. This simplifiesdeiation (35) at temperatufigy(H), where
the peakMCE occurs, to:

C(Hy,Ty) @C(H2, Ty). (36)

We can see that the heat capacity is independent of the magnetic field at the MCE peak temperature.
The temperature wher€(H,,T) and C(H,,T) are equal is noteasQ(H) and should be close to the MCE
peak.

The previousstatemeniof neglecting DT(H,T;) e Ty is not true for a magnetic material nets
ordering temperature andjiation (35) has tbe written:

C(Hy ) 72 =C(H,.T,). (37)

M

For a ferromagnet;, is always larger thefiy (positive MCE) makingl,/Ty larger than 1. From this it
can be seen that the MCE maximum is higher ®@#), but because the zero magndiiid heat capacity
in ferromagnets changsharply right afterts peak Figure9), we can neglect the difference between them.

One can conclude that the maximum MCE is higher than the zero mafigidticeatcapacity peak.
The maximum MCE with decreasing field approaches the temper@iite where the heatapacity
becomes independent of the magnetic field. Alsmith temperatures approach the Curie temperature when
HY O . Wéms ialso experimentglproven in 9], whereTy for GdPd decreases from 38.7 K for a field
change of 10 T to 38.1 K for a field change of ZFiggre 10), which gets close to thi: of the material of
38.0 K. At the same tim@(H) decreases from 38.5 K to 38.0 K for the same field chamigsr€9). Also
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the MCE is lowered below and above Q€H) temperature which can be concluded friaquation (33)
and a typical cardike shape is expected which observed in all material with a single ferromagnetic
ordering, as can be seenhigure10. It can be seen frorigure 9 that the maximum MCE is indeed at
higher temperatures then the heapacity peak.

11
GdPd |

ATaa (K)

TCtmax]

Temperature (K)

Figure 10: The magnetaaoric effect of a polycrystalline GdPd from 3.5 to 0for a magnetidield change
from 0 to 2, from 0 to 5, from 0 to 7.5 and from O toTkla [19]

1.5 Magnetocaloric materials

1.5.1 MCE materials for cryogenic temperatures

Magnetocaloric materials are commonlged for adiabatic demagnetization to aehé cryogenic
temperatures. Ais was firstdemonstratedby Giauque and MacDougall in 1927, where they achieved
temperatures under 1 K using the paramagnetic saj{SGg)sl. 8.6 [5]. Later, the MCE at low
temperatures was studied in other PM salts, such as ferric ammoniun28uchfomic potassium alum
[21] and cerous magnesium nitrat2Z]. However, @ramagnetic salts were not practical as cooling
maerials, because of their low thermal conductivity. Paramagnetic intermetallic compounds are more
suitable and PrNiis one of the most studiegkamplesreaching as low as 27K [23]. PM garnets also
have excellent thermal conductivity, low lattice heat c#paand low ordering temperature. Good
examples are ytterbium iron {¥eO,,), gadolinium iron (GgFesO.) and gadolinium gallium
(GkGa01,) garnets in the 1B0 K range. 24, 25 . L &Sn bas bean observed in magnetic
nanocomposites on the iron gadalim gallium garnets, GGa; F60;1,, for x ¢ 2.5 [26]. Numazawaand
Sato observed @vice as large entropy change when substituting Dy with Gd ipGBly):Ga01» garnet
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single crystals witkx = 0.25. P7]

Other intermetallic compounds for low temperature BM@re REA}, where RE = Er, Ho, Dy,
Dyo.sH0p 5 [28] and DyEr.« (0 ¢ x ¢ 1) [29, 30], GdPd B1] and REN}, where RE = Gd32], Dy and Ho
[33]. The MCE gets lower with higher temperatures, because of the rise of the lattice heat capacity. The
MCE values lie inte range of 12 K/T.

1.5.2 MCE materials for room temperatures

1521 Gd

Gadolinium is the oldest known MC for roe@mperatur@pplicationsand often serves as a standard to
compare the magnetocaloric effect in new materials. With a Curie tempéfanir@94 K anda  Sgoof 1
5 Xkg/K a nlg of §7 K (both for a 2 kOe field changey4], Gd is a good MC material and is still the
best MC for magnetic refrigeration. These results, however, are only possible with Gd of high purity.
Commercial Gd generally has about tivoes lower MCE than higburity sample$12]. The high price of
Gd is its major drawback. For example, the price for 300 g of Gd lumps with 99.9 % purity (approximately
the mass needed for a magnetic refrigerator) is aroQn@ @ 35]1 Nefv materials being researched have
better MCE then Gd, but thestill have major drawbackin the preparation, toxicity, magnetic and
temperature hysteresis and other critical issues! they are resolved is still the best MC material on
the market.

1.5.2.2 Gds(SiGey,)4 alloys and related RsT 4 materials

Gds(SikGeLy)4 alloys aresomeof the more extensively researched MC materials. After the discovery of
the useful properties of G8i,Ge, [8], the whole range of stoichiometries was investigafed their
structural and magnetic propertig@61 43]. These materials are interestingt only by their MCE, but
also because dhe unusual features observed in these compounds, such as colossal magnetostriction and
giant magnetoresistancéd4]. When the temperatur@ressureor the applied magnetigeld is changed,
these alloys undergo a simultaneous change of crystalligragmmetry and magnetic order, thecadled
FOMT. This type of transformation, termed magneti@r t ensi t i c, is extremely rar
xO 0.5, a tronathepafamagnetctmormdinicfG®i,Ge)-type structure ttheferromagnetic
orthorhombic GeSii-t v p e structure occux®. O0F@r al |toryasn swiotr ma t0
antiferromagnetic SgGey-type structure to ferromagnetic orthorhombicsSigitype structure occurs, but
only at low temperatures.
These two groups of alloys exhibit a GMCE. The first group, alloys wh40 x O .50 is more
interesting due to its higher transition temperatures. The transition téoper@anges from 14K for x =
0.24to 276K for x = 0.5 [10]. The maximum magnetic entropy change was found=19.25 with a value
of -685 JkgK f o H =50 kOe at 143 K39 and the maximunp Tywas found irxk = 0.43 with a value of
19K for gH = 50 kOeat 235 K[45]. The alloy Gds(Si1.G&). with x O .50exhibits a SOMTBecause of
thatthe maximum magnetic entropy changeuibstantialljower than in the FOMT, because there is no
structural tansformationbut also no hysteresis losses which reduces the overall cooling capacity.
Composite materials wemroduced with apark plasma sintering technique.&tkSi,Ge); x with x
= 0.3, 0.5, and 0.produced a changed in t@ 4 peak.Increasingcf r om 0. 3 t o TRpedk shi fted
temperature from 286 t dysbh®hBinci€asedrram 1t6hoe.0 K & akagneticl ue of
field change of 1.5 T46]
Partially sibstituting Gd by other rarearthsalways lowerghe Tc compared to thetarting alloy, while
t he c h aSpaevary.Spichdnetal. [47] showed that in (GdR,)sSis, both Pr and Tb lowerthe
Curie temperature. THe: of GdsSi, was lowered from 346 K to 292 K f&r andy = 1.0, and to 28K for
Thb andy = 2.5. Pr alsolowers the MCE @&y by ~25% for a field change of 50 kOe), while Tb may
enhanceq, slightly. The ascast (Gd 4T by 26)5(Sio.4dG& 57)4 Still displayed a large magnetic entropy
change up te18.89Jkg/K [4§].
Exposing the material to high pressure (9.2rklnacreased the Curie temperature ofsG&Si, up to
305 K, but did not affect the saturation magnetization and markedly decreased its magnetocaloric effect.
[49]
Other RT,4 systems were also studied. The second most studied af(@iGe,.,)4 is the TR(SikGery)s
system.t shows the same crystallographic sequence of phases at room temperatw©Sgs dag, with
a firstorder character for EBi,Ge.. This alloy alschast h e h iSgdi-¢ 5§t J dpk B350 KO® but
with a Tc at only 100 K[50]. Morellon et al [5]] studied the effects of pressure onsGbSi,. With a
pressure of 8.6 kbar, the higgmperature secormtder ferromagnetic transition was found to be coupled



The magnetocaloric effect 15

with the lowtemperature firsbrder structural phase change into a single -dirder magnetic
crystallographic transformation, transforming the material from an ordinary material into a GMCE
material. The samecrystallographic sequence of phases at roemperatureis also observed in the
Dys(SikGey4)4 alloy system, with the monoclinic phases occurring«fer0.67 0.78. DySisGe; showed the

hi gh®&oft-33p J/ k 13460 KOe at 750K. This value is still 22 % lower than the related Gd alloy
with the same ordering temperature {SigssGese7). [52, 53] Other elements did reducthe g,
significantly. For Nds(Si;; xGe&/)4 alloys Tc a n dSy(ngax) are substantially lower than fathe Gd-based
alloys B4].

These results depend strongly on the proper heat treatmetitegnatity of the starting element§4).
Available rareearth metals have a significant content of intgastimpurities, primarily H, C, N and O.
This content varies between 2 and 5 atomicX®RD studies of the effect of using low purity Gd showed
that these alloys consist of multiple phases, includingS@@e-type, GdSis-type, and GdGeype,
making it dfficult to prepare a singkphase materigb6]. Oxygen has a large influence Gias(Si,Ge; «)a.
Oxygenfavorsthe decomposition of the monoclinic phase into the (&ksi, (1:1) and the Gsbi,Gey,

(5:3) phases, in the process destroying the GMCE by suppressing the structural tf&7ition

One of the major problems of these alloysthgarlarge hysteresis lossddowever, ly adding different

elements one can reduce these losses almost tatieto e ¢ §gmax)of @

1.5.2.3 Mn-based compounds

Numerous different metallic manganese compounds imeeesting MCEbehaviorswith quite large
MCE values even the terncolossal magnetocaloric effect (CMCE) has been introduced for some alloys
havingvalues far greater than predicted by ttheoreticmagnetic limit.

1.5.2.3.1 Mn(As; ; $h) alloys

The base material MnAs undergoes a coupled structural/magnetic FOMB &t Jhe ferromagnetic
hexagonal NiAgype structure transforms to the paramagnetic orthorhombic-tiypreP structure upon
heating or demagnetizing. The MCE values are large enough to consider these compounds in the GMCE
class of magn §t=i-30 Jkgkafnrdl,ge@ 3 Kafar & @ to 50&Oe field changeTat[59].

The downside is that it has very large thermal hysteresis at the transition. This can be overcome by
substitutingarsenic with antimony[59, 60] Thi s r esul t s iSna nadTydeechuseSb i o n
stabilizes the NiAgype structure wher O .10and the FOMT changesa®OMT. Adding Sb also lowers

theTc. The MnAg Sh, system behaves differently from most families of magnetic refrigerant materials in

t h aS degpeases with decreagific. The high vapor pressure of Ashose boiling point is 876 K, makes

it difficult to economically prepare large quantities (tons) of MnAs. Also, As is a governmentally regulated
poison, which means special handling facilities would be required foagmgaVinAs ;Sb, materials, and

special environmental regulations would have to be met to place such cooling devicdeniatstic
applications

An interesting effect was found by Gamiaal [61]. Hydrostatic pressure, up to 2.23 kbamhanced the
isothermal entrop changes in MnAs, reaching values up267 JkgK. These values are far greater than
predicted by the magnetic limit, which is calculated by assuming magnetic field independence of the lattice
and electonic entropy contributions. Thegalled it the colossal magnetocaloric effect (CMEEOthers
claimed also tdvavefound the CMCE in similacompositiond62, 63, 64], which turned out to be an error
in calculating thegqfy, using the Maxwell relationrébm the magnetization data. The Maxwell relation
showed t o be i ncorSeearthe firsbrdert@msition. Wtirg the QlapsivBldpeyromp
equation avoided the overestimated valard gave more realistiesults for the MnAs systerfi65, 66,

67].
1.5.2.3.2 MnFe(P; ; As,) alloys

MnFeR 45AS0 55 [68] showed interesting MCE properties, namgfy, = -18 J/kgKfor a 0 to 50 kOe
field change, and an ordering temperatwf 307 K. Substituting 10 &b. of Fe for Mn (Mn.Fe.
y(PosAsys)) does not chang®&:;, b ut i Sylbyr-40% $oeasfieldrhange of 0 to 50 k@&9]. On the
other hand, the substitution of Ge for As, i.e. MilgeAsys 56, has just the opposite effecta large
increase offc from 282 K forx = 0 to 570K for x = 0.5, and a reduction of the MCEQ]. But further
studies of the MnFe(RGe,) (0.10x 00.5) showed comparable results with the As system. This eliminated
the problem of As toxicity71]. Further studies showed that flagtice parametera andc, and their ratio
c/a have a great effect on tfig. Compounds with larger a parameter and smel&eratio have highef¢
[72,73).

0
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Pressure experiments were done by Yalmital [74] and Bruecket al [75]. Applying pressure
slightly increased thélc for MnFe(P,As), but reduced it for the MnFe(P,Ge) system. Pressure also
increased the temperature ahd magnetic hysteresis.

The preparation of the-€ontaining alloys is similar to that for MnAgSh, alloys and the problems are
the same. P presents some special handling problems.

