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Abstract

Solsitdatef ri gerati on technol ogy based on cal or
alternative for theneeflfacemaent aofl eheilresnsnent
vapoompression technology. Furthermore, it ca
compseon technology cannot be used, such as t|
their compenenis. considerable interest in the
magnetocal oric (MC)-kebivactasd whiudhrdmngadskeasb ime n :
however, the individual <caloric effects exhibi
|l ocated in narrow temperature raAgebdewhobothhb
to solve this problem is to sambimel theaECrand
and thus enhance the cooling performance and/

of a cooling device.

I n the first par tp hoafs et JiRd (D PFiNg, cxirmagnie s t
combine EC and MC psscpetliliyeprepneesuby mechan
foll owed by sintering. The enhanced el ectrica
optimization of the sintering cofb®fgt'myne, r es
a ceramic si°n@.erlend tahti sl OsCaOmp | e, tehf ef cefrgatx9 mu®n e |l
at 28n8C100"'kwdcm he maxi mum magnet ocy270lri ¢ ef

°Gnd 50wek@e obThhe nEd. as wel | as the MC proper
further i mproved by doping with manganese. T
suppresses the excessive electrical conductiwv
ECef fefct?*Z. 2t G 140" KAY:- drhe same ti me, t he MC
the material were also i mproved, ~<r@esgtfFr1Cng i n
and 50Dekspei t e the fpreompiesiangrreo&d®@ effect, the m
MC effect iad Istfiolrl ptractdmal usage.

In the second part, the ferroic properties
multiferrOBEOBI FEOpbAasesl@PBIROXA(0UP. Bpmpositions
were successfully prepared usédgbynexihmtneorcihregni
gradual increase in the BFO content, thu tempe

10BFO solid solutions firsx= d®k.cx)e,asved I(ag eatc hhir
conteprt 8. @) it increased hendpBRe@.chledt r@dWw®c i°r1Cg i

into t uexBF®ON solid solution | eads to the forn
consequently strengthening the rebraxade mierhqavaof
the peak i n t-chep etnedrepetr agairrmo Wit ng i oy, Piga r oe |l e
hysteresis | oops and decreasing the size of ¢t

Among the preparedup8&@p exihtiibonse,d PPBMW ferroel
| osses -padmpeakvity neareammbkEnbhgtempar r @ mi s

for -temmerature multicaloric applications.

In the |l ast part of this work, we focused o
PFNMF&@ased solid su@BEFtO, omot hiprehiFeaki ty anom
wel | as thetppanamagmemagneti ¢ phase trdansitio

one of the f-phastedsmeronpresabhglte multiferroic ma



X Abstract

avor abt empeoroat ure position of both ferroic ano
onductivity and poor magnetic respoonsenof the
apability. The fwpBm@r widtolpi mgn@odnePRFeN and gadol
uccessfpwplrles sed the excessive electrical conduc
esponse, | eading to the improvement PoFiNt he EC al
BFO composition with negligibite mpeuladg ureatEiCnegfup
of more atid® kW¥a€Crhigh MC effect above 3 °C at cr

and 50arktOee hi ghteesmp erroaotmur e MC ef f ecetdPrRAMnOoNng al |
based multicalorics.

= »n oo —
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Povzetek

Tehnologija hlajenja na osnovi hladilnih el eme
ucinek, predstavlja obetavinjosnatji eudanhkowvite ¢
neprigarzkneempr esi josgkig et.ehPodleg tega se | ahko upo
parkmoempresi jske tehnologije ni mogoce uporabi
naprav in njihovih komponent. Med bol j razsir
uvrscamo el ktkr)o k anl amraigthreit okal or i ¢ni ( MK) wuc¢in
izkazujeta relativno nizke hladilne ucinke.

omejene na ozka temperaturna obmoc¢j a, kar ome
izmed resitema a@dmgazipreoebl EK in MK udinkov v s
materi al u, kar |l ahko izboljsa hladilno zmogl

t empemoatoormoc¢j e del ovanj a.
V prvem sklopu doktorskega dela smo s pomo¢c)]
sintranjem uspesno poNbpsed PiIFIN) &rebinani kdupPb( EK

in MK | astnosti. Z optimizacijo pogojev sint
materiala, ki dos(eze03dhyv Zk or,amieldinasit pri 10
V tem vzorcu je bila i zneCrijnekdga9 na¢C v p slj0ad2 8r & €
kV-cdmer dosezZzen najvecji magme2t7old anl &rOi deERie [

uc
i n MK | astkneorsatni kPeF Nsjoe bii 4 keo Injasifemrine nza ndgoadnaa . Dod
mangana namrec¢ uspesno zavira visoko elektri €l
vodi do dobrih EK |l astnosti EKkiucd@k@dz ejCo pmak 8
°3 140 kW¥V.Hkmati se izbol j snagtoe rtiuvadlia, MKk ara sptrniopse
maksi mal ne vrednosti yBMR1GAodi BRakK® ud vDOGeprivnem
ucinku pripravligenepaganad enaplvrasje vrednosti
premaj hne za uporabo v hladilnih sistemih.

V drugemokkloopskedda del a smo spreminjald. fer
dodat kom mul ti fsgrB&FiOYnegZa uBpiofreadb o mehanokemij s
sl edil o,samontusprejsemo pripraviu xBFEedeup, &ndhahni h
raztopi n.smbdgotdavislei s postopnim povecevanjem V!
dielektric¢ne uk@xBh@ anhredniPiEFNrazt oplidnosaapprseojbne

temperatxar®, pyj medtem ko se pri vi>j0O,h2)vsleebn
ta povisa 2@0 O BTN Uvajanjeu BBBO vt iPdmMo
raztopino vodi do tvorbe psevdokubicdne faze |
mat eri al obvi.r@aTzovijdmo iz siritve vrhov temperat
konstant e, ZzoZnithuge hiferored zkitmi zank ter Z man
feroelektric¢ni-bodmomejMed mprRiNPrav| PEMBHO sest a
izkazuje nizke feroelektric¢ne histerezne izgul
temperatur e, karetqasnev rkatha i dead eolza mul ti kal or
temperaturi

V zadnjem sklopu doktorskega dela smo prouc
pin naBBOnoVIRMBFRN se temperat nmradh,aj@ar ivrkhat
ktricchetkondtahemper at-antai fparamagmet mega



Xii Povzetek

prehoda nahajata v blizini sopbrmmee ttearpregtan eiren o fka
multifmabechtdl pub ugodnemu pol oZjavj ubloibZe hnif esroobincen
t emperpacstwirseana el ektric¢na prevodnost ter sibek m
njegove EK in MK uc¢inke. ugNBaFdOa Izj ndjoad antokdoinf inkaancgi aj nao
i n gadolinijevih ionov uspesno tzeav rpe vperCeak amagyrnred ne
odziv, kar vodi do ithestpnpanj amBK FkFodpBROd iPoMK edi
z dodatkom mangana in gadolinija izkazuje zanema
ucinek visiji od 1 9@ 4r ik Vsoshmnki MKe mpceirmetku rnad 3 °
kriogeni h tiemmpet &ktOenahvi sji MK u€inek pri sobni

do sedaj pripravljeni mi mul tikalori ¢ni mi materi a
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Chapter 1

Int roduction

The I ntroduction provides a brief I|iterature
|l begins with the motivation and a brief descri
focused on the basic definitions, characteri:s
caloric effects, while the foll owipnrgomttsri eneg s
candidates for caloric cooling applications,
mul tiferroic materials. At the end, the multi:?

representing the two core matiertiraldsucierdvesti gat

1.1 Definition of the Problem

With an increasing world population, better ||
an increasing demand for refrigeration and ai
Commi ssion, a haUmfnimfeneéeregyucommpewampti on i s sp:
cooling. The assumption is that by 2060, the
wi || exceed that for heating [1]. The majorit
based on -ctonngpgsapomr refrigeration cycle, which
of t'HeemnMtury. Despite all the i mprovements, wh
energy efficiency and using |l ess environment a
exhi lopimes ds awbacks. The next difficulties are
system, which prevents its miniaturizati on, e
during its operation, making this method wunsu
and their components [ 2, 3] . Al these disadv
driven the devel opment of more efficient and e
Solsitdat e refrigeration technol ogy or egrhesent
replacement, or better, fcompu<sisrsg oint tierc hfniod lods
used, such as t he cooling of smal | devices,
environmeMdast [of, tbHe current awtdéwoltiyng nt éehleno
is oriented towards one of the caloric effect s
temperature changes during the application of
magnetic fiel8dHoweavesrter essisd ifct@hdoaurailc materi al s
dr awbacks, primarily a smal/|l caloric effect,
interesting way to enhance the total <caloric e
range of their Uuset,eriisalt oexhri dpanegammre tha
commonly called a mult.i chhiosia mektatriwaél y 6new
area whose development fhascsusnoétfy §hiss tHRegsins
preparation and wi, nweshtgibgeatmuolnt iocfalme i ¢ mat er i ¢



2 Chapter 1. Introduction

el ectrocaloric and magnetocaloric effects, which
for future cooling devices.

