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Abstract

Tuning Strong Correlated Properties in Eu3 & in Films Grown by Pulsed Laser Deposition
Yisong Lin

Transition metal AB@perovskiteoxidespossess many fascinating and technologically relevant
phenomena sucaissuperconductivity, multiferroicity, magnetoresistivity, and photovoltaics
achieve and enhance thesgstingfunctionalities in perovskite oxides, control and tailor of strong
cowpling between structural degrees of freedom and correlated order parameters is required. One
typical example of decently tuned functionalities in transition metal is perovskite E£(HTQ).

This compound has attracted intensive attention for achievimgniagnetieferroelectric (or
multiferroic) and magnetoelectric coupling via strain engineering. Besides phase transition
induced by strain engineering, there is an increasing interest in exploring the magnetocaloric effect
(MCE) in ETObased bulk materials

First, systematic studies for optimizing the growth condition for Hi&@3edself-assembled
vertically alligned nanocomposif&AN ) thin films were carriedut. We carried out investigations

for finding a suitable binary oxide second phase to incoporate with ETO. It was challenging since
the growth condition suitable for growing ETO would not always be compatible with that of the
binary oxide. After various explation, (ETO).5-(EwOs)o.s was successfully fabricated on (0 O
1)-oriented STO under careful control of growth pressure, substrate temperature and laser
repetition rateThe optimized growth condition (laser repletion rate of 3 Hz, substrate temperature
of 710°C and growth pressure &2A0° Torr) was confirmed to make the (ETQ)(EwOs)x (X

= 0.2, 0.25, 0.33, 0.5) epitaxial thin film on STO substrate with preferred OOP orieniéidn.

by controlling the molar ratio of EQ3 (EO) in EuTiQ (ETO) VAN films, from 20% to 50%

(20%, 25%, 33% and 50%), vertical strain and hence local structure and magnetic properties were
systematically changed in ET@sing scanning transmission electron microscopy and atomic
simulations, the ETi-Eu bond angle changéoag {111} direction was determined as a function

of EO fraction and hence vertical strain level.-g@ning from 20 to 50% EO, the vertical strain

was changed from 2.48% to 3.15%, and theTE&u bond angle was decreased by more tRan 1

to 178.7Q, leading to a progressive weakening of the antiferromagnetic interactions along {111}

direction. This structural change causedrtfagnetic moment\, measured at 2K, 500 D@ be



decreased from 5.1&s /Euto 1.46¢g /Euand the coercivity filedHc) to be increased from 5.74

Oe to 26.23 Oe. At the same time, the ETO switched from being antiferromagnetic to
ferromagnetic. Density functional theory calculations confirmed that the magnetism in ETO being
modified by vertical strainMoreover,giant magnetic etropy change-ésn = 31.4 J/k&K at aH

= 2T) was observed in (ETQ¢(EwOs)o.2 VAN thin film, which is higher than the literature
reported single crystal bulk ETO or polycrystal bulk EFally, Gd-doped ETQEuw-xGdTiO3

(x=0.3, 0.5)thin films were made and found to be ferromagnetic. The valence states change of Ti
ions were dmonstrated using XBShowing that 13.41% (x=0.3) and 34.59% (x=0.5) of extra
electrons were bonded to“Tieffectively. FM in EuxGdTiOs (x = 0.3, 0.5) thin films was
explained by magnetic interactions between localizett Euspins mediated by itinema Ti 3d

electrons (introduced by Gd doping).
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Chapter 1. Introduction

Transition metaABO3 perovskiteoxidespossess many fascinating and technologically relevant
phenomenauchas superconductivity, multiferroicity, magnetoresistivity, and photovoltdits

The wide variety of composition, as well as digerstructure induced by partial substitution and
nonstoichiometryprovidesa platformfor researchers from vast fundamental and applied areas to
explore thenovel functionalities and understand the mechanism hidden behmdchieve and
enhanceheseexisting functionalities in perovskite oxidesontrol and tailor of strong coupling
between structural degrees of freedom and correlated order parametggiied Chemical
pressure’ ” and biaxial strairf' 12 engineering have been widely appliedtanipulate the spin,
charge and orbital orderingsllowing one to enhancing and engineering functionalities in

perovskite.