1.5.2.3.3 Nii Mni X (X = Ga, In, Sn, SbHeusler alloys

These compoundsavea high Curie temperaturever 350 K with a usually negativ®Sy (SOMT).
At lower temperatures theyndergo a firsbrder magnetic phase transition corresponding to a reversible
structural transition from the higiemperature cubic austenite phase to thetlmwperature tetragonal
martensite phase. The transition causes a distortion of the crystal d&iliceire, leading to hardening of
the magnetic saturation process. Consequently, the magmetiaithe martensitic phasel@sver thanthat
of the austenitic one, which leads to an inverse MCE and a pd3&iyeSuch a magnetization change is
very starp, which provides higbS, values.

In 2001 Huet al [76] reported MCE in NiMin-Ga Heusler alloys (ratio 2:1:1Jheir resultssuggested
that a negative MCE is associated with atdingler martensitic transition. The MGE& quite large at low
magnetic felds and decreases as the magnetic change becomes largast Zhptv]r e port edy a | ar ge
for an alloy of the composition Bi,Mn156Gae. They obtained a value €20.4J/kgK for gH = 50 kOe at
Tc = 317 K. Yuet al substituted Ni with Co in this type of alloy, resulting in a highieand a loweDSy,
[78]. Stadleret d. researched the substituted Heusler alloyMMi ;CuGa, which shows a very high
maximum magnetic entropghange ofDS, = -64 JkdK at 308 K for a magnetic field chandggH =5 T
[79].

A large inverse MCE was found indNiMng . 58 (0.13¢ x ¢ 0.15) aloys in 2005 80]. Krenkeet al.
reported a large positivieS, of 19 J/kd near 300 K for a magnetic field change of 5 T iggMin37Snya.
Han et al. investigated magnetic entropy changes ig Nz Smy; alloys & = 5, 6, and 7). Under an
applied magneti field of 10 kOe, they found high magnetic entropy changes of 6.8, 10.1, andkifk4 J
forx=5, 6, and 7, respectivel@]].

Oikawa et al. was the first to report on the magnetic and martensitic transit@ravioursof
Ni-Mn1.In; x Heusler alloy482]. Sharmaet alfound in NkgMnas4ln.s a DSy value of 19 kgK around 240
K for the martensitic transition, while near room temperature, this alloy showed a conventional MCE. The
DSy at 300 K wasi 7.5 JkgK. Sharma et al. noted that the Curie temperatéirth® ferromagnetic
martensite phase of NiMnIn lies in the same temperature region as the martensitic transition, thus
increasing the overall MCE and explaining the higf, [83].The transition temperature can be easily
tuned by changing the compositif82] or substituting Co for Nj84]. Moya et al.directly measurethe
adiabatic temperature change in thegMhs4lnys alloy and showed the possibility of both cooling and
heating in a giant inverse magnetocaloric compound.sitiegn shown that the irreversibility of the first
order structural transition gives rise to measured temperature changes which are lower than those calculated
using equilibrium thermodynami¢85].

Krenkeet al.introduced small amounts of Fe and Co iacgl of Ni. Adding 3 at. % of Fe increased the
DSy while increasing the thermal hysteresis. Co had the opposite @ cXuanet al.studied the effect
of annealing Nis1Mny4.Sn; 7 ribbons. By changing the annealing temperature of the ribbons, thé co
control the transition temperature and &, [87]. T. Yasuda et al. showed that applying pressure
increased the martensitic transition temperature linearly, whileT¢hdid not change with increasing
pressurg88].

Amongst the ferromagnetic Heuslelogs showing a martensitic transition, those systems in which the
Tc of the martensite phase lies in the same temperature region or below that of the martensitic transition
temperature are likely to show a large inverse magnetocaloric effect.

1.5.2.4 La(Feiz M,)-based compounds

The LaFg; phase does not exist; in fact, no intermetallic compounds form in tie lbenary system,
and La and Fe form immiscible liquids attherFfé ch si de bet ween 8 a[Bdl 20 at %
Consequently, other elementsush be added to Li&e alloys in order to form the intermetallic
La(Fe, 3xyMy) phaseslt has been shown that withe addition of at least 10 % Si or Al the cubic NaZn
structure can be stabilizd@0]
In 2001, Huet al [91] were the first to find the GME in La(Fe, 3,Sk) alloys. They reported that
La(Fe114Siy ), which or der §vaatl u2d40.83/k¢gK,for ehnaadnetia fielgpchange of 0 to
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50 kOe. They also found that when x was increased (i.e., more of the Fe was replaced by Si), tiee magnet
ordering temperature increased and the MCE was substantially reduced. The Curie temperature increased
monotonically from 180 K at = 1.3 10250 K atx=26 a nyddropgp8d rather rapidly with increasirg
fromT30J/kgKatx = 13[92] toT13J/kgKatx = 1.8 [93]. Forx > 1.8, qp & was small and appeared to

level off at1 3.7 J/kgK[94] ( al | at @H = 5 kOe) .

It should be pointed out that all the (E&, 3,Siy) samples prepared to date are {pbtase alloys
containing up to 5%} Fe. This is not surprising, neidering that La and Fe form immiscible liquids. Even
long-term anneals, up to 30 days, do not eliminate the second PhaeseThis can be overcome by melt
spinning the alloyGutfleischet al [95 reduced the annealing time to 2 hours by melt spinrtigg t
material, presumably because the elements could be more homogeneously distributed this way. A very
largemagnetic entropy change b§,=1 31 J /kg K was obtained at 201 K under 5 T in Liag®&, , melt
spun ribbons, which is much higher than for téktsample[96]. Also, hermat and/or fieldhysteresis is
can be practically overcome by melt spinning.

Pressure has a positive effect on tff&;, especially at low magnetic fields, but tig of the sample
rapidly decrease$97] Substituting Fe with Co leth an increase in thB- up to 274 K for the composition
LaFe; Lo ;Sip 1, Which still showed a largBSy [98]. Melt spinning the sample increased fhgeven
further[99].

Many researchers have investigated substituting La with other elerrartially substituting La for Pr
in La(Fe gsSio.10)13 enhances the MCIELOQ and reduces the hysteresis los§é€1]. The same group
investigated Nd substitutions. In L Nd ,(Fey ssSip.12)13 With z = 0.2, for a magnetic field change from 0 to
5T, the isothermalmagnt i ¢ entropy change and the JgK'andi ve c
518 J/kg, respectivelj102].

The addition of interstitial hydrogen has a large effect on the magnetic properties of these alloys. In
contrast to other interstitial atoms, irgtiial hydrogen not only increases the critical temperature but also
leads toan increase in magnetic momga031 10§. The lattice expansion due to the addition of three
hydrogen atoms per formula unit is about 4.5 %. The critical temperature candaséucup to 450 K and
the fieldinduced phase transition remains first order for all hydrogen concentrations. Heat capacity
measurements also confirmed large adiabatic temperature changes.

The material cost for this alloy makes it a very attractive caelitbr magnetic refrigeration, but the
difficulties of preparing the allogrestill a major problem.

Table 1: Advantages and disadvantages of various near room temperature magnetic refrigerant materials. Gd is
taken as a referem material. 15]
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We can see from Table 1 that there is no universal material thad wotillu | f i | | al |l criter
magnetocaloric material. With the €d and the Heusler all@yhaving high hysteresis lossdse tMnAs
and FeMnPAs alloys having problems with the high vapor pressure and the environmental endcaitns
have prepration problems. Many questions are yet to be answered that are here presented with a question
mark. The overall picture suggests that the best material is still the pure Gd metal, but research is in
progress and properties will improve and new matewaldill this table.
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1.6 Measuring the MCE

Both gfu(T)q and DT,¢(T)q depend on temperature amif and are usually studied and reported as

functions of temperaturfor a givenDH, or as functions obH for a given temperature. The behavior of

both charactestics of the magnetocaloric effect, igSu(T)g and DTa«(T)qn, is material dependent,

cannot be easily pr ed.itoetefore, mist lmerperijnentalty measuie®myi p | e s, a
DT.d(T)g can be measuredirectly (direct techniques) or calculed (indirect techniques) from the

measured magnetization or heat capacity, both as a functitemplerature and magnetic field, while

gBu(T)g can be calculatefiiom the measured magnetization ddtae direct and indirect techniques have

certain advantags and disadvantages.

Special care should be taken in both techniqgues when a FOMT occurs. The kinetics of-tinéefirst
transformation may be slow and the rapid magnetic field change required to fulfill adiabatic conditions may
not be slow enough to allothe transformation to go to completion.

1.6.1 Direct methods

The direct techniques provide only one measure of the magnetocaloric effect, the adiabatic temperature
changeThey involve the measurement of the initial temperatlgednd final temperaturel§), when the
external magnetic field is changed from an initld$)(to a final value Klo). DT,q is then determined as the
difference

DTo(To,He - Hp) =T¢ - T, (38)

Measurementzan be performed ether in contamt noncontact mode, depeimd) on whetherthe
temperature sensor [@ysicallyin contact with the sample or n@uring the direct measurement a rapid
change of magnetization is required. This can be achieved either by changing the magnetic field on a static
sampleg109 or by movingthe sample in and out of a static magnetic figéttl)]. The field application to or
removal from the sample is usually achieved using pulsed or ramped magnetic fields changing with a rate
of about 10 kOe/ulsed magnetic fields up to 100 T can be used&asuring the MCE, electromagnets
achieve only fields up to 2 T. Permanent or superconducting magnets are used when the sample is moved in
and out of the magnetic field, which limithe magnetic field range to 0.1 to 2.0 T, and 0 to 10 T,
respectively.

Direct measurements have an accuracy of abdi®s, depending on the errors in thermometry, errors
in field setting, the quality of thermal isolation of the sample (this becomes a critical source of error when
the MCE is large and thus disrupts the adigbainditions), and the quality of the compensation circuitry
to eliminate the effect of the changing magnetic field on the temperature sensor.

Most of thedirect measurements were carried ontsel-made devicesnaking the comparability of
theseresultsnot a straightforward task That is why data of the most important magnetocaloric material
exist from the equipment of the Moscow State Univerdityl1 116. They use a liquid nitrogen cooled
pulse magnet in combination with a He flow cryostat. The tianaof sample temperature during the
sweeping of the field is monitored with a thermocouple. Sweeping to the maximum field takes
approximately 3 s117. For now only onecommercialmagnetocaloric effect measuring setup can be
acquiredrom theRussiarcommny AMTC[118,.

It is also critical how to interpret the direct measurements daiabatic temperature change measured by
a direct method in L{#&e, 3xSiy) [92] and GdSi,Ge [42] showed 30%50% smaller values as compared to
that calculated from isothermal magnetic entropy change and spesdficlata. Gschneidnet al. [119
proposed thatni the case of firsbrder magnetic transitions the kinetics of the simultaneously occurring
structural transformation can be not fast enough to follow a sweep rate of the applied magnetic field.

Khovaylo et al. [12( showed that there are many parameteitske into account and that the results
are not strait forward. They measured Efgy in Ni, 1dVing giGa Heusler alloy, because of its small volume
change at the transition and high lattice coherence, which would make the kinetic of thermoelastic
martensiic transformations fast and would follow the sweep rate of applied magneticTlielg.measured
a temperature change of around 1 K, which is a huge difference compared to the calculated value of 10 K.
This was not because of the slow kinetics of the nadtdaut because of other factors which are intrinsic to
first-order magnetic phase transitions. One factor is that the maginattural transition temperature lies
between the virtual Curie temperature of the high temperature austenitie (fs and the low
temperaturemartensitic phaseT¢"). Because the magnetic field has a weak influence on the magnetic
order parameter far below (abova@:" (Tc") temperature, the experimentally measured adiabatic
temperature change in NgMng g:Ga is much smallghan that calculated\nother factor ighat material is
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structurally and magnetically inhomogeneausthe transition region. Because of that the partially
paramagnetic phase will not contributelit,g and will act as a parasitic loading. To really uistiend the

kinetics of firstorder magnetic phase transitions, it is instructive to compare magnetization curves
measured, at the same temperatures and on the same samples, under near equilibrium (steady magnetic
field) and norequilibrium (impulse magnetifield) conditions. Figure 11 shows the direct temperature
measurement of NigMng g:Ga.
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Figure 11: Temperature dependencies of the adiabatic temperature dbapdge Ni, ;dMng g:Ga measured
upon heating and cooling. The greetic field was applied at a sweep rate of 20 kOdie.hysteresis in the peak
value ofDT.qis due to the firsbrder character of the magnetwuctural phase transitiohe difference in the
peak values dDT,qymeasured upon heating and cooling igseal by the release of latent heat of the
transformation during exothermic process (austehitmartensite transformation).

1.6.2 Indirect methods

1.6.2.1 Isothermal magnetization measurements

The magneti c &ncar be ralculateramnttee eexpapmental data on magnetization
isotherms using thEquation (11):

2§ 0
0S, = o dH. (39)
0, GHT =
The equation can be numerically integrated by a set of magnetic isotherms taken at different temperatures.
McMichaeletal [12)pr oposed a simpl e formul a&Su:f or the numer

. 1
|DSM|:a_-|— _T(Mi' Mi+1)u_|i' (40)
i i+l i
Theaetically, Equation (33) carbbe used only for secoratder magnetic phase transitions, because at the
first-order transition the derivativeM/UT becomes infinitive. A true firsbrder magnetic phase transition
can be described with the ClapewGlausits Equation (27). Because an ideal fistler magnetic
transition does not tak@ace in real life one can useiation (33) instead, but this has still to be used with
caution because o0ne S .dmsoneveportedspapermin the pasgp years there have been
highly s Bevalue$6-64, which tgoned out to bbecausef the incarect use of fuation (32)
[127.