1.2 Caloric Effect

The term caloric effect ref ermaned yt hteh er eavdei rasbiabt |

temperature and isothermal entropy changes, of a
stimuli, such as an electric field, magnetic fie
that causes the revers$ibhe mampei alt yr e hehazmad®s i«
classified as electrocaloric (EC), magnetocal ori
the direction of the applied stress, i . e. , uni ax
effect can bd fatbhdgrwodiswibdga oups, namely the e
barocaloric (BC) effects, resapebtbsvehgs{Bbi waréot
on the EC effect, the MC effect and their combi n:
ef fectef olrhee, their detailed descriptions, wor ki
measur ement methods are presented in the next th

N N
T ,,‘\ @ //!\ Phase A Vv,
4 A A
N | I
rearINED Rt oTmme o ov e

5| 1
Figtt:echematic representation fofurt de fwerknhg cpt
effects (EC, MC, eC and BC), where the applicat
magnetic field, uni axi al stress and pressur e, re
temperature, accompaniedaf bgral[8ub8¢gyuent heat fI
1.2.1 Electrocaloric Effect
The EC effect is defined as a reversible adiabez:
entropy change of a polar dielectric materi al u
field. The working odriinmgd ihpelag amfgbelyd|l 8Cdead i nto
periodic stages, i .e.ffi plwbcddByeatyatoinc tdred mbdyg nam

cycle prwkiesshamatically sheoelwn :in Figure 1.2 [12
1 Stagdhk application of €éEh eratteenabaeteatrati/

of the electrpol ai peCemaliimc it daleonsequently 1| e
reduction in9Sthef etnte ogdgiypdql ar Ssubsyst em. Un
conditions (fast enough to prevent)anyhbdeat ¢
tot al entropy of the materi al remains const ar
for it, the |l attice vibration entropy is inc

t emper(@)toufr et he mdiTerThis bytage is often call e
pol arizati on.



1.2. Caloric Effect 3

1T Stagelnlthis step the electric field remai

QQ is transferred to the heat sink, |l eadir
the initialT)temperature (
1T Staglell h t hesrtdep of tshoe ccaylcleed, aadli abati c dep
electric field is removed. The electric di
state, which increases the entropy of the
cools down thWT, mhteriadlt eB@ caémepedr athier e ch
(UTed .
T Stagel hVthe | ast step of the cycle, the te
heat transfer from the heat sour ce, whi ch
initial tEmpagrdapar es(t hehreexttealihael hfecart si n

k
and heat source now serve as the ho+ and c
16] .

T T+AT
adiabatic
q/; = El
process

(heat source) +Q EC C\[Cle —Q (heat sink)

@ — @

adiabatic
_ E
process

T

Fi g2z®chenmadprcesentation of the EC cycl e

The EC eftfheecrtmoidsy nami ¢ phenomenon that can b
called Maxwell thermodynamic approachspi3, 17]
thermodynamics, the differentialg) ffoom @afditdlee d
materifalned ae:

yo Ny dye, 3yE (L1)
whewxeXijan® repr etsheerttr ai n, stress and electric [
(indexes indicate their tensorial naxXiydrse) [ 1
constant, the total dBt reoxppyr edeesi Eaygmwdhadngeg
(independent vamisabBlubscai @tw)i tbenbe represen
y \E T y nt E yE (1.2

The rel atitom@EG et w®dE) ( pairs of parameters are
foll owingeMaxwehtl
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=:
W

I
T T , (1.3)

Td
=

and the exprsepseschiefaitcf oapid eettyE@) fiielgiven by:

T W

- 7
y'l_i_ll_l/ll (1.4
wheties the density of the materi al. By introduci
the expreéeS8Ssi gn viesmmr as [ 13] :
LY, 13 .
e — — E.

Undeémsot her mal ddo)d,i tilb@sEC entr o(@$d dermsni tbye chan
determined by integrating Eq. (1.5):

—_— 3 .

o, = T VE (1.6)

wheE,anH,are the staEtipy aG@odufil hspl rebpettiuvefiye] d
13]. Finally, the ECmotreempbdrmiaet fuErGe(UEkEd eage ,beor
described by i ntrdadita nagt iEcg dcSoOf B8P Jo:ns  (

. 7/ I .

L= ﬁﬁ:jl y E (1.7)
Based on Eq. (1.7), the properties of the effect
to obtain a |l arge EC effect, the EC material mus
the temperat ur eccanldn eadd ibtiito ra, | telwee cstirgle) offi elhde af
al so plays an i mportant role in achieving | arge I
on the dielectric breakdown strength of the mat
factor when it comes t¢ 184dhieving | arger EC effe
By definition, the EC effect can be determined
(UT) or isother ma(USennatr opya miltfascndpespi t e many deca
from the first observation of the EC ielflf eca i n
validated, commonly accepted and commercially a
[14] . However, many different techniqgues and appg

whi chi cagemerdilvi ded i nto two thag emcdigraadpsechaBE€l y
measur ement -ImdeJjt.hods [ 12

Direct EC measur ementadmetehcad smearsehaekameddt od
UT or i sotherm&)) WwWherel ecowi ¢ field is tamplied/re
i sot hdScrmmaninot be measeremdjdriegtby. dihect method
adet er mi ntahtaeido ra K@fuis¢ ng ¢ o.ntthaecrt mi(sett. dges magaod upl es
or womtacgherammrmer atsher momelTriys dventearemi ned direct
a change of the tempéeket edecwhéewo ffhel dtepg appli

mo s t cases, especially for bul k sampl es, modi f
cal ori mete,r sorrRlB@©Jdhut i on ctal enaméeteerpyr ethae temp:
stabilizati on, are employed, where EC temperatu

thermocouples or thermistohe shapl ase (lfi,gededilr 8
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20] . In such measuremebTis, ushal agt bawley méasu
UTecof the materi al due -aoot ihveea tp d rotsss exsf itnh e hme ¢
(i .e. ,arseaamsplvei t hout el ectrodes, thermistor, w
presence of a subsstraadrlikte Swh!l heatmpoewsat ed
called corrkkction factor (

.. .. E "O" (18)

L= 0 =490 n, .

’CEAJI

wheCeag epresentaphei ishEeG8f aat inweacarndre p&rdcs, whi
is the heat Efpatctivg 9édmpglhe (cov(edetdaiwist hofelt
met huosdked i n Bahesdebesi bed[ 18, |Arh Btkhmel i cebERY t hat
is eHdeceetlrdi ci ndependent or only wesadalkligw!l depend:e
ce(E;T) aTE) can be taken oubUSacfant tbee icratl ecqurl aalt ean
meas wWTedsing the folblowing equation
VVIAle[I-/-I:yAVV'Aw (1.9

whemés the mass of the ogpeasuvméd s$sampgl equati o]
temperatures far from the absolute zero and f
€. B[ 12, 13].

(@) (b) 58.0 190
sample with Au electrodes D :
_ 575 <« ‘ R0
~ thermistor 1 : .
\ 1 T ! =
i s 2
£ 57.0 [F3 [0 ¢
~ 1 . 3
f : AT | T
\ . 56.5- -5
wires ] '
| Mn-doped Pb(Fe, Nb ,)O,
56.0 1 . ; ' 100
0 50 100 150 200

t(s)

Fi g3 EeaBxampl e oNbhR®OH&Exred ceramic pellet with
and wires and (b) its directly measure@a tempe:
stepke el d@atprpild efdi €12d ]

On the other hand, in taeurcamentofme thifoadndda dieah
i sot hdScneanl be determined indirectly by integra
and (1.7). To solve both integrsal htegm@mei atnwsr, e €

and elacetlrd odeprepanldemicB Tdild,hted mperandi relfdcetl rdi c
dependetnheepecti fi ¢ he@fl) caphdernsffy)dfy t he asampl e
needMat e that the assurpteilan imfdee@EdewkeEed i C

signi ficantel yi nstiengprlaitfiyont hof Eq. (12.7), can | e
UTec especially closeTd[ot2dPeviabmel gitreelzieam!l @ nd
are obwiatttheddi r echoweuveérodst he i ndirect measur ¢

mor e ye a<ihli evabl e [ 6, 12, 20]
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1.2.2 Magnetocaloric Effect