One typical example of decently tuned functionalitresansition metal is grovskite EuTiQ
(ETO). ETOis a paraelectric (PE) and antiferromagnetic (Bfith a strong spisattice coupling
This compound haattracted intensive attention for achieving ferromagretioelectric and
magnetoelectric coupling via strain engineeritdf. Through control of the magnetism of ETO
by an electric field, ETO could be a promising candidate for novel storage d&{A&edensity
functional theory (DFT) calculations proposed that by applying compressive strain206),
ETO can be changed from P& phase into a ferroelectriFE, spontaneous polarization,
~ 1 0 ¢ @ffecromagne(FM, spontaneous magnetizatior?, es /Eu) 1. Thesevalues are orders
of magnitude higher than any knowg or FM materials and are #ie same leveds formaterials
that are solely ferroelectric or ferromagnetiehich makes ETO one of the most promising

candidates for straituned physical properties.

Besides phase transiti@mduced by strain engineering, there is an increasing interest in
exploring the magnetocata effect (MCE) in ETGbasedbulk materials in recent yeafd 28,
Becausdhey are very promising low nigperature (T = #40K) magnetic refrigeration materials
showing large adiabatic temperature change and magnetic entropy changes under low magnetic
field and low temperature cryogenic system and quantum compuhege could also bepecific

technological pplications such as, space science and liquefaction of hydrogen in fuel industry.
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In this work, the ETO is revisited from an entirely new point of viesing 3D strain
engineering instead of biaxial strain engineerivg@ demonstrateealizing phase traitgons (AF
to FM) and giant magnetic entropy chasge ETO using vertical strain. Furthermore, the
magnetic properties change in ETO is investigated using chemical pressure induced by Gd doping.

1.1 Aims and objectives of this work

This workfocuses on @&ating novel threeimensional (3D) strain in ET®ased VAN thin films
to achieve phase transitandto unveil the fundamental mechanisoetermining the magnetic
ground states of ETO. Enhanced giant magnetic entropy change is also achievedbasgedO
VAN thin films, as compared to its bulk form. Moreover, by doping Gd into Eh@oducing

itinerant electropn FM is realized in the otherwise AF ETO
1.2 Overview

Thiswork of tuning thestrongcorrelated properties in ET@a 3D strain and chemical strain will

be presented in this thesis as follows:
Chapter lintroduction

Chapter 2Literaturereview This chaptegives a detail introduction on rare earth titanates and
VAN structures. Magnetic phase transitism ETO (realzed by biaxial strain, volume expansion,
and chemical doping), magnetic interactions in ETO, rmadnetocaloric effeqMCE) in bulk

ETOare also reviewed in detail in this chapter.

Chapter 3:Experimental methodsThis chapter includes all the experiméntaethod

undertaken.

Chapter 4Results and discussion: Optimizing the growth of 85B@ed VAN thin filmsThe
growth of ETObased VAN by pulsed laser deposition (PLD$ reported.The different
compositions that were explored are detailed, i.e. the re&sotinese compositions and the results
achieved in themOptimization of growth conditionare presentecEwOz (EO) is shown to
produce the bestchieve ETGbased VAN thin films.

Chapter 5Results and discussion: Hrain-inducedmagnetic phase transition in ETO using

VAN structureand gant cryogenic magnetic entropy changes in (BEO).2 VAN films. 3D
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strainrinducedmagnetic phase transitisarereported Also, the mechanissof magnetic ground
state changareinvestigaéd.Magnetic entropy changes in (ETQYEOX (x = 0.2, 0.5) films are
investigated. Giant cryogenic magnetic entropy chang@sTi®).e-(EO).2is reported.