Errors in theqs, depend on theneasuringerrors in temperature, magnetic moment, and magnetic
field. Because numerical integration is involved, and because the exact differeiali (&nd dH) are
substituted respectively, by the measuregM, o, and gH, the typical accuracy ofy5, from
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magnetization measurements without the proper error analysis was reported to B &86wrror in the
values ofg, if magnetization data are measured with 0.5% accut2g.[When the errors are analyzed
comprehensively, it was shown that the errors irgiiig calculated from magnetization data can be as high
as 20 to 309%124.

1.6.2.2 Adiabatic magnetization measurements

Another method for measuring the MCET{g) is based on the ogparison of the magnetization field
dependences measurements under isothermal and adiabatic corjdi#gndt is well known that the
temperature of ferroand paramagnets increases during the adialpadignetization As a result, the
adiabatiomagnetizatin curve of the samples with initial temperatugnill intersect the isothermal curves
obtained at still higher temperaturés T, ..., T.. A demonstration ofhese intersections presented in
Figure12 for a paramagnetic single crystal &@0;,. The crossing points of the adiabatic curve with the
set of isothermal curves determine the fields, in which a studied sample has corresponding temperatures.
So, it is possible to construct (from point to point) full field dependence of the sample tempduahge
its adiabatianagnetization

8—

Magnetization

0 ' I I |
0 200 400
H (kOe)

Figure 12: The blue line represents the adiabatic magnetization coeasured idGa0;, single crystal with
a field raising rate of 50 MOe/s. The thin lines represent the isothermal iimaginatcurves starting from 5 K
with a 5 K step. A value dDT = 46 K was obtained fddH = 400 kOe at 4.2 K.

To achieveadiabatic measuring conditiomge usepulsed magnetic fields with a field rising rate of
about 18 kOe/s or higherSmaller rates leat a practically isothermal process.
1.6.2.3 Heat capacity measurement

Heatcapacity measurements give the most complete characterization of theByi@keasuring the
heat capacitas a function of temperature at a constant fieatan calculate the entropy afsolid as:

s H) =T a5, (a1)

where S is the entropy af = 0 K, which, in a condensed systels, usually assumed to be zefthe
following equation was proposed by Pecharsky and Gschnelitiadr for the total entropy calculation
from heat capacity data

S(r. ) =osfer, Hy+ & g S i (42)
i=1 & i i1 T ul]

where n is the number of measured kemgiacity data points betwe@&nand T, C(Ty, H) accounts for the
missing heatapacity data betweenegtowest temperature of the experim&pandT = 0 K assuming that
the heat capacity at= 0 K is zero These approximations lead aosmall error which is the same for any
T, H) at different magnetic field&:rom the calculated total entropy temperatdependence in an initial
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magnetic field ;) and in a final magnetic fieldHE), the isothermal magnetic entropy chamig (H, T)
can be determined at any temperaflies:
(43)

D8, (T,H) =D(T,H) =X(T,H¢) - XT,H,)
Pecharsky and Gschneidner sled that the unknown but constant factor has no effect dbSh@, H)
when calculated from the heat capacity, lseathey cancel each other out when calculating the entropy

change.
The adiabatic temperature change can be calcuttdtie isentropic dérence between thg(T, H))

andY(T, Hg) functions:
DT.(T,H) =T(SH¢)- T(SH)) (44)
whereT(SHg) andT(SH,) are the temperatures in the fiéld andH; at constant total entrof Figure 3
shows howDSy (T, H) andDT,(T, H) are detenined fromS(T, H) curves.
Using the model presented by Pecharsky and Gschneidner the error occurringDifpdlealculated
from heat capacity measurements degadthe influence of the magnetic field on the heat capacity. If

this influence is small therror can be considerable. In a ferromagnet the ermT jpincreases above:
because the heat capacity is decreasing. This can be séguranl3.
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Figure 13: DT values for two different materials determined on the bdglseocheatcapacity measurements for
a field difference of 50 kOe. The solid lines representibggins of theerror in theDT calculationsaccording to
calculations by Pecharsky and Gschneidtég#].

1.7 Refrigerant capacity
When compamivaguéedet p& p rydsbnbtaaken inte considerdtion.ghTbetter
parameter for comparing magnetocaloric materials is the refrigerant capacity (RC), which is defined as

T,
a= S, (T)dT, (45)
T

wheeT,andT,ar e the temperatures of they(Mbs Bahd cefdig
magnetic entropy change as a function of temperature. The refrigerant capacity, therefore, is a measure of

how much heat can be transferred betwéencbld and hot sinks in one ideal refrigeration cyd8] To
get the total refrigerant capacity we need to take into account the hysteresis losses that occur during the
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FOMT. These losses have to be subtracted from theoR@Gmpare the values with materials that have a
SOMT, where those losses do not occur.

1.8 Magnetic refrigeration

Magnetic refrigeratiofMR) is, compared to the vapoycle technology, a environmental friendly
cooling technology, because it does not use ozlepéeting chemicals or greenhouse gases. Also the
energy loss during a refrigeration cycle is quite lower. While the vaygle technology operates way
below the maximum theoretical (Carnot) efficier{d9%) it has been shown that the cooling efficieoty
magnetic refrigerators is as high as 60 % because it has no compressor, which is the most ineffective part of
the refrigerator.

The magnetic refrigerator should contain a magnetic working body, a magnetization system, hot and
cold heat exchangers aacheattransfer fluid with a system providing its flow. It works on the principle
that the working material (refrigerant) absorbs heat at thedawperature load (cold heat exchanger) and
discharges heat at the hitgmperature sink (hot heat exchanger)thA& cycling repetition the load is
cooled.A comparison between both systems can be sefeigime 14.
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Figure 14: Schematic representation of both refrigeration cycles: the converntimpaicycle (a) andhe
magnetic refrigeration cycle (b).
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The true beginning of near room temperature cooling has its origin in the seminal pajremy
(1976). Heshowed that a continuously operating device working near room temperature could achieve
much larger temperature sgan t han the maxi mum observed magnet of
temperature reciprocating magnetic refrigerator used one mole of 1 mm thick Gd plates separated by a wire
screen (Curie temperaturg; = 294 K) and an 80% waie20% ethyl alcohol solutio as a regenerator in
an alternating 70 kOe field produced by a superconducting magnet. A maximum temperature span of 47 K
was attained after 50 cycle$g= 319 K [RBRf=2ICK[FlarJC] wis ¢he kot end
temperature andl,q is the ©ld end temperature).
Following the early work of Brown, the concept of using an active magnetic regenerator (AMR) in the
cooling device to facilitate heat transfer was introduzg®teyert (1978vho was evaluating the Stirling
cycle for magnetic refrigators and heat engines. This AMR cycle, which is a Bralkencycle,showed
that it is possible to get much larger temperature lifts than just the adiabatic temperature rise of the
magnetic refrigerant by using the magnetic material simultaneouslyregeaerator and as the active
magnetic component.
Over 20 years later Zimm et al. in 1998 realized the first reciprocating magnetic refrigeration that very
much resembles the design proposed by Brown. With the collaboration of Ames Laboratory and
Astronauics the group achieved extremely good performances on this machine. They used a 5 T
superconducting magnet and 3 kg of Gd spheres and achieved a cooling power of 600 W at an operating
frequency of 0.17 Hz and realized a temperature span of 10 K.
After the proof-of-principle MR numerous prototypes have been developed with different designs and
working materal to improve the still low maximuncooling power and the low COP (coefficient of
performance) valuesA brief summary of the operational neaomtempeature refrigerators that have
been reported in the literature is presentetiible2.

Table 2. Room temperature magnetic refrigerators

Institute/Company Year Type Max. Max Magnetic Solid Ref.
cooling ol field (T)  refrigerant
power (K)®@
(wW)®
Ames 1997 Reciprocating 600 10 5(SCM) Gd spheres [126
Laboratory/Astronautic
VEEIESTIE R g iiic 2000 Rotary ? 5 0.95 Gd foll [127
Barcelona (PEM)
TN EElaNeEpller: 2000 Reciprocating 100 21 4 (M) Gd spheres [128
Universityof Victoria 2001 Reciprocating 2 14 2(SCM) Gd&Gd kb, [129
Astronautics 2001 Rotary 95 25 15 Gd spheres [13Q
(PEM)
Chubu Electric/Toshibagde[s I s{e) 13 60 10 0.76 Gd; ;Ryx L.B. [13]]
(PEM)
Lab. Cfel = 2003 Reciprocating 8.8 4 0.8 Gd foil [132
Grenoble (PEM)
Astronautics 2004 Rotary 95 25 15 Gd / GdEr [/ [133
(PEM) La(Fe gsSio.1913H1.0
OLINVEIE WA AVIEh S 2006 Reciprocating 15 50 2 (SCM) Gd, G@74Tboos [134
_ and Gdglo.15
Astronautics 2007 Rotating 220 11 1.4 (HM) Gd plates [135
magnet
Tokyo Inst. 2007 Rotary 540 75 11 Gd spheres [136]
Tech. (PEM)
maxi mum cooling power atT=®,ero temperature differen:i

@ maximum temperature span at zero cooling capadity0},
L.B. = layered bed

PEM = permanent magnet;

SCM = superconducting magnet

HM = Halbach magnet
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In the latest magnetiagefrigerator repded by Okamureet al. 136, form the Tokyo Institute of
Technologya permanent magnet rotates inside a four segmented magnetocaloric ring which is surrounded
by an iron yokg(Fig. 15). The magnetic field in the AMR ducts @ the poles of the inner permanent
magnet are next to the duct is 11 kOe. The authors tested four differdras@d alloys as the magnetic
refrigerant, each weighing 4 kg. They realized a cooling power of 540 W, and a COP of 1.8 when the hot
end of the MR duct was 21C with a 0.2 K temperature spanthe water flow.

a AMR duct b

Magnet Iron core r.
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Figure 15: Magnetic refrigerator by Okamura et &igure15a shows thechematic®f the MR with thefour
60 6 AMR dFigerelsb&hows a photograph of theuitee.

Electrical insulator

The number MR being designed and testedxigonentiallygrowing. Sincethe start in 1997 there have
been almost 30 new devices been designed in 2007. With this growth it has been predicted that the MR wiill
be comersionalized already in 2015.



25

2 GdsSi,Ge,

2.1 The Gds(Si,Ge), system and the giant MCE

The Gd(Si,Ge), system is one of the most researched magnetocaloric systems. This is because of the large
magnetic entropy change and otheagnetic and structural phenomgegrech as colossal magnetostriction

and giant magnetoresistandde binarycompounds GsBi; and GdGe, werefirst discoveredy Smith et

al. [137] and Holtzberg et al.1B§. It was reported it bothintermetallides crystallize in the $Ges-type

[139 orthorhombt structure. Holtzbergt al. also reportethe extended solubility of Si in GGe, (0.0 Ox

00.3) and Ge in Gf$i, (0.50x O1.0). They also acknowleddetheexistence of the ternary intermediate
phase with unidentified crystal structure extending betw@.3< x < 0.5. The magnetic measurements
showedthat GdSi, orders ferromagnetically 8 = 335 K and thaGdsGe, ordersantiferromagnetically at

Tn @125 K and ferromagnetically at @ 20 K[138 39].

The discovery of the giant magnetocaloric effect in(SiiGe,.4)4 alloys [8] renewed the interest in
this series of intermetallic compound3dsSi,Ge, has a FOMT closedb room temperatureompared to
other allow in this systemThe magnetic entropy changelarge than that of Gdwith a value 0f18.5
J/kgK for a field change of 5.T8] The adiabatic temperature rise forsSgGe, was measured to be 16.5
K [140 when themagnetic field was ramped up to a rate of 20 kOe'mimto a 5 Tesla fieldThe value
agreed quit eTy,yvake df 16\8 K cafculatet feom ¢peat capacity measurements made on the
same sampleThe T,y peakis higher (>30 %) andilso narower than that of GdTo explain this
phenomenomany papersvereproducedafterwads

Pecharsky et a[39, 36, 45] produced the first phase diagram of aey(SikGe,.,)4 System, wherg¢hey
also identify the unknownternary intermediate phase. tlirns out that this phase has a monoclinic
structure. They also showetlat the binarycompounds Gbi; and GdGe crystallize in a different
structureandthat thetransitions in theéSe-rich and the monoclinic regismwere first order ad reversible.
The MCE increasem the Gerich regionform x = 0 tox = 0.2 and decreas@sthe monoclinic regiofrom
x = 0.24 tox = 0.5. In the composition range from 0.5 to 1.0 thetransition was second order, which
reduced the MCEBubstantiallyMorellon et al.[14]] later on showeih Gd(Si; §G& 5) that a ferromagnetic
(low temperature) to paramagnetic (high temperature) magnetic phase transition occurs simultaneously
with an orthorhombic (low temperature) to monoclinic (room temperature) crystallographic phase
transformation, according teray powder diffraction, whiclkexplainedthe giant MCE.