The MC effect is analogous to the EC effect and
temperature change and isother mal entropy <chang
influence of an extlemnahatneagywkE®i €h ffle.ccal)d( Ftilgpaur e
wor king principle of MC cooling/heating cycle ca
two adiabatisfo gndlc D@yt on t her modynamihd chiycl e |
arsechemhyi showki gur2es]L. 4 [ 22
1T Stagé&hk application of aH) exauwesensalp amwatgineelt iacl ifi
of magnetic moments in the material, which ¢
entr pyf( the magnetic subsystemfabhdenotupbgb ac
to prevent any heat exchange wfi tthh e nmatrernimelnt
remains cloearsgfasmnteor der t o ocbmpehsatattice vib

entropy is increased,ngfedthlet itnefMpoeir athlme ¢ ncr e
mat er iUadl WDBlyis stage is often called the adiahb
1T Stageln Ithis step the magnetic field remains
@Q is transferred to the heat si nk, |l eadi ng

the inidriatTDrte mp

T Stagel hilthisrtckep of the cycle, also called adi a
magnetic field is removed. The magneti c mome.]
stat e, which increases the entropy of the ma

cools the Uhatlei@adftbgr called t {EFuwMC temper at
T Stagel hVthe | ast step of dhepoypleasatked bgmp
heat transfer from the heat source, whi ch he
initial t(Paperaepahmeast eri al for. tThe rmextt oy olke
and heat source now serve as the hot and col

25] .
T+AT
[ N |
H=0
adiabatic
process
® - Om—
(heat source) +Q MC CVCIE —Q (heat sink)
Q) (D) oo
adiabatic
process
H=0
T-AT [ sT—

T
Figtsa®chematic represent(atfiten. df3,t HL&]MC cyc|

The MC ied fecthermodynamic phenomenon 4 hat can
called Maxwell thermodynamic approachsp3, 24].
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thermodynamics, similar to theh&CGebbectreehe
density for a magnetic materi al is defined as:
ye Ny bye "H3 Y, (11§
wheMerepreskemagneti zation of the materi al (i
naturepi asnthagneti ¢c peamealm. | Wiy hoft heXipassumpt i
constant, the total entropy densityHahd@nges o]

(independestavarwabtten as subscripts) can be

I IV I I a
y E T y nt o y 8. (L1}

The rel atitom@g blet awwdl)( pairs of parameters are
foll owing Maxwell rel ation:

1V o 13
CRL I (L1}

and the expression for the spH)fis Hiewenclaypa
— - (L1}

By introducing Egs. (1.12) and (di1S.sl139i Vet oa <£:q.

y i+ H — y s. (11 ¥

Undésot her mal (dFomh)d,i ti mems MC ent r o@puc)decnasni thye ct
determined by integrating Eq. (1.14):

. VINJI ="H o y 9, (11X

wheHeanH.are the st ak,t=i 09 (@ugdudlilnyass megpetiicv ¢
[ 24] . Finally, t he M@o 1t @ miptehrea t My @The)heaantng eb e or
described by intuegedi abgt Eg.dcSo@Y RP8) oAd4] (

L. S 13 _

gy = H Y T yo . (L1}
Based on Egq. (1.16), the properties of the eff
to obtain a | arge MC effect, the MC materi al
with the temper at uc.e lann da dedxihtiiboint, & chleonasg rzeet iod
fi ¢gUHy al so plays an important role in achievi
materials, MC materials can easily withstand \
' imitation wheaermiietvi agmé sartget VeC med g reecttisc | fiieesl d
of the magnet s. I'n gemeaalent mmageet Eomagbees
I i

mited to a maxi mum magnetic flux density of
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Like the EC effect, the MC ef fteatpeaar uree detaargme
(UT)ormr sot her mal e@M®$)r oaply steH setbgt &ad ,f amany di fferent
techniqgues and approaches have been demonstrated
two main groutlseg ecamaing indirect MC measurement

I n t hef ctahsee iondirect MC meas urlnmaenndt inseotthhoed ,matlh e
UScan be determined indirectly by integrating thi
To solve both integral equations, an experi ment ;
magndtiiedc d dependenceM(T) ) ma g-n gtuirza tli.ddna,ndt he t emp
magndét i@dependence of the spHG)fiandhe dpodamasdittyy
the sampl e Norte needed.he assurmpitdaloc iorfd et pheen dneangcnee
cu(T) which significantly simplify the integratio
esti malTg, oéspecially close e tHoewealesql uctoembi erri o
MHT) data tog€l) hemeawutrkements at differcant const a
| eachrtcocur at e ®MdTuienfafteicotn wi ulmca r it @li-2a@ % vwehfi c2h0
can i nactr elkbgweer al DB &, 6 27R, 2

(a), (b)
™, H (kOe): 0.10- H (kOe):
\ Pb(Feo.sNboAs)os _(_ 30) Pb(Feo.sN bo.s)oa _.(_ 30)
0.8 10 10
\ - 0.08 —
— 5 5
0 A —3 =~ e
0.6 © 0.06- 3
: ™ :
S 041 ™~ 5 0.04-
\\ \
., T —
0.2 - i 0.02
\h—m
e — e l
0.0 0.00
-250 -200 -150 100 -50 0 50 250 -200 -150 100 -50 0 50
T(°C) T(°C)

Fi g eaAn example of the teMpmer dt @ rf e rdbviptehagpehcé¢ @€ do
(b) related indiuBH)t loyf chlh(celeartaemi cs [ 21] .

On the otherChampdsudiemeat ketaldodecdr enelassvae @ memt
of heedi alJawheamagnéiiet di ed/ apwshiyeddont aconbachon
ther momet UYi swHetermined directly as @ahehange of
magnetic field suddenly changes. To ensure the a
magnetic field is requiyedsi mdprigoginlesta ca dhied lesd ogai
moving the sample in and out of a wuniform magnet
of providing a rapid change of the magnetic fiel
field on the themrdiadeds emasroa sihtdippegair gnabés of edd)

cur s enett c. ), direct measurements can be subject

the direct MC measurement methodsmasé ckepbhréerdin
studies indirsett mettdetder mrereut he MC eBfects of

29] .

1.2.3 Multicaloric Effect

As the name implies, the multicaloric (MultiC) e
one type of caloric effect in theistamemdmat emiadl
caloric effects, namel vy, EC, MC and mC, |l eads to
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schematically shown in Figure 1.6. The focus
and MC eff epxchassd nmati enrgil el s. i Tomerodf @ he, muh ¢ | ¢ eafl
(EC+MC) in this study is related to the adiab:
occurs in a material under the simultaneous or
and magneti 8p3Leld [9, 10,

FiguaB:echematic rephesentamttiodaadbfef fects and t he
forming different types of Multi C effects (af/

The working principle of Mumpli Y @oobdbimbign aeiaod
af orementioned EC and MC cycles, which is sche
material combining the EC and MC effects consi
and magnetic moments. Waxtherurtalt hel eaptprliicc agandn
both subsystems ar e randomly oriented and p
surroundings. The simultaneous or sequenti al
ields causes the partdiadoladsi gaanmk nma prfe ttihce ned
eads to a reduction in the entropy of the s
emperature ofUTtheé nmatheriralvebye process, when
he electric dipoles mRattumMmagdhet o ct M@ mdnser ek
ncreases the entropy of the systl@lm ardeadnee
alled the multical  @Fuw Qi ct[®mpedr ature change

O — o+~ = —h
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©

4

MultiC cycle

@w

(heat source) +Q

H

=0
E=0

T-AT

Figat®chemadpgrcesent ati on

Thehenodynami c
Max we | |

adiabatic

process

description
appr daadh eve adbubarl b orthidfufl e cdtCs .t emper at ur e

Chapter 1. Introduction

H,E

@-—0

adiabatic ’
process

T

of

of

t

max

=Q (heat sink)

he

t he

tchoeu pslyi snt ge nbse twheeer ne

mor e btré eMulyt i @Twf)feectan be described
and MC &8Df8cts |
DAy s Ea Mgyt Ay,
. S 13 IO S 13
= _ — E+ "H — —

R I REPRE Y RN
However, Eq. (1.17) stands for
the magnetic and electrical order parame&ters
magnetic field arsl(yapehhiae diorsi Filhdowaaene oll. 8 a
the other hand, in the case of substanti al
which is definddnder at bé anagt!| Booérn ccehoabflgreeletr er n a l
the influendanobfddkt eonal term écnhetef@hi @monoduce

additi onalbptiags defrriovred h e

(M,H) pairs of parameters

13 13 .