Chapter6: Results and discussioiMagnetic properties oEu.xGdTiOs (x=0.3, 0.5, J thin
films. The growth of EuxGdTiOs (x=0.3, 0.5, 1) thin films is reportedhe strain states and
magnetic properties of these films are reported. Valence states differences are investigated.

Chapter7: Conclusion and Future workn this chapterthe conclusiors of the thesis and

suggestion for future research are included.
1.3 Publication

Vertical strain-driven antiferromagnetic to ferromagnetic phase transition in EuUTi©
nanocomposite thin films&/isong Lin, EuAaMi Chol, Ping Lu, Xing Sun, Rui Wu,Chao Yun,
Bonan Zhu, Haiyan Wanygyeiwei Li, Tuhin Maity,Judith MacManu®riscoll. ACS Appl. Mater.
Interfaces202Q https://doi.org/10.1021/acsami.9b17887.
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Chapter 2. Literature Review

2.1 Vertically aligned nanocomposite (VAN epitaxial films

Many fascinating and technological relevant phenomena sash superconductivity,
multiferroicity, magnetoresistivity and photovoltait$ have been found in theirongcorrelated

eledron materials irthe form of transition metal AB€p er ovs ki t e oxi des. Il n t
atom, usuallyalkalineearth or raresarth elemestsitat t he corners of the |
could be 3d, 4d and 5d transition metal elements, lidgediody center of the lattice and oxygen

atom occupies face center positidhis wide variety of composition, as well as diverse strattur
tunability, has enabled transition metal perovskite oxides to &oldnparalleledvariety of

physical properties.Comparing to traditional electronic materials, where only charge
(semiconducting electronic) or charge and spin (spintronic) is active, strong correlated electron
materials in the form of transition metal ABferovskite oxides offer additional latticecaorbital

degrees of freedom, leading to giant responses to subtle extrinsic perturbatsunsh is,

temperature, electric or magnetic field noechanicaktrain.

Much effort has been put into controlling and tailoring the couplings betweaatural
degrees of freedom and correlated order paramatgensition metal perovskite oxides to achieve
enhanced and novel functionalitiethe noderndevelopment of thin film technologsuch as
pulsed laser deposition (PLBas enabled to imposeitgxial strain (from chosen substrates) onto
thin film materials. In thin film materials, the strains induced by substrates are usually an order of
magnitude higher than in which these materials would crack in the form ofTihugkhas also led
to thediscovery of new phases, structuraadproperties of these materials. For instamcehe
study of ferroelectric materialén which the polarizatiostrain coupling is strongthe Curie
temperatur€Tc) of SrTiOs (a material that is not ferroelectricaty temperature in its bulk form)
tuned by a biaxial strain of order 1% has reached to room tempétafiiess example also made
the record of largestver reported enhancement of ferroelectric Curie temperature by inducing

strain.

Another example lies in the strain tuning of magnetic propertigamnsition metal perokge
oxides The A-B bond environment and d orbit polarization can be altered using sulisthated

strains which woul d resul t in different thin fil
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counterparts. Since magnetic ordering and transition @eatyre of transition metal ABO
perovskite oxides are in close relation withtOBlengths and BD-B angles®?°, tuning octahedral
distortions and rotations in ABxide thin films can engineer magnetism in them. Researchers

have found that substrateduced strain can significantly alter magnetic properties by suppressing
ferromagnetism and alterirtige stability of magnetic ground statbtagnetic properties of mixed

valence manganites have been an interesting sapoethey possess multiple magnetic ground

states and competition between neighboring phases in phase diagrams can cause colassal respo