2.2 The phase diagram

The first phase diagram from 1997 was improved by Pecharsky et al. in1Z2l8 T ie zero magnetic field
phase diagrarof the pseudobinary system G&i;i GdGe, as a function of Siconcentratioris based on
ascast (i.e. nofheat treated) alloys and is presenteHBigure16.

The phase diagram is composed of three extended solid solutions. Thetliss8isich Gd(SikGey.y)a,
when 0.5750 x O 1. The compounds from this region crystallize in theShetype ortorhombic (space
group Pnm3a crystal structurg(O(l)), and they undergo a secoeordder paramagnetido ferromagnetic
phase transformation on coolingith no structural changes dig this transformationThe ordering
temperatureslowly decreases with the increase of Ge in the alldye second solid solution is the
intermediateGdsSi,Ge-type monoclinic(space group112/a) region, when 0.40 x O Q andl D i8
also known ashe Mtype polymorphAll alloys from this region change their magnetic state during a first
order paramagnetim ferromagnetigphase transformation coupled with the crystallographic ptizaege
from the monoclinic GgSi,Ge-type structurdgo the orthohombic GdSis-type structureon cooling from
room temperatutelhe ordering temperatures decrease much more rapidly compared to the alloys from the
O(l) phase region when thé:Geratio is reduced below= 0.575. The third singlephase region is the Ge
rich Gds(SiGer, )4 SmGes-type solid solutio(O(Il)), when 0 <x O 0Wh&nthe compounds from this
regionare cooled they exhibit two successive phase transformati@sa Eeconebrder paramagnetic to
antiferromagnetidAFM) transitions at nearlyanstant temperature (i.e. 120130 K), regardless of the
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alloy compositionand ) the coupled magnetic (antiferromagnetic to ferromagnetic) and crystallographic
(SmGe- to GdsSis-type) firstorder phase transformations at lower temperat{4ds The stuctural
transformation in the Gech region fromO(ll) to O(I) on cooling does not change the symmetry, but
drastically varies the cell parameters and atomic posjtiwhigh will be discussed in the next chapiére
transition temperatures marked reghibit, because of theoupled magneticrystallographicphase
changea giant MCE while the transition temperatures marked green exhibit only a normal W@&se
structuraimagnetic phase transitions can be induced not only by changing the temperataisp by
changing the magnetic fie[88, 39, 142]or pressure [14243144].

It has been show by V.K. Pecharsky et[a#15 that the monoclinic paramagnetic phase transforms to
the orthorhombic Gd5Sig/pe structure when heated to 690 K. Unlike the-temyperature magneiic
crystallographic transition, the higamperature crystallographimly transformation is only triggered by
temperature. This processiigeversiblebelow 730 K and the orthorhombic structure can be retained after
cooling to room tempeature.Because of thathe proper heat treatment is necessary to produce a purely
monoclinic phaseThe monoclinic structure is restored by heat treatment at temperatures exceeding 1200
K, i.e. theorthorhombic tomonoclinic transformation occurs at hitggmperature. They concluded that the
monoclinic phase is in fact a higemperature phase, metastable at room temperdtiaeemonoclinic to
orthorhombic transformation is thermoelastic, which means that the fraction of the formetoonthior
phase remamconstant as long #setemperature remains constgii6
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Figure 16: The magnet phase diagram of the @8e;-GdsSiy psaido-binary systenat zero field The green and
red lines separate the different magnetic phases, whileettiical dotted lineseparatehe single phase and the
gray two phase regions. The solid marks indicateaas samples and the open marks heat treated ones. PM
paramagnetic, FMerromagnetic AFM-antiferromagneticM-monoclinic structureQ(l)-GdsSi,-type structure,
O(I1)-SmGe,-type structure
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2.3 Crystal structure

The crystal structures of the 68i,Ger,), phases consist of 36 atoms per unit cell distributed among
six to nine independent crystallographic sifd4.7, 36, 37, 38 The Gd atoms are located in the corners of
cubes and trigonal prisms, and inside the cubes @oe3. These Gd atom$orm two-dimensional
(3%434) nets that are infinite in two dimensiof@sand c). Two adjacent Gd (&34) nets create a slab
composed of distorted cubes and trigonal prisms sharing common Taese slabs are common for all
structures andFigure 17a shows a projection of one of these slabs along tivés. The Si and Ge atms
are divided into two groups of atoms. One groap¢he Si and Ge atoms, call@datoms(green atoms)
occupy the trigonal prisms in these slabs, which share a common rectangular face ® cliedimers.

The restof the Si and Ge atoms, call@datoms (red atoms) are located on the slab surfazed are
responsible for the bonding between the sl@bs. Gd atom at the center of each cubsuisounded by an
octahedral arrangement4f and 2T6  a tFaunesl7b, c and dshowsthe projectiorof all three possible
structuresalong thec axis. The only difference between all three structuiseshe covalentlike bond

between thdd a tIfdhesvo-dimensional slabs aret connectedvith one anotherthe crystal structure

is the orthorhombic Gsbis-type (O(1)). When all slabs are connected with each other the crystal structure is

the orthorhombic SeBer-type ©(Il)). If evey secondslab is connectedhen the roomtemperature

crystal structure of the alldg monoclinically distorted and is compdsef alternating strongly and weakly
interacting slabsThe drastic changes in intslab bonding, crystal structures, and properties occur because
one of the thermodynamic parameters (chemical composition) affeciisteractions between the slabs,

while theinteractions inside the slabs remain essentially the sarew temperatures athe Té Tébonds

are connectedindependery of the composition. With the increment of temperattire composition

defines how manyé T6 b o n d. én thb Biéch dompounds no bond is broken, while in therga
compounds althe bonds breakbecause of the increase in distance betweerdall a twhenseated up.

For the compositiolsdsSi,Ge the T atoms have 60 % of Ge and 40 % of Si atoms, whileTéhe at o ms
have 40 % of Ge and 60 % of Si atomd.a temperature of 243 KeT - T distance in the slabs is ca. 2.56

i andtheT6 T6 di st ance bet ween slabsare sohnacked). When we incéedse (he3 ) i
temperature to room temperature theastmovement of the slabs increases the distance of every second
T6TO bly®2d7% o 3. 488 (3) | a nWihthin ahpairof abjacentskabs maintainingetha .

T6 T6 connecti on, interatomic d i s toahorhoenBiemonddimion g e | ¢
transformation. The distance between The T atoms remain the sam&he crystallographic data for
GdSi,Ge is in Table3. This shear movement is illustrated by the two arrowsSigure 17b. If we lower

the temperature again to 243 K the slabs nmsek to the starting position and thé T6 at oms bon
again, making this process reversible.

Table 3: Crystallographic data for Gd5Si2Ge2.

163 K 243 K 292 K
Pnma Pnma P112/a
7.5137(11) 7.5132(11) 7.5891(17)
14.792(2) 14.797(2) 14.827(3)
7.7858(11) 7.7942(11) 7.7862(17)

90 90 93.262(4)
865.3(2) 866.5(2) 874.7(3)
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Figure 17: Crystallographicstructures ofGds(SiyGey), alloys. (a) shows a projection along theaxis. This
basic building slab (334 net) is common for afitructuresThe centers and theorners of all cubes arttie
corners of altrigonal prisms traced in (a) are occupied by Gd atoeesnted as blue atomSi and Ge atoms
which are locatednside the slab arshown in greend). The red atoms represent exterior Si and/or Ge atoms
(depending on the composition) responsible for bonding between the slafih. gbdws a projection along the ¢
axis with the bondingrrangemenbetweenTé Téatomsfor all three structuresbj stows the orthorhombic
SmGey-type structure, (c) the orthorhombic £Sd-type structure and (d) the monoclinic $S8Ge-type
structure.

As the magnetatructuraltransitionin GdSi,Ge, occurs, the crystals show macroscopic twinfigig,
which was first indicated by significant residual electron densities (ca Z.9 7) in the fully refined,
initial monoclinicphase model. No such residual electron densities veene ie the orthorhombipghase
model. These electron density residues reveal an additidd84{3net next to the Gd ¥&34) net already
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present in theefinedorthorhombiephase modellt was found that nonmerohedral twinning is responsible

for this. Twinning can be classified as merohedral or nonmerohedral. In the case of nonmerohedral
twinning only some subsets of the diffraction reflections from @ifie domains overlap, whereas for
merohedrally twinned crystahe diffraction patterns from different domains overlap exactly in three
dimensionsThese findingsalso improvein the statistical fit of observed and calculated structure factors.
This phemmenon is also coupled to the crystallographic changes: twinning vanishes when the crystal is
cooled below ca. 260 K as the orthorhombic phase forms, and it reappears on heating to room temperature
as the monoclinic phase forms. It is suggested that tagnisian intrinsic feature of the monoclinic phase.
Figurel8 illustrates a model of the possible twin mechanism during the phase transition.

Twinned
pathway

(b)

Untwinned
pathway

(2)

Figure 18 Two possible pathways for the orthorhombionoclinicstructural transfornteon by the shear
movement alon@ axis. The first and the thirfgigureare theorthorhombicstructure and the second and the
fourth Figureare themonoclinicstructure models.

For no twinning in thé-phase adjacent pairs of slabs shift in the opposgieztitins along axis (see
the arrows in Figured8(a)). On the other hand, if two neightg inter-slab Si(Ge)Si(Ge) bonds are
broken, then two different orientations of equivalent monoclinic unit cells are generated, which are related
to each other by airror operation in the c plane (perpendicular to tHeaxis; see Figurd8(b)), and
nonmerohedral twinning occurs.

2.4 Interplay of structure, magnetism, and thermodynamics

The large shear displacements of atomic layersGi(SikGe)s coupled with thechange of
crystallographic symmetry and magnetic order, characterizes these transformations as -magnetic
martensitic, which are extremely rare.

As stated earlier the Curie temperatures of thg®gbe,.,)4 alloys arelargelydependent or. For PM
O(l)-type compoundsT¢ > 300 K) the Tc6 @re higher than that of the elemental Gd € 294 K),
indicating the enhancement of exchange interactions despite a 55:45 (atomic) dilution of Gd with
nominally nonmagnetic Si and Ge. The gradual reduction of the Gumigerature from 336 to 300 K is
consistent with a gradual increase of the phase volume and elongati@irderatomic distances with
increasing Ge contenin the M-type polymorphcrystal structure thé&c of these alloys becomes strongly
dependent orhe composition, even though the phase volume keeps rising with decreasipactically
the same rate as in tk¥l) phase region. Thermodynamically, this FR transition becomes a firstrder
transformation because it overlaps with a structural chdegeeen theM- and O(l)-types of crystal
structures At lower x the PM Gds(SikGey.)4 alloys adopt thé(l1)-type structure whiclon cooling goes
through a second order PAMFM phase change and a couplethgnetit crystallographic phase change.

Regardles®f x, the ground state of th8ds(SikGe,)4 system isO(1)-FM phase, i.e., it appears to be
structurally and magnetically homogeneous over the whole range of concentrations, unlike the PM state,
which has three structurally distinct phase regions. Buérxents showedlf48-151] that theO(l)-FM
state may not, however, lwempletely magnetically homogeneous since the easy magnetization direction
changes from parallel tthe a-axis forx = 0.425andx = 0.5 to theb-axis whenx = 0. Furthermore, as
follows from temperaturalependentiow magnetic field measurements of $S8Ge, single crystal§157],
the easy magnetization direction in the ferromagnetically ordered state is tempaeatemdent.

The magnetic properties GdSi,Ge are defined by the bondingi@ crystallography, which have been
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indicatedby the first principle calculation$153- 155 Thus, breaking and reforming of the intersigir
dimers, which accompanies the(l)-M structural transition, and the related Q.9 elongation and
contraction, regzectively, of the intersla’-T' bonds affects both the location of the Fermi level and the
effective magnetic exchange couplidg, Comparing the FibrderedO(1)-GdsSiGe, with the hypothetical

FM M-Gd:Si,Ge,, theformer is characterized by larger matioenoments of the individual Gd atoms (the
difference arises from the varying contribution from the 5d electrons of Gd), aJarged a lower total
energy (at 0 K) than the latter, thus explaining the stability of @{B-type structure in the
ferromagnetically ordered state.

Paudyal et al[156 describedhe temperature of the magnetostructural transifignand its firstorder
nature in GgSi,Ge, using the tight binding linear muffin tin orbital (FBMTO) method.Figure 19 shows
the Tc calculatedrom first principles (thick solid line) and the experimental values (solid circles). We can
see that the agreement between the theory and experiment is nearly quamitatitieere is a big jump in
magnetic moment can leasilydescribedrom Figure19. In the lower right parthe predicted FM ordering
temperatures of the(l)- andM-type G@Si,Ge, phases can be seen, with value3oP" = 301 K andT¢
M= 209 K, respectively. Both should order ferromagnetically via a semated transformation typéd for
magnetic ordedisorder transitionsHowever, when we coolddown from higher temperatures we can see
thatthe free energpf the PMM-GdsSi,Ge; is lower compared to the PM and RM1)-GdsSi,Ge, (upper
right part of Figure 19). At T the freeenergieshecome equahnd we get a huge jump in the magnetic
moment because we are already belowTthef the O(1)-GdsSi.Ge, phase, hence already in the FM state.
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Figure 19: Spontaneous magnetizati(@rangg and Helmholtz free enerdplue) as a function of temperature
of M-GdsSi,Ge, (dashed lines) and(1)-GdsSi,Ge, (dotted lines) calculatefdlom first principles At T the FM
orderedO(l)-GdsSi,Ge, transforms intdVl-GdsSi,Ge,. At that point theM-GdsSi,Ge, is already PM, resulting in
the discontinuous change in magnetization. The thick soliddipeesents the calculated model and the solid
circles represent the experimental data.