TE T e U
whedies a | inear ME colbpyddngmicro
Mand their corEdsponding field

)73=ﬁT,D7E

y3="Hi,y s

Maxwel It hffeH) amandn

e fifiince @amR,r; e laamtdi on s

S

Multi C (EC+MC)

Mul ti C effect

bet we
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wheBge $ hei el ectric peaercmumiDidirethyarodhel ectri c anc
magnetuisceptibspeti®®@BBy [i9ntroducing Eqs. (1.
(1.20) into exmp.r e(sls.ilofn)s, ftohredtult e de IMai@Th iCr @4 If v ct
and magnetically i(WTéhwe)eidarMulgiiverefdss:ct

SUIRNT- B PR

L I A o T JEF (12
) . 13 o 13 .
A = H T = — +"=, ©w s y .
~VMoy 6 Ta % 0 A (12}
whedeandmarthel ectrically and magnetically 1ind
respectivel Frdm,b®d8t h equations it f eclolugpws ntghat
bet ween the electrical and magnetic subsystem

| eadas mwch higher Multi C effect compared to th
1.8c). On the dd=hlemrOhakds.wlfdre1l) and (1.22)
previously described equations for theelsyngl e

[ 92 .3

Theonthbi natEiConmanadf MC effects in one materi al C
princitphHhusl toafC ef fect, which are schenmadlei cal | )
mo s t common sbbonbhti €s edbfect s are wietsckritbhedr b

advant adéeére owneatiavdioduaxl ef fect s:

a.BotthheC and MC effects take place in the sar
to room temperature (RT), where most refr
(Figure 1.8a) .silnmultthhine oausssea,pptlhecati on of b
increase the ovaesatléscoiob ¢ dTgh iesf Eegncatb(11le sl 7t) h «
ok malelxearernal fields to achieve a certain c
b.BotthhieC and MC effects tmperptace raeagdohser
extend the operating temperature range of
exampglh&C effect can be employed for cool i
refri gertanCr )efdmredt for coolingrbekowmwg0 °C
EC effect tdMCRAf adt at cry®deni c temperat

c.)n materials withhMdulgteif@®MEactobe!l dngyen by o
external field, as follows frdmi Egeamabledl
| argeaog ienff fect compared to a single EC or N
applied external fieénchalelkéties nall |l dwel tdse t 0s
certain cooling effect, w&dfcha camolrierdgucdee i
i mprove uédel iffag i of their active el ements
commer ci al use iamexxherapfliied&tciton dofi ve t he
MC ef fect s, because the electric fBeld is
However, ME kaupVéhy iarge onl y437n, cwhnmploes i

its valueohaeesmagkeei al sThiesr edi®glei, gitbhlies s c ¢
covered in this thesis.
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(a) MC
EC ATgc + ATy

l | | | | | | >

| 1 | | | | | -

273 -200 -100 0 RlT 100 200 300 T(°C)

(b) ATyc MC EC AT

| | | 1 | | | \.

I I | I I | I -

273 -200 -100 0 R|T 100 200 300 T(°C)

AT, AT,
MC McC EC EC
— | — | | >
-273 200 -100 0 RlT 100 200 300 T(°C)
(c) AT, muric ©F AT muiic

l 1 | | 1 | | >

| | | | | | | -

-273 -200 -100 0 RlT 100 200 300 T(°C)
Figa8&8chematic representation of di fferent wor K
ranges of the Multi C (EC+MC) effect. The Mul ti
combi naUfepann tbifici n t he same temperature range, wh
simultaneodys |Qb:ram@lTice hat are | ocated in differe
regions, where a sequenti al application of ext e
temperature range, a@B JuepdIihw) MobanhilCeedcleiceved
the appdfi canliyvynone external stimulus (i.e., elect

Since the field of multicaloric materials i s reE€
combining the EC anpghdfeematetbal a bamwmgllbreen r ep
part, a reason for that <could Ilie in the totall
occurrence of polar dielectric and magnetic subs
and MC effect, respectivel y. Usuat ¢Pyo,riMt he occur
reduces the tendency for the emergence of the o
multicalorics to a compromise between good EC

an
The first experimental observation-phfasot h the
materi al was report edt . ba@] 3i.n KrOilsdh.n aT hMuyr tihnydi r e c t
the EC and MLoavinf@oawtbd ei mppe¥ ovskilTacy aThue mdx i~bu @
°C was obtya2ionk danadd using a very high magnetic flu

due to the i mproperdrfiewerno eblye cat rsipceictiyf itchanaginset i c
no-aentrosymmetric Gtwnet anlat etbii wdetdemnwd rly3 poor ferr
properties and thus a weak EC response. I n addi
conductivity, the EC properties could only be me
(i .e., up’™An4i kdi rcenc tl eoxbpseerrivnaetnitoan of t he EC an
was also repSandd Ch€ulFeilCo &, neherd similar beh
namely, a relatively | arge MC effect and a poor

I n 2016, etH.4aUrdsemionstrat edoft heEC cordki MCeatkect s
thus the MultiC ef foN@);eup PDr( da)x@(rP FARBEVRN) ( F e
ceramics, where the MC effect was measured usi nc
the EC effect was measruerseodicudiiiovoenc mey eusi ey hegtk
maxi mum EC effeoqt93cCt an@l. BHakv®@ - atmmaxi mum MC effec
~0.26 y2€@°8@tand 70 kOe. Despite the fact that bot



1.3. Ferroelectric Materials 13

any practical applicati omes alnide tfhart WIeledaw tmae
is one of the first examples where the-coexis
phase material were unequivocally experimental
i nterest i-mhasue hmwslstnigchadl areipr esented a startini

1.3 Ferroelectric Materials

I n this section, typical candidates and their
are introduced and their characteri smiaoatere
the Joul e heati nghedtfiecg snuwr coasheizn3sieded | 4 h & Cme
candi dates must exhibit a |l ow electrical cond

movement and switching Amfontghd hdbamaitiE Ewalrlopelr 4

are shown by ferroelectricd4 54ndwhiedraxbel dregr

subgroup of dielectric materials (Figure 1.9).

Dielectrics are a group of electrically insu
e

applieedreéelE) fi €Ehd ¢l ectric filkl,d whnidcuhc eiss pdoel fairr
shift of the positive and negative EeRPestric
proportkEonal to

3=A0M. DE= AT E, (1.2}

whe®és the relative dielectric permittivity o
t

the ability of material $49 o Thereotak amechrti
which is induced by itdheeqapapl itead tehec®direct fiiel a
@@= RE+3 =HAHE. (L2 %
Al l crystal structures are classified into 32
them have a cent drer@ff oirmveareiyomrandot suitabl
Among 2clemtornosymmetric crystal classes, 20 of
Piezoelectrics are a group of materials that
external mes hanicavesselkygy, the application of
an elastic strain. Among 20 piezoelectric po
pol arization in a given temperature range. Thi

and tehxdy bit an electric dipole moment even i
electriedglfield [ 4
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Piezoelectrics

Pyroelectrics

Ferroelectrics
P

Fi ga93@ne of the possiblelslacscof daladgd tomesmibd i mat er
mechapropkeatt &s) [4

A subgroup of pyroel ectlr.i9%)s. iTsh efseer rnoaetleercitarlisc se»

r more equilibrium orientations of the spontane
y the application of Ea#aA48u.f fTypdienldd tyy rliafrsgree xekxitbeirt
structur al phase-temprsiati uore fPprpoodabdebiwghhd (zream

pontaneous ol atreingpaetriactnu)r et of ea rloew e c tzreirm phase

OrQO —Tunwwmw o To

p
pontaneous polarization) atédbheThéesrpbkbhsettriang
s accompani ed-péwymiat thii wiht yp eaarkomal vy, as evidence
ependence of the real part ofR)shewrcompl| Exgui el
. 1®a84$0D. I n addition, ferroeletineas depebdenace
f the polarization rel ati Wek htyos ttelree se Ise d toroipc (fFii
1.10b) . Sluicrhe aar nboenhavi or i s a consequence of th
regions with the uniformly oriented electric di)
domai ns, which are formed to minimize the el ect.
and el asti c648lo.nsltnr asiuncths mMadt er i al s ,e xetvedEnn aalln t he a
relativiliy margeained. The value of the polari z:

remanent p®dar iwhatlieornr he mi ni mum el ectric field t
pol arization orientatiorlid9 (cdlhlee dnatxlh enuano e cisae¢ u
pol ari zati oRs[BISLldefined as

a b

(a) . (b) P lff?"-_.,—.r- —

ferroelectric :'-} paraelectric ew ) iﬁ;‘:R 4 @
e 17

| -\ f fl\ ..;:' E
N\ e

Figar@schematic representations offddrmrodundhethemper
par aettacetrrriocel ectri c p PPaEstey sttrearnessiitsi olngo p( bgnd (c)
structure of typicalftBerZMde)].ectric materi al (
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According to Eq. (1.7), a |l arge change of po
achileawrege EC effects. Thereforesf efenorebdbelcect ci g
transi tiPdr,aswhiecceel |l y changes, represent promi s
caloric peBDa582 n cHo wWebv,er |, in ferhaed etctanmsgist, i
and thus the high EC effect is wusually 1|imitec
their commerci al use.