30 Numerous studies have demonstrated the effect of straine8b.éMnOst hi n f i | més ma
properties. 12009 D.G. Schlom®! demonstrated LS. 3MnOs grown on different substrates,

which applied biaxial strains ranging froR2.3% to 3.2%. Thessatrain effects onT¢ of
Lao.7Sr.3Mn0Oz thin film found outt o have excell ent agreement wi
which demonstrated the effects of biaxial strain oTtlué colossal magnetoresistance manganites

were caused by lattice distortion on the Jaletler splitting and electron hopping amplitude. In

another article written by. Schultz®?, it wassuggestd thata 0.1% change of strain staite
Lao.7Srh.3MnO3z would shiftits Tc by 19K. BesidesT,, strain can also play an irreplaceable role in

tuninga f il mé6s mag®Retic anisotropy

When it comes to muferroism (a material that simultaneously possesses at least two ferroic
orders) properties of transition metal AB@erovskite oxide thin films, the couplings between
structural degrees of freedom and correlated order parameters become so consequential tha
properties can be enhanced dramatically by applying appropriate strains. One exatrgle
BiFeQs thin films 34 BiFeQ; is rhombohedral iits un-strained state (or in its bulk for#d Under
an inplane biaxial compressive straime critical compressive strain is arowdd5% predicted
by ab initio calculatior®® andis realized when BiFegthin film grown upon (11Gpriented YAIQ:
substraté®3%, BiFeQ; thin filmsturn fromarhombohedral state tosupertetragonal staté 63
When the thin film thickness increaséhe epitaxialconstraint wouldartially relaxand led to
the formation of anixed-phase nanostructure that corsigithof rhrombohedral phases and super
tetragonal phases$*3®43. This mixedphase nanostructure consistf a highly distorted
rhombohedral phasavhich enhancs the ferromagnetisni® in this material significantly(the
highly distorted rhombohedral phases is the source of ferromagnetism enhancement is confirmed
by a combination ophotoemission electron microscopy wiktray magnetic dichroism contrast
and piezoresponse force microscopy imatjeswhat is more, by applying an electric field, the
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mixed phase would turn back irasupertetragonal phase; and under a reversal electric field, the

supertetragonal phase would turn irdenixed phae 38,

As mentioned abovstrain induced byhesubstrate &senablel researchers to tune the strong
couplings between structural degrees of freedom and correlated order parameters. However, noting
that conventional interfacial heterostructures such as superlattice and multilayers are grown in the
fashion of layeiby-layer, strain relaxatiotimits the biaxial strain within a critical thickness and
thus prevergthe strain further tuning the properties when thin film thickness reaches a certain
point (usually a few tens of nanometetsindered and inspired by thigoblem, researchers have

come up with a new routeelf-assembledertically aligned nanocompositéas shown in Figure

2.1, to reducehe substrateclampingeffect and enable strong interfacial coupling.

ETO

0-3 type nanocomposite 1-3 type nanocomposite

Figure 2.1Schematiof all-oxide verticaly aligned nanocomposites studied in this thesis.

2.1.1 Materials selection criteria of VAN epitaxial films

In order to grow selassembled XN thin films, important perspectives like compositional,
structural, and processing factors needed to be considetdd.oxide thin filmsconsistof two
intermixed materials as shownkigure 2.1 grown(most commonly byulsed laser deposition)
on a single crystal substrate from a compound ceramic target.

Firstthing to be understood is the solubility limit of the respective phases. By careful selection
of solid solubility of two phases, the intdiffusion between twghases can be minimized.
MacManusDriscoll et al.carried outa systematicstudy on VAN for materials selection arult
forwarda practical guidelinéor selecting the two materials to be in VAN filnas follows*>:
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(1) both phases must bbla to grow epitaxially on a single crystal substrate;
(2) the two phases involved must be immiscible with e¢haebther;
(3) each of the two phases must be thermodynamically stable to prevent intermixing;

(4) Cations withalargedifference in ionic radii are important to prevent intermixing between

the two phases;

(5) the difference in elastic modulus is required to a&hsdrain control on one phase by the

other and thus enabling coupling and tuning new properties.