A typical magnetiefield dependence of the magnetization for a magiiiefid-induced transition is
repesented inFigure 20 for GdsSip sGe s [157]. At low temperatures the sample response as a normal
ferromagnet and at high temperatures as a parama&gogtthe temperatures 212 238 Kwe observe a
two-step magnetization increase and aldg/steresis oabout 10 kOe between increasing and decreasing
magnetic fields. The first step is due to domaall displacement and rotation of the magnetization of the
domains in the fraction of the sample which is ferromagnetic at each temperature. The secondetep is
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a magnetidield-induced PMFM transformation of the fraction which is paramagnetic at a given
temperature with a simultaneous magnetization of the formed ferromagnetic phase. This is visualized for
the data at 220 K. The secosigp likemagnetizabn increasestarts at a critical magnetic fieldcg; and

then reaches saturation Htgr,. During the magnetiield reduction from its maximum to zero, the
magnetization begins to decrease sharpl@g and returns almost to its original behavioHak,. This

results in a remanendeee hysteresisThe approximate locations of the four critical fields at 220 K are
determined from the maximum curvature of the corresponding magnetization isotherm and are shown by
vertical arrows. A possible behavior ofetimagnetization at 212 and 220 K without the fielduced

PM/FM transformation is shown by the green lineFimure20.
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Figure 20: Magneticfield dependence of the magnetization ot&igsGe, sat various temperatures. Theaws
on theisothermgepresent the direction dfe field changeThe extrapolated behavior of the magnetization at
212 and 220 K without the fielthduced PMFM transformation is shown by tlygeenlines. Locations of
critical magnetic fields are showarfan isothernat 220 K.

From Figure 20 we can see that thetart and the end of the magnatiartensitic transitions depends
strongly on the direction of change (i.e., increasing or decreasing) of either or both the temperature and
magnetic fieldThis is true for allGds(SikGeL4)4 alloys with amagnetiemartensitic transition.

Figure21 represents the critical magnetic fields forsSigGe.. [44] Theorangearea is the region where
the paramagnetic/monoclinic phase transfinto the ferromagnetic/orthorhombic phase during magnetic
field increase and/or temperature reduction. The blue area is the region where the
ferromagnetic/orthorhombic phase transforms into the paramagnetic/monoclinic phase during magnetic
field reducton and/or temperature increa¥ée see that théour critical fields(border lines of the orange
and blue areajcrease nearly linearlf.he systenis, between the start an end of the magnretirtensitic
transitions(betweenHcgr; - Here and Hers - Hera), Mmagnetically and structurally inhomogeneous i.e., it
consists of the two phases, ferromagnetic/orthorhombic and paramagnetic/mon®bbnig/steresis that
appears at the increase and decrease of temperature and/or magnetic field is clear evideadieltiat t
induced structural transition is of first order.
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Figure 21: GdsSi,Ge, phase diagram. THégure shows the different starting and finishing areas where the
magnetiemartensitic transition happens, dependingvhethemve increasédecrease the temperature or if we
increase/decrease the magnetic field.

2.5 Microstructure

The microstructures of G(5ikGey; 4)4 alloys were first examined by Szade et 86§ who studiel the
surface structure dfingle crystals. They reported that the surface of the single crystalline plates show a
regular system of lines and an increase of gadolinium and oxygen was dbisethiese linear features.
Meyers et al. 159 used EDS to analyze the linear features and also found an increase in Gd and O along
with a decrease in Si. They concluded that the linear features were a separate phase forming in a manner
indicative of aWidmnst @tten structure and hypot h£S§Geked t hat
Gama et al. found that these features disappear after heat treattbhT he Wi dmanst2tten st
forms by a soliestate precipitation reaction from a supersaturated solution and usually results in the
precipitate phase having a characteristic shape suc
generally forms along a specific set di Kl} planes or directions in the matrix. For a plate shaped
preciptate these planes are called the habit planes and for the needle shaped ones these directions are called
the habit directions of the matrikdlgurlu et al.[16]] found thatthe average width of the plates is on the
order of 250hm with plate dimensions runmjnto hundreds of microns. EDS asdlecteearea electron
diffraction (SAED) studies using the TEM indicate that the second phased8iG#, alloys is hexagonal
with composition and lattice parameters that match extremely well to a compound of the 48p&&d
Meyers et al.also observed phase consisting of about 35 at.% Si, 15 at.% Ge and 50 at.% Gd as
determinedising EDSand identified it as G@Si,Ge), with a leaflike structure.
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Figure 22: Microstructure of the GdsGe,Si; ascast sample with the typicaWi d manst @t t évary st r uc
thin and long straight white lines), which have a strict angular relationship with the grains of the majority
phase where they occur.

Moore et al. 167 used scanning Hall probe imagingexaminethese features when changing the field.
They showed that thegaateletsact as seeds for the nucleation and growth of FM clusters in the PM
matrix. Even if they are paramagnetic and have no net magnetic moment, they create a range of critical
fields that define the onset of the PM to FM transitidiis also produces an effective range of local
hysteresis widths, suggesting that the hysteresidbeamly controlledlocally. But these features do not
control the revers FM to PM transition.Here otker morphological features, such as cracks and edges,
control the transition.

The purity of the starting materiaddsohas a major effect on the microstructure of the alloy. Fu et al.
[163 demonstrated that G8i; Ge; prepared with high purity Gd i©dSi,Ge-type singlephase;
whereas Ggbi; Ge, 1 with prepared low purity Gd consist &dSi,Ge-type, Gd5Sidype, and GdGe
type.They also observeal GdSj.,-type phasgbut could not prove it with XRD.

2.6 Substitutions

One of the major problems of theséogs is their large hysteresis lossd3rovenzano et al.1p4 first
showed that Y adding a small amount of iron to the allayeduction ohysteresis losses (over 90%) in
GdsGeSh, forming GdGe, ¢SiF& 1, can be achieve@Figure23). Also, the peak maggtic entropy change
shifted from 275 K to 305 K, broadening its width but reducing its value. Due to the reduction in hysteresis
lossesa greater net capacity of 35%g/was obtained for the irerontaining alloy. The iron suppressed

the formation of tB monoclinic phase, making the transition second order, which reduced the hysteresis
losses.The T¢ shift for the iroradded alloy was reported already in 198y Pecharsky165, but no
hysteresis losses measurements were dbhey observed that small amus of impurities likesome
common 3eelements (Fe, Co, Ni, Cu) as well as some commelements (C, A increaselc, but have a
negativeeffect on the magnetocaloric properties of BGe,Si, parent, because of tlseppressiomwf the

first order tranformation.Only a small substitution of Si+Ge with Ga increasedTihahile keeping the

first order transition.
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Figure 23. Magnetization versus field curves for BeGe,Si, compound between 250 K and 310 K (a) and for
the GdsGe, oSirF&y 1 alloy between 260 K and 340 K)(Irhe hysteresis losses are represented as hatched areas.
By computing the hatched area inside each magnetizafipragrsus field 1) the hysteretic losses were
determined(c) shows the comparison ofstgresis losses of tiedsGeSi, (filled circles) andcdsGe, oSi,F& 1
(open diamonds) alloys plotted as a function of temperature.

After the 2004 Provenzanoreport, many researchers published studies substituting with different
elements. Shull et a[166], for example, reported similar reductions in hysteresis losses with other
elements (Co, Cu, Ga, Mn and Al), although no change was observed when substituting BY .bt. Sn.
Zhuang et al[167] added Pb and found that the fistler structural/magnetic trsition was preserved,
which increased th&c and theDSy. T. Zhang et al[16§ investigated the thermal hysteresis and phase
composition of GgGeSi, and GdGe, oSi>To 1 (Where T stands for Mn, Fe, Co or Ni) series of alloys. With
the addition of Fe and Cthe alloys have a monoclinic @8eSi-type and an orthorhombic g8is-type
diphase structure. With Mn and Ni addition, only the orthorhombigSGtype structure is observed. In all
these cases the thermal hysteresis of@8sbi, was significantly redued. Also, Ga was observed to be
homogenously distributed throughout the madirixi suppressed the structural transformdti6s).

Zhang et al. melt spuGdsGe, gSi; ¢S4 and observed a reduction in the magnetic and thermal

hysteresi§g170. The morphologynd composition of the phases in asG&Si, alloy depend strongly on
the solidification rate.
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3 Experimental techniques

3.1 Sample synthesis

3.1.1 Chemical composition

We produced alloys with different substitutions of iréii the samples were prepared from higrity
starting elements of gadolinium (99.99 wt.%), silicon (99.995 wt.%), germanium (99.999 wt.%) and iron
(99.99 wt.%). We have to note that the purity of gadolinium refers to the weight percentage against other
rare earths. This excludé@gterstitial impurities, primarily H, C, N and O, for which the content has not
been additionally analyzedill elements where purchasedifn the company PKEM, England, only
Gadolinium was produced by the company LTS (Chemical) Inc., New Ybkkmaterials are bulkigres
with the size of a few millimeter§.he composition®f the alloysare collected in Tabld, together with
their respective sample cogesl for silicon substitution, GE for germanium substitution and GESI for
substituting equal amount of silicon amgtrmanium. The number behind the letter represents the
stchiometric amount of iron substitution the further text only the sample codes will be used to present a
sample.

At the beginning we used different techniques to find out which of these is dbe sumitable for
producing these alloys out of pure elements. Standard techniques fikeltéing and mechanical alloying
where used as also more advanced methods like melt spinning.

Table 4: Composition of produced alloys

Silicon
substitution (Sl

SI0 55.6 22.2 22.2 /
S10.06 55.6 21.5 22.2 0.7
S10.125 55.6 20.8 22.2 1.4
SI0.25 55.6 19.4 22.2 2.8
S10.5 55.6 16.6 22.2 5.6
SI10.75 55.6 138 22.2 84
si1 55.6 11.1 22.2 11.1
Germanium

at.% Gd
GEO 55.6 22.2 22.2 /
GE0.06 55.6 22.2 21.5 0.7
GE0.125 55.6 22.2 20.8 1.4
GEO0.25 55.6 22.2 19.4 2.8
GEO0.5 55.6 22.2 16.6 5.6
GE0.75 55.6 22.2 138 8.4

GdsSi,GeFey GE1 55.6 22.2 111 111
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Germanium+Silicon
substitution (GESI

at.% Gd
GESIO 55.6 22.2 22.2 /
GESI0.06 55.6 21.9 219 0.7
GESI0.125 55.6 21.5 21.5 1.4
GESI0.25 55.6 20.8 20.8 2.8
GESI0.5 55.6 19.4 19.4 5.6
GESI0.75 55.6 18.0 18.0 84
GESI1 55.6 16.6 16.6 11.1

3.1.2 Arc melting

This simple and effective method is mostly used for producirsgkihd of alloys.The process consists
in melting pure elements of the alloy in a desired stohiometry by discharging an electric arc due to the
application of a large tension between two electrodésused a commercially available Arc Melter from
the comany Edmund Bhler GmbH, GermanyThe model MAM1 with Arc Melting Generator H180T
(Figure24) has a high vacuum chamber with a volume of approximate 1.1 liter which enables it to be used
to produce samples of small quantities up to 15 g in an extremadyipent argon atmosphere. Argon acts
also as the ionizing gas. The water coaathode which is made out of tungsten to bear high temperatures
without melting, is designed as a sharp aod is integrated in the support frame of the chamber by means
of ametal bellow so as to be movable and electrically isolated against the chamber. Thewaitem
cooled copper base plate acts as the anode with incorporated crucible shapes. The pressure working range
of the chamber is from O up to 1300 mbar. The meltimgent can be adjustable frorlB80%, i.e. from 3
180 A. For the electric arc to froover the loading materiat least one of the elements must be metallic
(conductive)Dependi ng on the |l oading materi fi¥]] we can reach

Figure 24: a) arc melter, b) electric arc, c) copper base plate
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The carefully weighe@élements are placed into thechined depressio$ the chamber, which is then
purged three times with argon and filled the last timéoup00 mbar. With the isolated knob handle at the
upper end of the electrode we move the electrode tip in the vicinity of our sample (3 mm). With the
activation of the current switch the arc is formed between the electrode and the sample. First we melt a
piece of titanium to reduce the oxygen that has been left in the chamber after purging. Then we move the
arc to our sample. After a few seconds the elements mix and the tension can be broken off. This process has
to be repeated four times, with the samptEng turned over each time in orderdansurethe alloys
homogeneity After that the samples are weighedensure that no mass loss occurred during melting,
becausehe process can be very fasthich can produce splats around the chamber thus redbengitial
mass.

It is easy to obtain many samples with this method. One drawback is that the cooling of the sample is
not homogeneous after the melting, because the cooling at the bottom of the sample is faster than at the top.
This gives very special fats on the surface (top) that differ from that on the bottom.

We produced samples with a mass of approximately 4g. Because the cooling rate has a pronoun effect
on the sample we started our investigations by producing samples with different masseso fiognaims,
to investigate the effect of cooling (mass) on the sample structure.