The narrow temperature range with the highes:s

relaxor ferroelectakosesor Thmeeeabei matgri aks v
ferroelectrange s8br Uothgr al order i s present.
chemical or compositional heterogeneity at th
sized ions wiehcei statest occupy a crystallogr
crystal l attice. The presence of this chemica
fields/ bonds driangue bfsertrhoeellecntg i ¢ or der and |
ander deednredmgpzed domain patterns, calds58gd pol at
PNRs are responsible for the unique dielectrioc
of relaxors. Rel axors typically exidiepiemdeaty
di el ec tpreircmiptetaikvi ty, reaching relatively high
a wide temperature range (Figure 1.11a). Since

relaxors, peuarh ta ipveaaky anomal y dyrpemircs raes o IT e
PNRs to an ext er4b@|. €llhec tarbiseeafcpelofefd gl ect ri

and a macroscopically zero PugkhgasteatebbDe | sopaks
1.11b) .

I't i s experimentad|lagreoroommoddatofr eP dMRoorand e
cubic symmetry. However, there is stildl a deb
|l ocal s®B6PDctAteth®& beginning ®Jf, tthlee swiudld leys am
model of r elaaxloorcsala sssturnuecst ur e consisting of PN
pol ar M8 ri(Fighwre 1.11c, | eft). Recently, thi:

a one that assumes that r-ey mmetrrsys,azrealncad mma b B &
surroundagdebyi ttynglleowdomain walls (DWsgl.arl n t
matrix is nonexiste®b6p@B36gure 1.11c, right) [
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(a) Vmin_‘. (b) P
6./
E
T
(c) local domain structure models
g I T
& N polar S
non-;t)qlat nano-regions
matrix ~ (PNRs)
nano-sized
domains

Figrschematic representatibnequo@dudépentdempesat urt
of@ andb)PugE hysteresis |l oop of typical rel axor m:
representation of tworspil oga@detdrountatdwer8s 8l)d f tr eerl alxd r

Rel axors have proven to bRNRerygrg@gowvear \ECr eaman i

external electric fields, |l eading to 3 d46ge chang
65] . Besides t hmer, miat thirwiatdy peradkmal v results in a
wide temperature ramges |G € enw atdadn Pupadfo pdpesh e f s 1 i m
relaxors show |l ow hysteresis |l osses and thus bet

compared to cl ags8lae ferroelectrics [ 4

1.4 Ferromagnetic Materials

I n this section, tthyepiirc ale qcua nrdeindeanttess faonrd achi evi ng

are introduced and their characteristics are de
magnetic dipole moments and ideally show a | arc
temperature. Amoalgs altt he hlresntatMd€ properties are
[ 69716, which belong to the subgroup of diamagnet
Di amagnetism is a fundament al magnetic proper
Diamagnetism arisesaimr ampt he di mi gma d thicd hieefod b( t a
motion of only paired electrons and i M)results i
Hi nduMesvhi ch is defined as magnetic dipol e momer

the material ' smmagespoonséiebdthe

3=(CH. Do =1 a, (1.2 ¥
whepes the relative permeability, representing
materi al can Be27agnlehe zmeadtseprdinasilesagoet he fi el d i

described with the magneti Bati whiahdi magnat ogoftik
electric displacement (Eq. (1.24)):

4="H®e +3)="HHo. (12 %
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As crystal strucyumaeeandpeymamnet in the electr
point groups govern the magnetic properties.
symmetry, magnetic std-eveuses symmepoyses e meint

respect to 32pormstag

Ibogsaphncrease the numbel
to 90. Among the 90 p
o]

b

oint groups, 66 of them
f the piezoelectri
S
S

the magnetic anal og C prop:
magneti zdatrmemhanni c al tress. Among the 66 pie
them show spontaneou magnetization in a giyvV
materials is called the pyromagnets and they
absence odf eaxnt earpmpdli emagnetic field, which chan

(hence, pglr.o term) [ 4

Piezomagnets
Pyromagnets

Ferromagnets
M

Figuwr2Dne of the possible classifications of
propeaft 68) [ 4

Within the pyromagnets there i4d4.a4a2ubwhouoh e
a magnetic analogue of ferroelectrics. These
orientations of the spontaneous magnetoinzati on
of a sufficiermHt[lYy2-Ma.r gley peixctaelrinya,l f err omagnet s
phase transitidremgdagroant uae hpghamagnetic (wi t|
magneti zatidare)mpeoaturleowf err omagmnerta c mpdhrascsc o(p
magnetizati on) at t he f er i madglinhetsi cp hGusrei et rtaen
typically accompani eM, bsyh oawnd rians tBii &7drr hea 8lig eli 3oah r|
t oPUE | oops i n ferroelectrics, ferromddmetag al
dependence of the magneti zati on Mulhatsitweea etsa st
|l oop (Figure dihé&hlay. behawimoni s a consequence

of domain walls (DWs), whi ch sepiagmtted trmag metgi
di poles (Figure 1.13c). Such regions are call e
mi ni mi ze the magnetostatic &nz2zM]gy lonf stuhceh dneamaeg
even in the absdédnca poéel eeMiawsebmtaeanamy ned. The v
magnetization at zero field iMg) ,cawhlielde tthhee rneinme
magnetic field, which is needed to switch mag
magnetike) fi Ehe ihaxirmutne dormasganteut i z aMs{ BM™] .i s def i
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order, conf ir riirkee fberhraove loactarti cRT. Neverthel ess,
rel ddidckre character of the material cannot be comg
On the other hand, PFN exhibits two magnetic p

peak anomaM(T,lds ciunr vtehse, shown in Figure 1.16d. A s
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i's commowohbai fFieng 9Oxi HHeweVy &r , twii mihz gptriogprer o fopt h
synthesis process and effective suppression of
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based materials wipkbrmheéetrvi ayopabli éeéipaakof fel
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Due to the typically high el ectrimaaglneconrzdtdtoinyi

BFO ceramics in unmodified form are not suitable
with appropriate modifications, i . e., by doping
presented in theamsexd:t nadctrisam,s BR@mr epng candi da
achieving good MC as well as Multi C properties.

1.5.3 Pb(Fe 0sNb 05)O suBiFeO 3 Solid Solutions

The first exaNbp)s@Bi Pdgs@Pbh dFes ol uti ons were report
[n114 , foll owed byl@tthelwastuhdowrs thHadt the increas
BFO in-xx REWMBFO (HBFPMFO) solid solutionstoshifts th
antiferromagnetic phase transiti dwoft opuirieghBeFrO t em
[ 1 6011 On the otheonhamdBF®Ohto adBBNtal so affects
tderroel ecttrraincsi phase temperatur e. The reported
compositions withxd o Bjrotlitght eptldle @@ l8akes [ 1

while in composi tO occmosn kwintbh 23c shthihgiht sBFabove the on

pur e PLEIN 31[1¥1 161 18191 However, al |l compositions p
sofsitchte synthesis exhibit increased electrical
currents adidetbuoasrpocoand feRr &el8leldltl i Tth eor ofperd, e
for better wunderstanding, a detailed systematic
properties of this system is stildl needed.

Neverthel ess, t huBFOosmbi dos oot &FN a bridge be
| otwemper ature phase tr anstidampersatoudr eP FNh aasned ttrhaen sh
BF O, which enables the tailoring of the multife
both ferroic transitibnghesbsenl 6oi RTef fSeantce ahe
ferroic phas03T7Thnstihiionsygtbem of fers a unique of
new, -remmer ature multicalorics that can be used
applications.

1.6 Objectives a nd Hypotheses of the Dissertation

The main goal of this tipdsaise imultocdeuoel opmaewr
enhanced EC andPPAWC matoegreirali ersepresents a good st :
peglkermittivity posithbohstbghtdl healdlove RA¢crwased
RT. Bcheei ti on of BFO to PFN and, a agcFoQ ddg algil dy t h

solutions could further enable tailoring of the 1
t@antiferromagnettowphdseRTtrawdithoonffers the i mg
temperature mul tiloaladrdiid i pmo p a@rotpii edgg. wi t h Mn i on
compensate possible charge imbalances in the ma
conductivity anllamnccensEQupnopegr teines. On the othe
el ements, such as Gd ions possess strong | ocali z
| om@gnge antiferromagnetic order and.increase the
The objectivesdiofsetritiast i doc tacrealt he f ol |l owi ng:

1. To optimize the processing conditions of PFN
acti vastsiosnt ed synthesis followed by sintering
to prepare samples with ND&Rg'®l)dotrr iccadlordé andu
applications.