2.1.2 Growth mechanism of VAN epitaxial films

Duringthedepositiorprocess, factors like surface diffusion of clusters, nucleation and film growth
need tdbeconsideredAt the very early stag®f selfassembled XN thin films growth, different

species will arrive at the substrate surface simultaneously and these atoms tend to #t&ach
substrate, shown iRigure 2.2(a). In the following stage atomswill nucleate with lowest energy
fashion, which will minimize the free energy of the systehown inFigure 2.2b). Subsequently,

owing to the high cohesive energy compared to adhesive energy in both phases, adatoms of one
phase will prefer to grow onlgn the existingsame phase. When the thin film grows thicker, the
columns of respective phase will be built @g,shown inFigure 2.2(c), and the width of the
columnswilbed et er mi ned by the adatomsdé diffithei on | ¢
difference between the interfacial energy of substrateium and substratsland is small, islands

with small dimensions will be formed at the initial stage, and the resulting width of phase column
will be small. After all, the formed microstructuoé the VAN thin films will depend on the
materials systenfsuch as volume fraction, elastic moduli and lattice mismatch strain can affect
which phase growmto matrix and nanocolumnsind deposition parametdigs common growth
window is needed for both pees) Several microstructures have been observed irassémbled

VAN thin films; for example, a perfect checkerboard structure can be obtained by careful materials
system selection and growth control, circular columns, rectangular colurshsp€ colums or

biaxial domain walls structure can also be performed by tuning thermodynamic parameters,

choosing proper substrates and materials selet&ion
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(a) (b) (c)

A
ST

sﬁbstrate ' slubstrate ' | slubs'trate‘
Figure 2.2 Schematic showing the growth process of VAN thin films. (a) Adatoms diffusion. (b)

Adatoms growth. (c) Columnar formation.

2.13 Functionalities tuned by VAN structure

Since K. Samwedemonstrated the first sedssembled binary phase oxide {iaa aMNOz)1-x-
(MgO)x structure in 20037, the follow-on VAN structures have attracted intense research interest
since theyexhibit several unique characteristal®wing control and tailoring the functionalities
in oxide films via achieving unique strain statésrst, vertical strain can be maintained in both
composite phase in VAN structgrgoing beyond theritical thickness that strain provided bye
planar structurecan give Second, unique microstructsrécolumns, rectangle nanodomains)
embedded in a matrix can be designed by selecting proper material composites and growth
parameters. Third, defecdachasoxygen vacanciesccumulated at the vertical interface between
two phases can be used to tailorduonalities. VAN structure have been reported in various
systems showing enhanced functionalities, such as very high ferroeleéftistrong improved
dielectric tunability 4%, reducing dielectric loss®®, enhanced multiferroic coupling?,
photostiction-magnetostrictiorwoupling®?, strong enhancecucrent densities in superconductors
3 new kinds of memrister**, and strongly enhanced ionic conduction at lower temperature

Three of the functionalitiesined by VAN structure will be introduced in the following paragraphs.

In VAN thin films consisting of BaTi@matrix and vertically SaDs columns®, thethin film
wasgrown up to 125em onSrTiOs substrateThe ferroelectricT. was increaseet least 330°C
and the tetragondb-cubic structural transition temperature to beyond“€@@asobtained in this
system owing to stiff SpDs columns throughout the film thickness. Comparing to horizontal
strain induced bythe substratein parallel thin film systems, vertical strain induced by
nanocomposite phasekroughoutthe thin film in VAN struwcture can prevenBaTiOs from
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undergoing deleterious surface reconstruction and allows the system maintaining a stable
nanoscale ferroelectric. In other words, there is no degradation of ferroelectricity when the thin

films thickness increase

In VAN thin films containing BaeSro.4TiOs and vertically SmOs columns®®, high electric
tunability and low dielectric loss were obtained. When the materials system operated from room
temperature to above 15C, high unability andlow-temperaturecoefficient of tnability still
maintained. Tnability values of 75% were achieved at room temperature in micrometer thick
films at temperature, while the temperature went up to°C5@he \alue remaining stilbeing
higher than 50%. Additionallyg dielectricloss value of less than 0.01 was achieved (lower than
pure Ba.eSfo.4TiO3 thin film).