3.1.3 Mechanical alloying

Mechanical alloying(MA) is a solidstate powdeprocessing technique involving repeated cold
welding, fracturing, and rvelding of powder particles in laigh-energy ball mill. The actual process of
MA starts with mixing of the powders in the right proportion and loading the powder mix into the mill
along with the grinding medium (generally steel ball®)is mix is then milled for the desired length of
time until a steady state is reached when the composition of every powder particle is the same as the
proportion of the elements in the starting powder mix. The milled powder is then consolidated into a bulk
shape and heat treated to obtain the desired stiaoture and propertieBor this we used a planetary mill.
The planetary ball mill owes its name to the pldiket movement of its vials. These are arranged on a
rotating support disk and a special drive mechanism causes them to rotate around tteieswihe
centrifugal force produced by the vials rotating around their own axes and that produced by the rotating
support disk both act on the vial contents, consisting of material to be ground and the grindifiti7&alls.

For our investigation we used allierisette 5 from the company Fritschhe vialis filled with the
starting elementsf the desired stohiometgnd with grinding balls occupying 1/3 of the volume of the
vial. The material is then milled for 40 hours and taken out of the vial.

a) Horizontal Section
Movement of the

supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 25: a) Schematiaescription of the balhovemeninsidethe ball mill, b) Pulverisette 5 ball mill.

3.1.4 Melt spinning

Melt spinning(MS) is a technique used for rapid coolingligiuids. A jet of molten metal is propelled
againstthe moving surface of a cold, rotating copper cylinder. The fast cocdingesapid solidification.
A solid film of metallic glass is spun off as a continuous ribbon at a speed that can exceed a kilometer per
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minute. This technique is used to develop er&ls that require extremely high cooling rates in order to
form, such asnetallic glassesThe cooling rates achievable by msitinning are on the order of 10’
Kelvin per second (K/s).

We used a melt spinner from the company Edmughdldd8 GmbH, Gamany, versionSC, complete
with built-in high-vacuum pumping system and RF generator HIh éhis type of melt spinner the sample
is in a crucible which is induction heated up to the melting point of the alloy. For the induction to work the
material or the cruciblein the coil must be conductivd. e mper at ures up athieve? 000 AC
depending on the material that we are heating and the type of crdtibleemperature is monitored with a
pyrometer fr omThe ©e0is the@ pushedwatmergressure onto the copper wheel from
which the solidified ribbons are collected in a long tube. The prbeggsens in an inert atmosphere, which
can be Ar, N or He.The crucible can bmadeout of glasshornnitride or graphite. Glass is the cheapest
for temperatures up to 1300 AC. For higher temperat
it can contaminate the sample. This can be prevented if wéame-nitride crucibles, but they are
expensive. There are many factors that infleetihe prperties of the produced ribbortee shape of the
crucible nozzlethe distance of the nozzle from the whebé pressure with which the molt is propelled
onto the wheel, thehape of the whe@nd theatmosphere in the chamber. The most crifgzbmeter is
the wheel speed. This can be varied from 10 to 80 Hz. The faster the wheel, the faster the molt is cooled.
With this we can control the crystallinity of the alloy, from namgstalline to amorphous alloy3he
starting material has to be abulk form. That is why the alloy is previously anelted with the same
procedure as previously described.

For our experimentwo buttons with the total weight of approximately 8 g are put into a graphite
crucible and mounted into the induction heatére Thamber is evacuated to a pressure of 1xdifar and
refilled up to 800 mbar. The wheel speed is set to 20 Hz. The heating power is slowly increased up to the
temperature 1850 AC. At that point pr edwsttulba, from a
is released into the crucible pushing the molt onto the copper wheel. The process takasdesscond.
Everything is sht down and we wait for it to cool down.

a) Z,/

Figure 26: a) melt spinner, b) schenm@atraw of the spin, ¢) live melt spin, dppper wheel with the crucible on
top of it and the induction coil, €) melt spun flackes

3.1.5 Heat treatment

To reduce the amount of secondary phase we heat trg4ii@dhe sample after one of the previous
synthesignethods. Thesamples wersealed in a quartz tube under argon atmosphere. The presthee
tube is kept 50 % lower than that of the surrounding atmosphere to ensure that the piessease
because of the heat treatment would not damage the quaetZ-r the heat treatment a tube furnace from
the company Carbolite is used. It used resistance heaters aroun®Dah AMlbe. The heating spe
per minute up to 1300 Alke padmeters areitdkenifms Pkeecphtarfskry 64 Ipa
from 2003 p5]. After that the furnace is turned off and we wait for it to cool down. Thebreakthe tube
and remove the sample.
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3.2 Sample characterization

3.2.1 X-ray diffraction

X-ray Diffraction (Powder XRD) is perhaps the moaidely used technique for characterizing

materials. Because the wavelength afiys is comparable to the size of atoms, they are ideally suited for

probing the structural arrangement of atoms and molecules in a wide range of materéals. aXe
producel generally by xay tubes. Xrays are generated when a focused electron beam accelerated across a

high voltage field bombards a stationary or rotating solid target. The high energy electrons eject inner shell

electrons in atoms through the ionization & When a free electron fills the shell, anayx photon with
energy characteristic of the target material is emitted. Common targets useyitukes include Cu and
Mo, which emit 8 keV and 14 keV-pays with corresponding wavelengths of .54 | 0a709d |,

respectively.

X-rays primarily interact with electrons in atoms. Wherayx photons collide with electrons, some

photons from the incident beam will be deflected away from the direction where they originally travel,

much like billiard balls bounog off one another. If the wavelength of these scatteragscdid not change
(meaning that xay photons did not lose any energy), the process is called elastic scattering (Thompson
Scattering) in that onlynomentunhas been transferred in the scattepngcessThese are the-rays that
we measure in diffraction experiments, as the scattereay/sx carry information about the electron
distribution in materials.

If the atoms are arranged in a periodic fashion, as in crystals, the diffracted wavesisigit obsharp
interference maxima (peaks) with the same symmetry as in the distribution of atoms. Measuring the
diffraction pattern therefore allows us to deduce the distribution of atoms in a m&eritde diffraction

t o occur

B r a gfolfiled. IrL aystallineusslitighelX aays are scattered from lattice planes

separated by the interplanar distadc&Vhere the scattered wavieserfereconstructively; they remain in
phase since the path length of each wave is equal toteger multiple of the wavelength. The path
difference between two waves undergoing constructive interference is givedgsby,n dwher e d
scattering angle. This leadsBoagg's lawwhich describes the condition for constructive interference from
successiverystalographic planegh,k,)) of the crystalline lattice:

whereni s an

obtained by measuring the intensity of scattered waves as a function of scattering angle. Very strong
intensities known as Bragg peaks are obtained in the diffraction pattern when scattered waves satisfy the

n/ =2dsinJ, (46)
""l Incident /’ 5
“"a . ffane wave ,_,,.f
w ] -~ r"’"! ’ 3
—8 —9 ® Telj2ne -
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Figure 27: Interference of Xrays, scattered on crystal planes.

S

i nteger det er mi nsel wdvglengthh diffractiondpatrern i v e n,

Bragg condition. Powder diffraction data can be collected using either transmission or reflection geometry,

as shown below. Because the particles in the powder sample are randomly oriented, these two methods wiill

yield the same data.
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X-ray
detector N-ray
Incident / detector
Scattered
Scattered

K-rays
cide 260
X-rays \ Transmited
_________

Beam

Beam Incident

Beam
Reflection Transmition

Figure 28: Different diffractometer systems

For our investigations we used a Bruker AXS, D4 Endeavor spectrometer wkhOCur adi at i on
range from 15 to 60 degrees andanalytical X'Pert PRO diffractometer with ®dJradiation in theange
from 20 to 80 degrees. Bo#ystemause the refection geometry daiallection The samplswerecrushed
inamortarandt he powder was sieved with a 40 em sieve
planes.

For the low temperature -Kay Diffraction we used a Transmission/Deby&cherrer STOE
diffractometer with MeK U  r a dni tlee trainge firon® to 40 degreesThe sample was powderized and
diluted with amorphous glass at a ratio of 1 to 10 and sé@aladapillary. Glass was added becausé
absorbs rost of the radiatonThe sampl e was cool ed blwsturdder eooleiic ol d
nitrogen onto the sample. With this we coatthievetemperatures down to 100 K.

Figure 29: STOE diffractometer

3.2.2 Scanning Electron Micros®opy (SEM)

The SEM is a higipowered indirect microscope that produces an image by bombarding a sample with a
beam of high-energy electrons. The electrons emitted from the sample are then scanned to form a
magnified image which allows the examination of #teucture, relief, andnorphology of materials
beween 20100 &#Md I 1 m& gThé typescohisignals produced by an SEM incladeondary
electrons (SE), back scattered electrons (BSE)haracteristic xays light (cathodoluminescenge
specimencurrent and transmitted electroris.the most common or standard detection mode, secondary
electron imaging or SEI, the SEM can produce very-higiolution images of a sample surface, revealing
details about less than 1 torfn in size. Generation of eendary electrons depends strongly on the
topography. Due to their low energy of ~5 eV, only the secondary electrons that are created near to the
surface (10 nm) can leave the sample and be collected. Any change in topography of the sample that is
larger han this sampling depth will change the collection efficiency. Collection of these electrons is made
by a collector in combination with a secondary electron detector. The collector is a mesh with a +100V
potential applied to it which is placed in fronttbe detector, attracting the negatively charged secondary
electrons. The electrons then pass through thehgties into the detector to be counted. For each point on
the studied area the microscope counts the number of secondary electrons reachingctbie aet
displays it as a pixel on a picture or display. The pixel intensity is determined by the number of the counted
electrons. This process can be repeated in a scanning mode, e.g. 30 times per second, thus obtaining a

t

f

n

(0]
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Scanning/Secondary Electron Miscope (SEM) picture of the investigated aiReack-scattered electrons
(BSE) are beam electrons that are reflected fronsdneple by ielastic scatteringBSE are often used in
analytical SEM along with the energyspersive Xray spectrometer (EDSRecuse the intensity of the

BSE signal is strongly related to the atomic number (Z) of the specimen, BSE images can provide
information about the distribution of different elements in the san@haracteristicX-rays are emitted

when the electron beaimteracts with aninner shell electrorirom the sample, causingtagherenergy
electronto fill the shell and release energy. These characteristayX are used to identify the composition

and measure the abundance of elements in the sample.

For our investigtions we used a Jeol JSM 5800 with aBESfE detector, Oxford instruments I1SIS 300
and an EDXS detectofor this instrumenthie sample was fixeth a metallographic specimen with
Technovit resirand polished t@achievea flat surface which is needed totgghase contrast. After that the
sample in the resin is fixed on a SEM holder and sputtered with graphite to achieve conductivity. The
samplewasthenplaced inthe vacuum column and evacuatéithe high voltage was set to 20 kV atie
apertureof the column to 100mm. After the sample wamoved from the initial position to the central
position, we check the spot size of the beam and the working distance. When wedahigseum better
51 10* mbar we switchd on the highvoltageand start working. For EDS analysis we set the working
distance to 10 mm to achieve the best reshlts.observation of nepolished sampkg like powder and
melt spun ribbons, the sampl@asplacedon conductive sticky tape impregnated with graphite powder and
placed on the sargholder

Figure 30: Jeol JSM 5800 scanning electron microscope.

3.2.3 Transmission electron microscopy (TEM)

Transmission electron microscopgesthe samedechniqueas the SEM, only here we uaa electron
transparent sampighich is bombarded with an electron beam and the intensity of the transmitted electrons
which is determined by scattering phenomena (electron absorption phenomena) in the interior of the sample
is recordedA magnified image is formed using a set of lenses. ifige is projected onto a fluorescent
screen or a CCD camerghe TEM allows for a resolution of 0.2 mwith which atomic arrangements in
crystalline structures can be imaged in large deta#. in the SEM, themage contrast is obtained by
interaction ofthe electron beam with the sample. Several contrast effects play a role. In the resulting TEM
image denser areas and areas containing heavier elements appear darker due to scattering of the electrons ir
the sample. In addition, scattering from crystal ptaimtroduces diffraction contrast. This contrast depends
on the orientation of a crystalline area in the sample with respect to the electron beam. As a result, in a
TEM image of a sample consisting of randomly oriented crystals each crystal will hawm itgeylevel.