2. o determine the EC and MC properties of opti
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(621N

.o modify PFN ceramics by doping with Mn 1t

and consequently enhance the effective EC

.o deter mianned tMiG pgQperti edopméd oPENMC ¢ ea miMc
.o preparphase up@F O Q@O0x. 5901l i d solutions
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solid solution.
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Chapter 2

Improving the Multicaloric Properties

of Pb(Fe o5Nb ¢5)O 3 by Controlling the
Sintering Conditions and Doping with
Manganese

Mul ti fe PFN exfhd rbriaesl eac tprair@a ed reacs a itcr ansi t
which o a good starti-hgmperatufer E€chiespi
thwspgrading the caléfarc oal fye dmmavand sri dnlgd xeoor P
20PMW mul ticalddr.i ¢ materi al [

I n t his S tpuhdays,e sSPiFPNg| eer ami cs wer e success

mechanochemical synthesi s, f oldrmpwmerda tbuyr essi nrtaenrq
from 950 °C to 1100 °C. Among t hem, the cera
dielectric | osses, the | owest speci fic electr

enhanced conduction at t he graienvaboandamni eosf
mul tical oric properties revealed that the exc

mates i@adol ing ability, |l eading to the appear an
cooling effect. For thiopereassnoft P&ENmMwletriecdlu
by doping with manganese. In fact, 0.5 mol % o1

excessive electriadainhgcomdacsiuperypor EC effecti
at ,RTwhil e reachiadgea o°f@a xa2mab8n) avk V1@ At t he
same time, the MC properties of the material \
valafE. 4 £ ¥2t7°1C ankdOe.0

The -dMonped PFN multicaloric prepared idn this
MC effects r elphcer tmeadk itnou nd &EtCe .and MC ef fects are

temperature regions, one above and the other
materi al s i n applications where the capelrwntin
However, the maximum valuecobpyogbri MCtempectht u:t
ienly 0.44 °C. Theref otroe,i mpurrovhee rt hwiosr kv a lsu en.e e

This chapter &ddercds veess tlhe Ki,s 30 and 4.

Publi sbedPr ah, T. Roj ac, M. Wencka, M. Dragom
Sherbondy, G. Brennecka, Z.dHKuptrmjvdk,y B.heManuil &
properti esNbygf@bRPb(cFentrol |l ing the sintering <co
mangawowk.seEur . Cervaan.. S3dT4 1 @f2a1.3 01, 4(,2 Gplpe0, 4282 9)
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ARTICLE INFO ABSTRACT

Keywords: Designing multicaloric single-phase materials with combined electro- and magnetocaloric effects is still at its
Pb(Feo sNbg,5)03 initial stage and presents a number of challenges. One of the main challenges encountered so far is to reduce the
Multicaloric

excessive electrical conductivity, which leads to the appearance of Joule heating that might completely degrade
the electrocaloric response. In this work, multicaloric Pb(Fey sNb 5)O, material was successfully prepared ex-
hibiting pronounced electrocaloric effect above room temperature and maximum magnetocaloric effect at
cryogenic temperature. The conductivity was suppressed by controlling the sintering temperature. The ceramic
sintered at 1000 °C exhibits maximum electrocaloric effective cooling of 0.88 °C at 28 °C and maximum mag-
netocaloric effect of 0.14 “C at —271 °C. The caloric properties can be further improved by doping Pb(Feg sNby s)
0 with manganese. In comparison to the undoped sample, Pb(Fe, sNbg 5)O5 doped with 0.5 mol% of manganese
exhibits three times higher maxima of electrocaloric effective cooling (2.47 °C at 80 °C) and magnetocaloric

Electrocaloric
Magnetocaloric
Multiferroic

temperature change (0.44 °Cat —271 °C).

1. Introduction

The majority of commercially used refrigeration systems are still
using the vapor-compression refrigeration cycle, which was discovered
at the beginning of the 19 century. A solid-state cooling technology
represents a promising alterative for their replacement or for usage in
fields where vapor-compression technology could not be used, such as
cooling of small electronic devices or cooling in harsh environments.
Most of the current activity in the research of new cooling technologies
is oriented towards one of the caloric effects, either electrocaloric (EC),
magnetocaloric (MC) or mechanocaloric (mC), where the material’s
entropy and consequently its temperature change under the application
of external stimuli, i.e., electric field, magnetic field, or stress, respec-
tively [1]. The highest caloric effects are obtained near ferroic phase
transitions [1,2], which take place in a very narrow temperature range.
For example, gadolinium shows a large MC temperature change of more
than 10 °C, but high values are limited to only a few degrees close to the
phase transition [3]. Such behavior is also characteristic of

ferroelectrics, for example BaTiOs-based ceramics [4]. This narrow
temperature range of the highest caloric effects can be partially ad-
dressed using relaxor materials, where a high-caloric-effect temperature
range coincides with a broad temperature range of typically few tens of
degrees [2,5-7].

A possibility of how to extend the operating temperature range of
caloric devices is to prepare a multicaloric material [8,9], where two or
more single caloric modes can operate at different temperature inter-
vals. This means that one caloric mode is active in one temperature
range, while the other caloric mode is active in a different temperature
range [10,11]. The principle was already demonstrated in composite
NiCoMnIn/(1-x)Pb(Mg; ,3Nb,,3)03-xPbTiO; material, where the oper-
ating temperature window of the material was extended by combining
MC and mC effects [11].

In our previous work [10], the multicaloric properties of 0.8Pb
(Feo.sNbg.5)03-0.2Pb(Mg( sW.5)0; (PFN-20PMW) were experimen-
tally confirmed. However, this material possesses small MC and EC
temperature changes (~0.25°C), with the maximum values of both
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effects far below room temperature (—93°C for EC and —268°C for
MC). Nevertheless, the PFN-20PMW may be treated as a proof-of-
concept material that represent a good starting point for further de-
velopment of combined MC and EC effects. In this work we focus on Pb
(Fey.sNbg.s)O5 (PEN), which combines both effects with a maximum EC
response above room temperature (RT) and a maximum MC response
below RT.

In PFN, ferroelectric and magnetic (antiferromagnetic) orders co-
exist in the same crystal structure [12]. The paraelectric-to-ferroelectric
phase transition of PFN is located at ~100 °C [13,14] indicating that a
maximum EC temperature change can be obtained a few ten degrees
above RT. Additionally, two anomalies in the temperature dependence
of the magnetic susceptibility are reported at —123°Cand —263°C
[15,16], hence a potentially enhanced MC effect is expected close to
these temperatures. However, according to the literature, PFN exhibits
high electrical conductivity (107 %—10"%Q 'm~'[17,18]), which is
common for Fe-containing oxides [19,20]. Such high conductivity may
lead to Joule heating effect that lowers the EC cooling efficiency
[21,22], but according to the literature the conductivity can be reduced
when adding small amounts of manganese [23-26].

To suppress the elevated conductivity of PFN we propose in this
study two strategies related to: (i) tailoring of the sintering temperature
and (ii) doping with manganese. The results show that optimized sin-
tering conditions as well as dopant concentration lead to significant
improvement of the EC and MC properties of the material, pointing out
the importance of the processing-composition-properties inter-correla-
tions in PFN.

2. Experimental
2.1. Material synthesis

PEN ceramic powder was prepared by mechanochemical-activation-
assisted synthesis using Nb,Os (99.9%, Aldrich), Fe,O3 (99.9%, Alfa
Aesar) and PbO (99.9%, Alfa Aesar) as starting oxides. Additionally,
Fe,05 was pre-milled in a planetary ball mill (Retsch PM 400, Retsch,
Haan, Germany) with absolute ethanol at 200 min™ for 6 h. In the case
of Mn-doped PFN, 0.5 mol%, 1 mol% and 2 mol% of manganese in the
form of MnO, (99.9%, Alfa Aesar) were added to the mixture of initial
oxides as a substitution for B-site cations (Fe®* and Nb®*) according to
the nominal formula Pb(Feg 5..,2Nbg 5.5,2Mn,)03. MnO, was pre-milled
in an attrition mill (Netzsch, PE075/PR01, Selb, Germany) with abso-
lute ethanol at 600 min™" for 5h using yttria-stabilized zirconia (YSZ)
milling balls (ball diameters 3 mm). All the stoichiometric mixtures of
starting oxides (110 g) were homogenized in a planetary ball mill at
200 min~* for 4h in absolute ethanol using Y$Z milling balls (ball
diameters 3 mm). The homogenized mixture was then dried and me-
chanochemically activated in a planetary ball mill for 6 h at 360 min™
in a tungsten carbide milling vial (volume 250 em®), filled with 10
tungsten carbide milling balls (ball diameters 20 mm). After activation,
the synthesized powder was re-milled in a planetary ball mill in an
absolute ethanol at 200 min~ for 4 h using YSZ milling balls (ball
diameters 3 mm).