In Laz;CoMnQs-ZnO VAN thin film systems?, at the temperatus@f 120K, an electric field
appliedto the system can alténe magnetigproperties of L&CoMnGs, as shown irfrigure 2.3 In
this figure, different positive electric field values were appt®the system at 120K. From 0 to
289KV/cm, a reduction of the coercifield by 35% is observed. The reductions went further for
thelargerelectric field. When the electric field dropped back to 0/é, the coercive field went
back to high value. Also, from this figure, magnetization value decreased with increasing electri
field. From 0 to 305KV/cm, the reduction of magnetization value was 60% suggesting a
magnetoel ectric coedmKY¢.i ent of oM/ E near 3

150 .- Ok\'//cm ' ' ' | | | 7
o | —®—222 kviem )
e 100 —* 288 kvicm
_CSJ | —w— 305 kV/icm ot ]
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Figure 2.3 Magnetization curveslacdioCoMnQGs-ZnO VAN thin film underdifferentelectric fields
at 120 K.(Adaptedfrom °%)
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For the many different functional enhancemenitgtical strain induced by XN played a
significantrole in tuning the functionalities odxide thin films. Compared to planar films, self
assembled XN structures do not have an intrinsic thickness limitation for strain control. It is
because strain inAN is controlled by large area vertical interfaces than the single interface with
the subtrate. For typical AN systems, column diameters are in the value afi@Cor less, so
there isno enough column width to allow full relaxation by misfit dislocation formation. What is
more,therecenteffort has been made to understand how and why atietistrain effects can
be achieved in VAN thin films. Auxetilike strains were generated in @810,4TiO3)1-x-(SmpO3)x
(x 11 ®.0ror x= 0.25 and 0.Fas shown in Figure 2.(a) and (b), the out-of-plane lattice
parameters of BaSr 4TiOs are increased (compared to that of bulk & 4TiO3) by stiffer
SmOs nanopillars, while thén-planelattice parameters of BaSr 4TiOz are increased due to the
thermal shrinkage upon cooling after growth { B2t 4TiO3 is prevented from contracting due to
the epitaxial anchoring of the B&b1o,4TiO3 to the SmOs, while SmOs pillars can contract freely
Forx = 0.75(as shown in Figure 2.(a) and (c)), whersoft Bap.6Sfo.4TiO3 forms the columns
(nanopillars) andtiff SmpOs forms the matrixthein-planelattice parameters of BaSr 4TiO3
are decreasg@gompared to its bulk forngue to the thermal shrinkage strain from enveloping (the
stiffer SmO3 matrix squeezes the columns upon cooling after growie)out-of-plane lattice
parameter of BasSro 4TiO3 is increased due to compression ofifiiplaneshrinkagethe oveall
lattice volume of BasSr 4TiOzis decreased (compared to its bulk forfihis work created an
unusual auxetitike strain inthe VAN system thus allowing new functional physical properties to
be tuned in thin films.
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2.2 Rare earth orthorhombic titanates andEuTiO3 (ETO)

The ABQ; perovskite oxide waBrst discovered in mineral calcium titanate, Cad;i@ the Ural
Mountains of Russia ih839by G. Rose and named after Russian mineralogist L.A. Perovkki.
crystal structure of perovskite oxide was first investigated by V. Goldschmidt iR"1846 also

in this work the famous Goldschmidt tolerance fastas poposed to describe the perovskite
structure. In 198, the crystal structure ogberovskite oxidewas characterized using-pdy
diffraction by H.D. Megaw?.