In this way one can distinguish between different materials, as well as image individual crystals and crystal
defects.The electron diffraction can provide crystallographic information from thin films, bulk materials as

well as from nanomet sized particles. The combination of Scanning TEM (STEM), a mode in which this
narrow beam scans a selected area of the specimen, with chemical analysis techniques such as Electron
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Energy Loss Spectroscopy (EELS) and Energy DispersiRay analysis (EDXallows for mapping of
the lateral distribution of elements with high spatial resolutidre STEM is more flexible then TEM,
because you can control L, which changes the collection angle of the detector. In this way we can control
which electrons contrilte to the image. They can enhance the contrast, but show poorer resolution. To get
a reasonable intensity in a scanning image we have to use a larger beam.
To prepareanelectrontransparent samptée sample is first cut into a few millimeter slice. Tlaedisk
with a diameter of 3mm is cut out of this slice with a ultra sonic cuter. This 3 mm disk is than polished
from both sides to a thickness of 120 Om with a di
grinder, where a copper disk is grindincthe sampl e to a thickness of 20 Om
an argon ioamill (RES 010, BaiTec AG, Balzers, Liechtenstein) and etch it with 6 keV ins at an
incidence angle of 10A until perforation of the dis!
TEM analysis (seleettarea electron diffraction and brigfld imaging) was made with a Jeol JEM
2010 F(Jeol Ltd., Tokyo, Japan) at 200 kV accelerating voltddes microscope is a field emission gun
microscope with a STEM unit, bright fietltark filed detectora GatanPEELS 677 and a Gatan @fkis TC
camera

Figure 31: Jeol JEM2010 F transmission electron microscope

3.2.4 Vibrating sample magnetometer (VSM)

The vibrating sample magnetometer is the most common used for measuring magnetidsnidtisri
experimental technique was invented in 1956 by Simon Foner, a scientist of thdt M&E. a flexible
design and combines high sensitivity with easy of sample mounting and exchange. Samples may be
interchange rapidly even at any operating tentpeza Measurements of magnetic moments as small as
5x10° emu are possible. Maximum applied fields e8 Tesla or 9 Tesla are reached using conventional
laboratory electromagnets and superconducting solenoids, respedfilebting sample magnetometers
normally operate over a temperature range of 2.0 to 1050 K. Powders, bulk and thin filmsresasbeed
and studied.

If a sample of any material is placed in a uniform magnetic field, created between the poles of a
electromagnet, a dipole moment will meluced. If the sample vibrates with sinusoidal motion a sinusoidal
electrical signal can be induced in suitable placed-pglcoils. The signal has the same frequency of
vibration and its amplitude will be proportional to the magnetic moment, amplitndegkative position
with respect to the pielip coils system.

The sample is fixed to a small sample holder located at the end of a sample rod mounted in a
electromechanical transducer. The transducer is driven by a power amplifier which itself is grasen b
oscillator at a frequency of 90 Hertz artle sample vibrates along the Z axis perpendicular to the



Experimantal techniques 43

magnetizing field. The latter induced a signal in the ipkcoil system that is fed to a differential
amplifier. The output of the differential amijir is subsequently fed into a tuned amplifier and an internal
lock-in amplifier that receives reference signal supplied by the oscillator. The output of this-itock
amplifier, or the output of the magnetometer itself, is a DC signal proportiona taapnetic moment of
the sample being studied. The electromechanical transducer can move along X, Y and Z directions in order
to find the saddle point (whictalibration of the vibrating sample magnetometer is done by measuring the
signal of a pure Ni stalard of known the saturation magnetic moment placed in the saddle point

Using a vibrating sample magnetometer one can measure the DC magnetic moment as a function of
temperature, magnetic field, angle and time. So, it allpaforming susceptibility andmagnetization
studies. Some of the most common measurements done are: hysteresis loops, susceptibility or saturation
magnetization as a function of temperature (themmagnetic analysis), magnetization curves as a function
as a function of angle (anisofry), and magnetization as a function of time.

We use &/SM model 7303with a cryostat attachedftom the company Lake Shore Cryotronics, Inc.
With it we can achieve field froml.4 to 1.4 Tesla and reach temperatures down to ThK. cryostat
operates wh a closed liquid helium circuiiThe samples are mounted on a plastic sample holder and
positioned in the VSM. We did thermo magnetic measurements to determine the magnetic transition
temperaturend hysteresis loops at different temperatures to caldthlat@agnetic entropy change.

3.2.5 Physical property measurement system (PPMS)

The PPMS is an open architecture, variable temperfitldesystem that is optimized to perform a
variety of automated measuremen&ample environment controls include fields upNto 16 Tes | a
temperature range of 1:9100 K. The PPMS hastegrated applications fdreat capacity, magnetometry,
electrotransport and thermal transport. To achieve these high fields the PPMS uses a superconducting
magnet. A superconducting magretisolenoid made of superconducting wire. This solenoid must be kept
at liquid helium temperature in a liquigelium dewar The uniform magnetic field is produced along the
axial cylindrical bore of the coil. Currently, superconducting solenoids thatigeagagnetic fields in the
range 518 Tesla are commercially available. To operate a superconducting magnet requires an appropriate
programmable bipolar power suppljo control the temperature, a vacuum pump draws helium into the
annular region where hests warm the gas to the correct temperature. This design reduces thermal
gradients and increases system flexibility by making the sample chamber a controllable environment. For
example, the sealed sample chamber may hold a high vacuum without the redditimnal inserts. This
is significant for the design of the Heat Capacity.

Figure 32: Physical proprty measurement system. Lefthe liquid helium tank with the superconducting
magnet and righis the contoller. [173
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3.2.5.1 VSM unit

The PPMS uses a model P525 vibrating sample magnetometer (VSM) measurement system, which is a
fully automated DC magnetometer. The VSM detection coil is inserted into the PPMS sample chamber by
using the standard PPMS sample interface design. Unlileg vibrating sample magnetometers that use a
shortthrow resonant voiceoil design, the PPMS VSM linear motor is designed to operate at 40 Hz, with
rapid slewing possible over about 6.5 cm of travel. The large range of motion enables the PPMS VSM
systemto perform rapid, completely automated centering operations. The system is able to resolve
magnetization changes of less thaf® #nu at a data rate of 1 Hz. The sample holder canbbesa half
tubewith a diameter of 3.6 mm, or fused quartz paddle withameter of 4 mm. The sample mass should
be less than 1 gram. The VSM can use the same environments then the PPMS.

For our measurements we usebrass half tuben which we glued our sample. We conducted the same
experiments then in the VSM, but witigher fields.

Figure 33: Vibrating sample magnetometer for the PPMS. The upper part shows thihtonginear motor
sample drive and the | ower part the fisample puc

3.2.6 Direct adiabatic temperature measuing unit

Direct measurements of t h €ly wedki perioened 0 a medifigde r at ur e
Magnetocaloric Measuring Setup (MMS) which is produced by Advanced Magnetic Technologies and
Consulting, Ltd. (AMTC) The modification where performed byetiheibniz Insitute for Solid $ate and
Materials Research Dresden by the supervisiobroKonstantin SkokovIThe modifications improved the
accuracy of the measurements and faster data acquirement. A schematic of the setup can be seen in Figure
34. The magnetic field was produced by the permanent magnet magiedticsburce on the basis of a
Hal bach cylinder structure. ToH = 1.981 A, Magmatiarfield changed i n a
rate was 2T/s what allow to prevent heat losses from the specimen during the measurement. The
temperature of the sample svanonitored with accuracy better th&dn0.02 K by a CoppeConstantan
thermocouple which was in direct contact with the sample. For the best thermal contact between a reference
junction of thermocouple and the specimen the junction was squeezed betweggectgoof the sample.

Also small amount of silver thermoconductive paste was added on junction of the thermocouple for
improving thermal contact. Specimen was fixed on nylon threads for ensuring adiabatic conditions. For the
same reason all measuremengsavperformed in high vacuum. Also adiabatic screen was used in order to
decrease the radiative heat exchange between the sample and samplémataggeof the sample holder

can be seen in Figure 3Fhe external magnetic field was measured by a Halbg@ After pre
amplification, both signals, from thermocouple and Hall probe were collected using analogue digital
convertor (ADS). ADS time resolution was 1000 points/s and allowed to observe the adiabatic temperature
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change carefully and unequivocallpuring the measurements, the target temperature was approached
without overheating/overcooling.

AT measuring
nanovoltmeter

Control
computer

Temperature
controller

Pumping Gaussmeter

Liquid
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Magnetic field
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Magnetic
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Figure 34: Schematic diagram of the MMEBL74]

heater place

sample plate
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Hall generator place

Figure 35: Schematic picture of the sample holder (tempeeatensor, Hall generator, thermocouple
and heaters are not shown).
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4 Results and discussion

4.1.1 Arc-melting

In this sectionthe effectof different cooling rates of the arc melted buttons after the &erisdoff and
the effect of heat treatmerdre presented. We compared different masses of buttons, with the same
composition, which cooled down differentlypfn the 1g button which cooled down the fastest to the 5 g
button which cooled down the slowedthe synthesizeduttonswere first examined sing scanning
electron microscopy to reveal the effect of the cooling @atboth the macrostructure (Figu®) and the
microstructure (Figured.

X10 Tmm WD 40.3mm

SEI 5.0kV X10 Tmm WD 403mm

Figure 36: Macrostructure of the G&e,Si, alloy button in the asast sate: (a) 1 g of charge material and (b) 5
g of charge material
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It is obvious from Figure @that the cooling rate, which is higher in the case of the 1 g sample, has a
profound effect on the macrostr uct uppersurface bfithe t h e
button Figure 36 a). This feature is all but abntin the 5 g sampleHigure36 b). The 5 g sample has a
smoother surface consisting of fairly regular pentagons and hexagons (reminiscent of the Fullerene
structure) that is typical fahe crystallization of semionducting elements, such as silicon and germanium
(often referred to as half metals) when moderate cooling rates are present. The metals, on the other hand,
tend to form a curvaceous crystallization front because of the difiatence in the melting entropy. This
is not the case with silicon and germanium, both of which have large melting entropies, leading to the
formation of facets during the process of crystallization. The comparison of the microstructure of the
sample wih the highest cooling rat€igure37 a) and the sample with thewest cooling rateRigure37 b)
reveals that in both cases thecast state provides us with at least three phases, with the dendritic phase
being the dominant one.

Figure 37: Optical micrographs of the microstructure of the;G&Si, alloy in ascast state: (a) 1 g of charge
material and (b) 5 g of charge material

This phase also contains small needle like precipitates that lie within the dendritea @ dane@a o f 90U
cca. 75U fheprecpitteformit mea . manner indicati v,assednina Wi
previous reportsThe interdendritic space is filled with a third phase, which is rickdhand Si The
dendritic phase exhibitdifferent shade effects because of the differences in the orientation of individual
dendrites towards the sample surface, so that they producedhbesborientation contrast.

The number of phases revealed by the optical microscope is alsomamhbythe SEM and EDS
(Figure 38), which shows that the dendritic phase has 22% &t, 21.0 a% Ge and 56.1 &b Gd, the
interdendritic phase has 31.6.9atSi,17.5 ab6 Ge and 50.9 & Gd and the precipitated phase has
composition of 17.2&t.% Si, 21.%t% Ge and 60.&t% Gd.This indicates that the precipitates are the 5:3
phase that was also found Bleyers et al[159. These features disappear after the heat treatfieatx
ray spectra of the amast 1 g and 5 g sampleseathe same. Although there may be significant
microstructural differences between the two samples the crystal structure of the main phase is the same for
both samples. The-pay diffraction pattern of the asst 5 g button is shown iRigure 39a togethewith
the calculated spectrum for the 54 structure. This Ggbis,-based solid solution allows Ge to substitute

for

an
d ma |



Results and discussion 49

for Si in xMel.rta.ng@n Ot tbe Beysléi dhawd uti omO 6G.t 2.n dlsf
we compare the two spectra, the experimentally obtained spectrum and the calculated spectrigian, it is ¢
that they represent a good fit, albeit with a slight shift to higher angles, which is increasingly obvious to the
right-hand side of the graph. This shift is due to the substitution of approximately 50% of the Si atoms by
Ge atoms, and i, line with the observations of Pecharsky and Gschneifi3@r However, after heat
treating the material at 1380 for one hour a change in crgkstructure is observe#igure38b). Here we

observe the monoclinically distorted derivatof the orthorhombic SgGe-type phase, which we refer to

in thefigureas the GglGeSi, structure. It is believed that the heat treatment for 1 hour atXC3@3ults in

some phase purification ambmogenizatiorof the aremelted buttons, leading topartial ordering of the

crystal structure via a redistribution of Si and Ge atoms among the various crystallographic sites. The
annealing causes an enrichment of Ge for the sites responsible for the interslab bonding, thereby resulting
in a considerablerdancement of the giant magnetocaloric effect.

COMPO 150kY X200 100um WD 10.0mm

COMPQO 150kY X200 100pm WD 10.0mm

Figure 38 SEM micrographs of the microstructure of thesGé€Si, alloy in assynthesizedtate: (a) 1 g of
charge material and (b) 5 g of charge material
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Figure 39: XRD analysis of Ggoe,Siy: (a) ascast state and (b) heat treated state

From Figure 4Gve can see that after the
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COMPQO 15.0k¥ X600 10um WD 10.1mm

COMPQO 150KV X600 10pm WD 10.1mm

Figure 40: SEM micrograph of the microstructure of thesGé,Si, alloy in heat treated state: (a) 1 g of charge
material and (b) 5 g of charge material

The variations in the mass of the initial charge of material effectively influetimedooling rate,
causing marked effects on the surface of the buttons, producing a sinew appearance at fast cooling rates,
which disappears as the mass of buttons increases towards 5 g. The crystal structures of the main phases in
the buttons were fountb be largely independent of mass, and therefore of cooling, rate, and a heat
treatment at 1308 for one hour was sufficient to produce the sifiilase crystal structure.

4.1.2 Mechanical alloying

The direct method of mechanical alloying SgGe, from pure eéments has proveto bevery time
consuming andineconomical, because of the ductile nature of gadolinium. In our system we have one
ductile component and two brittle components, germanium and sikowralloying to occur we have to
have at least one dile component, buhe milling time alsoplays an important factor.