All the prepared powders were uniaxially pressed (50 MPa) into
pellets of a diameter of 8 mm followed by isostatic pressing at 300 MPa.
The powder compacts were reactively sintered in double alumina cru-
cibles in the presence of a PFN packing powder with the same com-
position as that of the pellets. To examine the effect of the sintering
temperature on the caloric properties, PFN compacts were sintered in a
temperature range between 950 °C and 1100 °C (with a step of 50°C)
for 2h in an oxygen atmosphere as previously suggested in Ref. [27].
PEN ceramics doped with 1mol% and 2mol% of manganese were
sintered at 1000 °C for 2h in an oxygen atmosphere, while PFN doped
with 0.5 mol% of manganese was sintered at 800 "C due to the differ-
ences in the sintering behavior in comparison to the other samples (for
more details see Supplementary material, S1). In all cases, heating and
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cooling rates of 2°Cmin~* were used.
2.2, Characterization

The densities of the sintered pellets were determined using a gas-
displacement density analyzer (Micromeritics, AcuuPyc II 1340
Pycnometer) at RT. For the calculation of the relative density, the
theoretical density of 8.46 gem ~* was used (PDF card no. 032-0522,
[28]).

The mass loss that corresponds to PbO loss during the sintering
process was estimated as the difference between the mass of the pellet
heated to 600 °C for 1 h and sintered sample. The temperature of 600 °C
for the pre-sintering heat treatment was determined from thermal
analyses of the PFN powder with the goal to remove the adsorbed/
chemisorbed H,0 and CO, prior to sintering. For more details, see
Supplementary material, S2. The results were presented as average
values of measurements done on three pellets.

The X-ray powder-diffraction (XRD) analyses of crushed ceramic
pellets were performed with a PANalytical X'Pert PRO (PANalytical,
Almelo, Netherlands) high-resolution diffractometer (CuKa, radiation)
equipped with a 100 channel X’Celerator detector. Diffraction patterns
were recorded in the 20-70° 2@-range with a step of 0.017° and an
integration time of 100 s per step at RT.

The microstructure and phase composition of sintered ceramics was
examined using a field-emission scanning electron microscope (FE-
SEM, JSM-7600F, Jeol Ltd., Japan) equipped with an energy dispersive
X-ray spectrometer (EDXS, Inca Oxford 350 EDS SSD, Oxford
Instruments, Abingdon, U.K.). Prior to microstructural analyses, the
samples were fractured for fracture-surface examination, ground and
fine-polished using a colloidal silica suspension, followed by thermal
etching at 100-350 °C below the sintering temperature of the sample.
The average grain size and gran-size distribution were evaluated from
the digitalized images of etched surfaces, processed using the Image
Tool software (UTHSCSA Image Tool Version 3.00. 2002) [29] and by
measuring more than 500 grains. The grain size is expressed as the
Feret’s diameter [30]. For the study of structural properties on the
nanometer scale Cs corrected scanning transmission electron micro-
scope Jeol ARM 200 CF (STEM), equipped with Centurio EDXS system
was used. TEM samples were prepared by mechanical grinding, dim-
pling and final Ar-ion milling [31].

For characterization of electrical properties, the ceramic pellets
were cut, thinned and polished to a thickness of ~200 pm. In order to
release the internal stresses produced during the mechanical proces-
sing, the thinned ceramic pellets were heated up to 600 °C for 1 h (with
5°Cmin ! heating rate) and then slowly cooled down (1°Cmin ') to
RT. The surfaces of the pellets were coated with Au electrodes (dia-
meter of 5mm) using RF-magnetron sputtering machine (5Pascal,
Italy). Current-density—electric-field (j-E) response was measured using
a Keithley 237 (Keithley Instruments, Ohio, USA) high voltage source
measure unit. For the j-E measurements, the samples were exposed to
step-like voltages within the range of + 0.5kvem™". In this range,
from negative to positive polarity, ~ 13 equal field steps were applied.
Upon each of these steps, the voltage was maintained constant for 1.5h
for the current to stabilize, before being recorded. The specific DC
electrical conductivity (op;) was obtained at 0.5 kV-cm ™! assuming
Ohm’s law. The dielectric permittivity (¢) and dielectric losses (tan8) as
a function of temperature were analyzed during cooling from 200 °C to
24°C with a HP 4284A (Hewlett-Packard, California, USA) Precision
LCR impedance meter in a frequency range of 1-100 kHz. The P-E loops
were measured using an Aixacct TF analyzer 2000 (aixACCT Systems
GmbH, Aachen, Germany) by applying single sinusoidal waveform with
the frequency of 1 Hz at RT.

Conductive atomic force microscopy (cAFM) images were recorded
with an atomic force microscope (AFM, Asylum Research, Molecular
Force Probe 3D, Santa Barbara, CA, USA) equipped with an ORCA
mode. Prior to the cAFM experiment, surfaces of ceramic samples were
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prepared using standard metallographic procedure (thinning, grinding,
polishing and fine polishing with SiO, particles) followed by heat
treatment at 600 °C for 1 h with a cooling rate of 1 *Cmin ™', in order to
release internal stresses in the material. The final thicknesses of the as-
prepared samples were ~70pum. A tetrahedral Si tip (curvature dia-
meter of ~15nm) on a Si cantilever, both coated with Ti/Ir (Asyelec,
AtomicForce F&E GmbH, Mannheim, Germany), was used. cAFM
measurements were conducted by applying a DC voltage between the
tip and the bottom electrode.

The EC effect was measured using the direct method. The mea-
surements were performed on ~80pm-thick ceramic samples with
sputtered Au electrodes. The direct EC measurements were performed
in a modified differential scanning calorimeter (Netzsch DSC 204 F1,
Selb, Germany), which allowed a precise temperature stabilization. The
temperature changes were measured with a small-bead thermistor
glued to the sample; the temperature was measured using a digital
multimeter, The EC temperature change (ATyc) values presented in this
work are the measured maximum temperature changes multiplied by a
correction factor of ~1.85, which accounts for the passive part of the
sample and also the thermal losses in the gold wires, the silver paste
and the thermistor. The details of the method can be found in Ref. [32].

The MC effect was determined by the indirect method [33], where
the MC temperature change (ATy) was calculated from the magneti-
zation versus temperature measurements at different magnetic fields
(1-50k0e). Measurements were conducted using a physical property
measurement system vibrating sample magnetometer (Quantum De-
sign, California, USA) in a temperature range from —271°C to 127 °C,
The ~ 30 mg plate-shaped ceramic samples were used. For more details,
see Supplementary material, S3.

3. Results and discussion
3.1. Multicaloric properties of PFN ceramics

The sintering conditions and consequently ceramic microstructures,
in particular grain size and density, have a strong influence on the EC
properties of the Pb(Mg; ,;Nb,,3)04-PbTiO5 polycrystalline samples as
previously shown in Refs. [34,35]. Therefore, in the first step we in-
vestigated the effect of sintering temperature on the electrical con-
ductivity that strongly affects the EC properties in PFN through Joule
heating as previously shown in BaTiOs [21]. In the second step, we
investigated the EC as well as MC properties of PFN ceramics prepared
at optimized sintering conditions.

We begin by analyzing the structure, phase composition and mi-
crostructure of the prepared PFN samples. In Fig. 1a the XRD patterns of
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crushed ceramic pellets are shown, while Fig. 1b shows the micro-
structures of the samples. Only peaks corresponding to the PFN per-
ovskite phase are observed. All the ceramics are highly dense, > 98.5%
of the theoretical density, with the exception of the sample sintered at
950°C, which has 97.6% of relative density. This lower density is
consistent with the increased number of visible pores in the micro-
structure of the sample sintered at 950 °C (Fig. 1b; note that some of the
dark features are also pull-outs that form during sample cutting and
polishing procedures). As expected, the average grain size of samples
increases with increasing sintering temperature from 1.0 pm to 4.0 pm
(see Fig. 1b). In all the samples unimodal grain size distributions, which
indicates the normal grain growth during the sintering process, were
observed (Supplementary material, S4).

The temperature dependence of the real permittivity ¢ and di-
electric loss tangent tand are shown in Fig. 2a. The measured ¢’ values
are much higher in comparison to the values reported in the literature
[13,14,36,37], where ceramic samples were prepared by solid-state
synthesis, This could be a consequence of better chemical homogeneity
of mechanochemically-activated powder, similar as already reported
for Pb(Sc sNbg s)03 ceramics [38]. The maximum ¢ is the lowest for
the sample sintered at 950 °C (i.e., ~29,900 at 1kHz) and the highest
for the sample sintered at 1100 °C (i.e., ~ 37,900 at 1 kHz). In all four
samples, the Curie temperature (T¢) is at 99 °C, which is in agreement
with the previously reported values [13,14,36]. High ¢” were measured
also at RT, for example the sample sintered at 1000°C exhibits ¢* of
~ 3600 at 1 kHz.