From theperspective of functional properties, it was in 1950 that G.H. Jonker and J.H. Van
Santen discover the ferromagnetic ordeiimdghe (La;xSK)MnOs perovskite oxide’. In 1986,
high CurieT. superconductivity was reported in therovskite relateduprates LasxCusOs(zy),
by J.G. Bednorz and K.A. Mler ®°. In 1993, colossal negative magnetoresistance was found in
Lag/sBawsMnOx by R.vonHelmot ®. In 2003, multiferroicity was realized in bismuth ferrite,
BiFeQs, by R. Ramesh

Pursuing functionalities using careful design in perovskite oxides has continued to be an
intensive research areAmong various perovskite oxides, titanates possess peculiar physical
properties. Multiple ferroic phases, such as ferromagnetic (FM), aatifagnetic (AF),
ferroelectric (FE), quantum paraelectric, and even erogplings between them, can be found in
perovskite titanates. More recently, raathorthorhombictitanates RTQ( R = Laé Lu or
the valence states of tie are3+) have emerge as a particularly interesting family of Mott
insulator®? %, While the raresarth cubic titanates EuTiQhe valence state of Eu is 2+) have been
theoretically predicted® and later experimentaliyonfirmed!®to be FM and FHn the following

sections, we will discuss these two separately.

2.2.1 Rare earthorthorhombic titanatesRTiOs( R = Laé Lu or Y, the val
R are 3+)

The rare earth orthorhombic titanates RIm@s attracted attention since they are the key materials
for investigating the coupling of magnetism and orbitaktriongcorrelated perovskite oxid&he
most stable valence state of Ti in the rare earth orthorhombic titanates system is 3+, which means

Tiis in a spin % 3telectronic state. The couplisgetween spins in the 3dtate and Tiz orbitals
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result ina variety of orbitakpin phases and phasansitions among thenthis unique character

has made the rare earth orthorhombic titanates the key class of matetiadufuderstandingf

the orbital physic§3.

The crystal structure dRTiOs is orthorhombic with a GdFeQype distortion as shown in
Figure 2.5 (a)The GdFe@type distortion is induced by the tilting of T¢§@ctahedron around the
[110] axis and [001] axis. As the ionic radii of R changes, the magnitude of this distortion changes.
For R ion with a small ionic raals, the TiQ octahedron tiltgmore GdFe®@type distortednore
significantly and thdéoond angle DTi-O-Ti decreasemore from 180 This has a great influence
on the subtle competitive exchange interactions in the Rfai@ily. As shown in Figure 2.5 (b),
the magnetic ground states of RTi&hanges from @ypeAF (both intraplane and inteplane of
neighboring atoms are coupled antiferromagneticatiyfM as the ionic radius decreadesd
GdFeQ-type distortion increasedy} is explained from the perspective of orbital phy$tcdor
RTiOz with strong GdFe®type distortion, where R = Gd and Y, FM ground state was shown in
these compounds since the electronic structure is dominantly determined by the crystal field from
the O ionswith large distorted Ti@octahedra. The depressionlagfandTc near the AFHFM phase
boundary is observed since both AF and FM states have-ditmensional anisotropy. For RTiO
with small GdFe@type distortion, where R = La, Ce, Pr and, MéF ground sate was shown in
these compounds since the electronic structure is dominantly determined by the crystal field from

theR ionswith small distorted Ti@octahedra.