In the initial stage of milling, the ductile gadolinium particles get flattened by thepduditle-ball
collision, while the brittle intermetallic particles get fragmented. These &agpd brittle particles tend to
become occluded by the ductile constituents and trapped in the ductile particles. The brittle constituent is
closely spaced along the interlamellar spacings. With further milling, the ductile powder particles get work
hardemd, the lamellae get convoluted, and refined. But this method is very time consuming and even after
100 h of milling we did not achieve chemical homogeneity. Particles were still of different sizes, with flat
gadolinium particles and firmilled silicon am germanium. For alloying to occur between these three
elements longer times would be necessary, which resulted into abandoning this method, b&vetise of
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factor.

For mechanical alloying to be feasible we would have to start milling already withlldlyeand not
with the pure elements. But this is not mechanical alloying anymore, because we have only one component.
With this method we produce amorphous powder which after heat treatment would be more homogeneous
than the starting alloy. This is aldetmethod used when milling gadolinium based alloys.

4.1.3 Melt spinning

Melt spinningGdsSi,Ge has proven to be a very difficult taskhe first problem was that one cannot
start with pure elements, but already with-arelted buttons. This introduces the satechnical problems
that occur when armelting, like stoichiometry problems. Because we have to start with the alloy, we have
to produce higher temperatures for melting than with pure elements. The regular used crucibles for melt
spinning proved to be hauitable. These are made out of beninide and are usually very suitable if we
do not want to contaminate our sample, but they are not suitable for m8liygrGe,, because the
induction heater heats only the sample and not thecaonductive boromitride holder. This does not
provide enough heat to melt the sample, even at full power of the melt spinner. Even at longer heating
times we could not extract the melt out of the crucible on to the spinning copper wheel. To overcome this
problem, we usedraphite crucibles which are alsonductiveand heat up in an induction heater, thus
helping to achieve the desired temperature for melting the alloy. In our case this temperature was over 1800
AC. The melt could be eas iednice gbpoasowithesites aprial5 cmahich s p un .
are shown in Figure 41.

Figure 41: Melt spun ribbons from a graphite crucible

The melt spun ribbons have a metallic look and are very stable in the air. But in the XRD spectrum no
GdSiGe; could be found. The only spectrum that fitted wasSs€,. This led to the conclusion that the
graphite from the crucible reacted with the alloy and transformed it. A closer look at the crucible also
showed that graphit e réthessmelbwas (FigufeetRal Afeerdtide maltwspiyningw h e
some of the melt always stays on the crucible and is very hard to grind off (Figure 42b). But leaving it in
the air for a few days turns it into powder, as seen in Figure 42c. A later analysis shawedxidizes
into GA0s. But the ribbons with the same composition stay intact. This can be explained with a thin
amorphous layer that forms on the ribbons surface, thus preventing oxidation.

To producezdsSi;Ge; melt spun ribbons, we had to make a dslecthat incorporates the non reactivity
of boronnitride and the conductivity of graphite. We produced a crucible that had an inner shell ef boron
nitride and an outer shell of graphite. The two materials have different expansion coefficients. This can
produce problems about how to combine the two materials so that they do not interact on each other. The
design of such a crucible is shown in Figure 43. After melt spinning in such a crucible the XRD did not
show any GgSi,C,, but it also did not show the sleedGdsSi,Ge,. The XRD showed a mixture of the 1:1
phase, the 5:3 phase, some 5:4 phase and some other phases that we could not identify. The main reason for
using melt spinning as a production technique is the ability to produce an amorphous phasedidbau
fast cooling of the melt. We also did not succeed to produce an amorphous phase, not even at the highest
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wheel speed of the melt spinner of 80 Hz. Because of this the technique has no advantages against arc
melting, which is still the most suitkbtechnique for producing this kind of alloy.

Figure 42: Graphite crucible. a) shows how the melt etched the graphite out of the crucible. b) shows how some
of the melt stays on the crucible after melt spinninghenbiottom of it. ¢) shows powder of oxidized Gd which
forms out of the mt from the crucible after a few days.

graphite

boronnitride

Figure 43 Homemade boronitride-graphite crucible

4.2 Substitutions with iron

Because mechanical alloying and nsginning proved to be unsuitable for producingliaded alloys,
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we continued our research with arc melting. With this technique we could produce many different
compositions in a short time, making it easier to research the influence of iron.

4.2.1 Macrostructur e

The electron microscopy secondatgctron images (SEI) in Figure 4ghow the macrostructures of
three of the armelted button®f the Siseries of alloys. The same macrostructures were found also in the
S| and GESI series of alloys and are not presthereThe SD sample exhibits regular pentagons and
hexagons mminiscent of a buckyball. The 8. 5 sampl eds surface shows a
columnar grains running at angles to each other on ther wopface of the sample. ThelSlample haa
smooth upper surface, much more characteristic of an intermetailioedted button.

Figure 44: SEI talen of aremelted buttons with SI0 (a), SI0.5 (b) and $¢) composition.

The unusual macrostructural features obsefgethe samples with no iron and very small amounts of
iron are very striking; however, during our microstructural investigationthes a mp suda@eswhich
mustbe a consequencef the dissolvedron, whereasthe buckyballspointto a surfaceenergyeffect, with
theflat surfacegepresentinghe growth of particular atomiglanes.The smoothsurfaceof the SI1 sample
impliesthat minimizing thesurfaceareaduringthe moltenphaseis still the main factoin determiningthe
final shapeof the solid button.

It is clear from Figure 4that in thecase of alloy S, where no iron is present, the surface of the button
has regular pentagons and hexagons; this is typical for the solidificatiorcaflet semi metals such as
silicon and germanium and inteetallic phases with low crystallographic symmetry. Both, silicon and
germanium have melting entropies of the order of ~3/&tém, which gives approximately 30.Khol,
whilst most metals including gadolinium and iron have melting entropies of arokildt@m, i.e. 5 =
8.48 JKmol a n dSzq ¢ 5.51 JKmol. This means that the high melting entropies for both silicon and
germanium will increase the tendency for the established intermetallic phases to form facets during the
process of solidification. Sie the phases in the examined alloys have predominantly monoclinic (lower
symmetry) and orthorhombic structure at room temperature, they will also solidify forming a faceted
solidification front in the absence of iron. As the concentration of iron inliitye S10.5 increases (Figre
44b) the pentagerand hexagoishaped facets in Figure 44areak up because of the reduction of the high
melting entropies due to the presence of iron and the fact that iron substitutes for silicon igSik@esd
according tahe formula GgFgSi>«Ge. Iron, like most metals, has a low melting entropy and will solidify
forming an uneven solidification front (on the atomic scale) thus hindering the formation of regular facets
(e.g., pentagons and hexagons) during solidificatithen added to an alloy containing silicon and
germanium.The sinew like feature can be explained by the existence of two phases with different
temperature expansion coefficients. This means that when cooling in the copper mold one phase contracts
more ttan the other one, thus sucking the phase into the button, producing this extraordinary feature.
Finally, as the iron concentiah was almost doubled (alloy Bwith 11.1 at. % Fe) the facets or sinew
effects completely disappeared as the surface of th®rbadopts a smooth finish, typical for the
solidification of metallic materials. The effect of the high cooling rate has to be accounted for, since when
it is high, as in our case, it hinders the formation of large facets by a reduction of the dé&sikits
adding to the effedhatiron has on the process of faceting.

4.2.2 Microstructure

The first set of images in Figureb 4hows optical micrographs taken of the samples SI0, SI10.125,
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S10.25, SI0.5, SI0.75 and SI1. It is clear from the six images thidteasamples are composed of multi
phase structures. The microstructure of the &fhple, where there is no iron added, consists of the
Gds(Si,Ge) matrix phase, A, and a graboundary phase, GB1. A new matrix phase, the B phase, appears
with the smalkst addition of iron, i.ethe SI10.125sample, together with the graloundary phase GB2.

The GB1 phase was neither observed here nor in any of the subseuptds. Theompositionof the
matrix phaseB suggestghatit is a Gd(Si,Ge}-type phaseWith increasingamountsof addediron, the
amountof matrix phaseA is seento decreaseaintil it disappears completely sampleSI0.75.0n the other
hand, matrix phase B is increasing on the account of the decrease of matrix phppeo&irdatelyhalf of

the matrix phaseA is replacedoy matrix phase Bn the SI0.5 sample. In the sample SI0.75 we see another
grain boundary phase appearing, which we marked GB3. With the composition of 33.1 at.% Gd, 5.5 at.%
Si 59.9 at.% Fe and 1.5 at.% Ge it suggests theaosition GdFe, with a small substitution of Si and Ge

for Fe. This phase appears also the sample SI1, with phase B and GB2.

Figure 45: Optical images of the etched microstructures ofraetted SIO (a), SI10.125 (b), S10.25 (8)0.5 (d),
S10.75 (e) and SI1 (f) samples.
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The compositions of the matrix phases A and B with respect to the amount of added lversean in
Table5. The compositions strongly suggest that matrix phase A is8i&ype phase, while matrix phase
B is better described by the compositions&igl The ratio of Si versus Ge in both main phases is in favor
of germanium and this ratio increases with more iron adil@d.is expected because of the substitution of
silicon with iron, increasing the germaniwantent. No iron could be found in the main 5:4 matrix phase
as in the new 5:3 phase. Even at the highest concentration no iron was found, suggesting that iron does not
affect the main 5:4 phase directly, because it does not dissolve into the main phase.

Table 5: Elemental compositions in at.% of the two main phases present in the samples evaluated using 3
EDS. Analyzing errors to be considered are Gd NO.

S
Gd Si Fe Ge Gd Si Fe Ge
55.8 227 i 215 i
552 207 i 241 615 161 i 22.4
56.2 200 i 238 628 16.2 i 21.0
56.2 176 i 26.2 632 138 i 23.0

T 61.8 11.1 T 27.1

The compositions of the graboundary phasesf the S| set of samples weaemnalyzed for all six
samples. They areollected in Tableés. Three different graiboundary phases were identifiethe grain
boundary phase found in sample Sitarked as GB1is richer in Si than the matrix phase; howeveis
only present in this samplehich is the samplaith no iron in the initial compositionThis phase is the
Gd,(Si,Ge) phase.The grainboundary phase GB2 appears in all the samples with any amount of iron
preent in the alloy.The composition of this GB2 phase does not vary withessing amounts of added
Fe, and the ratio for G(Bi,Ge):Fe is approximately 1:1:There is also a higher amount of silicon
compared to germanium in the GBkhe grainboundary phase GB3 starts forming in the structure of the
samples as a graboundaryphase wherX becomes lager than 0.5, i.e., in samples S10.75 and $He
composition of the GB3 phase indicated much lower levels of Si than foy WiB2Fe being the largest
single elementAll the iron can be found in the GB phases and non in theixmatases. It indirectly
affects the composition of the main phase by changing the Sl/Ge ratio in the main phase

Table 6: Elemental compositions in at.% of the grioundary phases present in the samples evaluated using
EDS.Analg i ng errors to be considered are Gd NO. 2, S

Sl

Gd Si Fe Ge Gd Si Fe Ge Gd Si Fe Ge
515 317 i 17.0 T T

T 348 274 333 45 T
T 355 28.0 308 5.6 T
T 355 269 31.7 59 T
i 353 263 314 70 331 55 599 15

The second set of images in Figure 46 show secondary electron images taken of the samples GEO0.06,
GEO0.125, GEO0.25, GEO.5 and GES The images are comparable to the Sl set of samples with a multi
phase structure. The addition of iron results in the appearance of the new matrix phase D with the grain
boundary GB4. The main phase C is slowly disappearing with more iron until in sample GEO.75 there is no
Gd(Si,Ge), matrix phaseleft and the predominanphase becomes phase D with t&&k(Si,Ge)
composition. The amount of the GB4, which appears as a black area in the microstructure, is slowly
increasing with the amount of iron. Also, a new grain boundary (white area) is appearing in sample
GEQO0.75, whichs marked as GB5.
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a) b)
GD4
GD4
50 ¢ 50 ¢
C) d)
GD4
GD4
50 ¢ 50 ¢
€)
GD5
GD4
50 ¢

Figure 46: SE SEM images for the GE set of samples; GEO0.06 (a), GE0.125 (b), GE0.25 (c), GRad (d)
GEOQ.75 (e).

Table 7 presentshte composition®f the matrix phase€ and Dwith respect to the amount of added
iron. The matrix phaseC has a different composition to the matrix phase A in the Sl sanigtesmain
phase in the GEO.0§ample, i.e.phase C, has the composition ggbiio 1Geyo 3 the me as that observed
by Provenzano etl.a[164 Also the newy formed matrix phase D has in the sample GE0.06 aichd
composition Gdss 3Si2. 65610 This suggests that tlmeain phase isa Gg(Si,Ge)-type phase, while makr
phaseD is better described by the composition,(&iGe) The amount of iron was too low to be detected
with the EDXS in any of the matrix phases. The compositions of both matrix phases are constant,
independent of the amount of added iron. Only ay ¥&gh iron concentrations does the Gd:(Si,Ge) ratio
change. While the Si/Ge ratio in the phase C is equal, the ratio in the phase D, is in favor of germanium













































































































