The enhanced electrical conductivity of the samples sintered above
1000°C is reflected in the temperature behavior of tand (Fig. 2a),
especially around RT. The value of tand at RT and 1 kHz is 0.03 for the
sample sintered at 1000 °C, but it increases up to 0.21 when the sin-
tering temperature reaches 1100 °C. The increased electrical con-
ductivity with increasing sintering temperature is also seen in the high
electric-field P-E hysteresis loops (Supplementary material, S5). At the
lower sintering temperatures (950 °C and 1000 °C) sharp ferroelectric
hysteresis loops were observed, while at higher sintering temperatures,
P-E loops become rounded, which indicates the presence of a leakage
current. This observation is important because enhanced electrical
conductivity limits the EC efficiency of bulk ceramics through Joule
heating effects [39]. Therefore, maintaining low electrical conductivity
of the material is crucial for EC applications.

To investigate the electrical conductivity of PFN ceramics, j-E curves
were measured at RT (Fig. 2b). The lowest opc was obtained in the
sample sintered at 1000 °C, that is 7.1-10 " '*Q ™!, The sample sintered
at 950°C possesses slightly higher ope of 1.9107" Q" 'm™' most
probably due to the slightly lower density. By increasing the sintering

10 pm

1100°C

Fig. 1. (a) XRD patterns of PFN ceramics sintered at different temperatures from 950 °C to 1100 °C. The indexed peaks of the perovskite phase are shown in brackets
(PDF 032-0522 [28]). Inset shows an enlarged view of the pattern in the 20 region from 29° to 34°, where no peaks of secondary phases are observed. (b) SEM images

of polished samples sintered at different temperatures.
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Fig. 2. (a) Temperature dependences of ¢/, tand and (b) j-E curves of PFN ceramics sintered at 950, 1000, 1050 and 1100 °C. Inset shows j-E curves of samples sintered
at 1050 and 1100 °C. These data are plotted separately due to the much larger electric current measured in the 1100 °C sample.

temperature above 1000 °C, the conductivity of the samples increases
significantly. The oy of the samples sintered at 1050 °C and 1100 °C are
1.110°Q " m? and 1.111077Q 'm ™, respectively, which is about
one to four orders of magnitude higher than the o measured in the
sample sintered at 1000 °C.

To investigate the origin of the elevated conductivity of the sample
sintered at the higher temperature (1100 °C), local conductivity mea-
surements were performed using cAFM. As seen in Fig. 3a, in less
conductive samples (sintered below 1050 °C) only current noise was
detected at electric field of ~4 kV-cm ~ !, while in the sample sintered at
1050 °C enhanced local conduction was identified at the grain-
boundary areas. In the sample sintered at 1100 °C the local conduction
was too high, exceeding the maximum current (a few nA), that can be
measured with cAFM.

A possible explanation for the increased electrical conductivity of
PFN sintered at elevated temperatures (1000, 1050 °C) is the PbO de-
ficiency related to the high volatility of PbO [40]. As shown in Fig. 3b,
PbO losses increase with increasing sintering temperature from 0.20 wt
% for 950 °C to 0.37 wt% for 1100 °C. Furthermore, SEM and STEM
analyses revealed a Pb-rich amorphous phase at the grain boundaries

~& ke G

and triple grain junctions in the samples sintered above 1000 °C
(Figs. 3c and d) indicating that PbO starts to concentrate in these re-
gions, forms Pb-rich liquid phase before it leaves the system (Supple-
mentary material, S6). Similar was previously observed in Pb(Mg;,
3Nb,,3)03-PbTiO; ceramics, where Pb-rich secondary phase was de-
tected in the samples which experienced PbO losses [41,42].

On the other hand, Fe- and Nb-rich secondary phases were not
found in these samples neither by XRD nor SEM analyses. Most prob-
ably, B-site cations compensate Pb-losses by stabilizing a Pb-deficient
perovskite structure. This is supported by Rietveld refinement analysis
that shows a slight decrease in the unit cell volume at higher sintering
temperature, which could be related to A-site vacancies
(Supplementary material, S7) [43,44].

In Fe-containing compounds, the reason for elevated electrical
conductivity is often associated with a change in the oxidation state of
iron, but in our samples only Fe®** was detected by electron para-
magnetic resonance (EPR) spectroscopy (Supplementary material, S8)
that is in agreement with Ref. [45]. According to all these findings, a
reason for enhanced electrical conductivity of samples sintered above
1000°C is the accumulation of secondary phases at the grain

1050 °C

(b) 0.40

0.35

PbO loss (Wt%)
o o
> 8

°
N
o

Sintering temperature (°C)

T T T
1000 1050 1100

Fig. 3. (a) Topography-height (left) and cAFM (right) images of samples sintered at 950, 1000 and 1050 °C. Yellow lines mark the grain boundaries in the height
images. Red arrows in the bottom cAFM image indicate the enhanced conduction measured close to grain boundaries. (b) PbO losses for samples sintered at 950,
1000 and 1100 °C. (¢) SEM images of fractured PFN samples. Yellow arrows indicate secondary phase identified at the grain boundaries. (d) STEM image of the
sample sintered at 1100 °C, where Pb-rich secondary phase observed at grain boundaries and triple grain junctions is marked by green arrows.
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boundaries.

Among the PFN ceramics, the one sintered at 1000 °C possesses low
dielectric losses, the lowest specific electrical conductivity and, ac-
cordingly, exhibits no enhanced conduction at the grain boundaries
(the lowest detectable current of ORCA module is ~1 pA [46]). This
ceramic is also highly dense (98.7%) and therefore it was chosen for
further evaluation of multicaloric properties. Firstly, the EC response of
this optimized ceramic sample was measured. The temperature and
electric field dependence of ATgc is shown in Fig. 4a. At 28°C and
100kV-cm %, ATgc is 1.02°C and it increases with increasing tem-
perature reaching a maximum of 1.40°C at 47 °C and 100 kV-em ™',
However, at higher temperatures and applied electric fields, the elec-
trical conductivity of the material is increased, which results in the
appearance of Joule heating. At 28 °C only a small Joule heating (AT,y)
was detected, namely 0.14 °Cat 100kv-em ', but it significantly in-
creases at higher temperatures; to the value of 0.98°C at 47°C and
100kV-cm ', At a certain point, the Joule heating starts to overlap the
EC cooling effect (marked by crosses in Fig. 4a). Therefore, the EC ef-
fective cooling (AT.), defined as a difference between ATgc and ATy,
was introduced. For more details on Joule heating and EC effective
cooling, see Supplementary material, $9. The temperature dependence
of AT, is shown in Fig. 4b. As can be seen, the highest value of AT is
0.88°C at 28°C and 100kV-cm ™' and it drops quickly to half when
temperature increases to 47 “C.

The temperature dependence of ATy is shown in Fig. 4¢. At room
temperature, ATy is low, i.e., 1.910~%C at 50 kOe, however, it in-
creases with decreasing temperature and it reaches a maximum of
0.14°Cat —271 °C of sample temperature and 50 kOe. A small peak in
the MC temperature response at ~—110°C is shown in the inset of
Fig. 4c. This anomaly is related to the paramagnetic-to-anti-
ferromagnetic phase transition that is visible also in the magnetization
versus temperature curves (Supplementary material, S3).

In conclusion of the first part of our study, we showed that PFN may
exhibit large electrical conductivity, which critically degrade its EC
response by the emergence of Joule heating effects. We demonstrated
that the conductivity and thus Joule heating can be controlled with the
sintering temperature. According to the literature [25,26,47-50], the
electrical conductivity (and consequently Joule heating) of PFN-based
materials can be further reduced by the addition of a small amount of
manganese. Therefore, in the next part of this study, the caloric prop-
erties of Mn-doped PFN samples are discussed.

3.2, Multicaloric properties of Mn-doped PFN ceramics

The XRD patterns of Mn-doped PFN crushed pellets are shown in
Fig. 5a. Only the peaks corresponding to the PFN perovskite phase are
observed (Fig. 5a) with no additional secondary phase (see inset of
Fig. 5a). Rietveld refinement analysis indicates that manganese in-
corporates into the crystal structure, which is demonstrated in a linear
shrinkage of the unit cell volume with increasing content of manganese

Fig. 5.(a) XRD patterns of PFN ceramics
doped with different concentrations of Mn. The
indexed peaks of the perovskite phase are
shown in brackets (PDF 032-0522 [28]). Inset
shows an enlarged view in the 26 region from
29° to 34° where no peaks of secondary phases
are observed. (b) SEM images of polished Mn-
doped PFN samples.
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