() [ zrio,

Temperature

lonic

small _ large
e O O Ti OR:Rare earth ion radius
Figure2.5 (a) Crystal structure of RTiWith a GdFe@-type distortion. (bjschematic magniet

phase diagram of RT#Jamily. (Adapted fronf®)

28



Though the relative roles of orbiklttice couplingand structuradlistortion hidden behind this
AF to FM transition is still a debated subj&tt” °, researchers have tried to control orbistice

coupling (and thus the magnetic propertshis RTiG; family in their thin film form

In 2013, S. Stemer reported the magnetic interactions of GdJi€upkd to the Ti@
octahedral tiltaisingthe (GdTiOs)n/(SrTiOs)13 (N=3.5, 2.4, and 2 nnsuperlatticesamples grown
by Molecular Beam Epitaxy (MBE}. The magnetization of the samplestemperaturgand
magnetic field)is shown in Figure 2.6The magnetic properties @dTiOz in the superlattice
structure is different to those in bulk GdEi(®r 20nm GdTiQ thin film), indicating that FM
behavior can stilpresentin GdTiOs superlatticdayers even where the distortions are quenched
(by TiOs distortions in SrTiQ) to magnitudes comparablo those of bulk AF LaTi¢)this results
support thedirect orbitatlattice coupling Later in 2018, S. Stemmer reported another rasult

support this ide&?.

Recently the study of magnetism in rare earth titanates has attracted much attention not only
in the orthorhombic RTiefamily (mainly ARFM crossover behavior of the ground states in their
bulk material®®®and GdTiQ/SrTiOs heterostructures with a mixture of TiakP electronic
configurations’>"3, but also in the straimduced ferroelectric ferromagnetism EuTiOs thin

films 1516
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Figure 2.6 (a) Magnetization @&dTiOs)n/(SrTiOs)13 (N=3.5, 2.4, and 2 nnsuperlatticesamples
as a function of t@perature. (bMagnetization of{GdTiOz)n/(SrTiOs)13 (N=3.5, 2.4, and 2 nm)

superlatticesamples as a function of magnetic field. (Adapted ff§m

2.2.2 Rare earth cubic titanateETO

Different to theorthorhombic RTIQ@ family, ETO is cubicperovskite structurevith lattice
parametersat room temperature) equal to that of Srfild ETO, Eu is in the 2+ valence state

while the valence state of Ti is 4+.
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The first recorded report about ETO was in 195Banks’® attempted to substitute Etinto
the lattice site of the &ror B&* in SITiO; or BaTiQs, both of them were under intensive
investigation for their ferroelectric propet They choseuropium (Eukinceit was the only one
which was found to be sufficiently stable in the divalent state among the rare earth eleatents.
in 1965, M. W. Shafef* carried out susceptibility measurements on ETO to study the magnetic
interaction of the E&i ion as a function of itsrgstal structureln 1966, a more detailed study on
the magnetic structure of ET®@was carried out b$. J. Pickartln 1974, the magnetic property

of ETOwas again studied using the techniqu&u Méssbauer spectroscopy by F. De S. Barros
76

In 2001, under the background discovery of colossal magnetoresistance in perovskite
manganites’, ETO was revisited and the coupling between magnetism and dielectric properties
was studied by H. Takadf. In this reportthe dielectric constants of ET@®@erechanged under
different magnetic field as shown in Figure 2A& shown in the inset figure, the change of
dielectric constant reached 7% at the magnetic field oF JA5coupling between the configuration
of the Eu spins and a sqghonon mode in ETO vegproposed at the end of this report.

Only a few years latgaround 2005)there was a flurry of research interest in multiferesid
magnetoelectrianaterials®® since they can combine electronic and magnetic properties into
multifunctional materials, which satisfies the needs towards device miniaturization under the big
picture of information technology developmemiowever, multiferroic materials are rarehere
are several limiting microscopic factors, including symmetry, electronic properties, and chemistry,
proposedin articles "87° that prevent the simultaneous existence of ferroreigm and
ferroelectricity. From th@erspectiveof symmetry, there are only3-point groups that allow both
spontaneous electric polarization and spontaneous magnetic polarization to exist inphsisgle
material. Considering the electrigadoperties, ferroelectric materials are meant to be insulating
while ferromagnetic materials are often metals. However, if taken ferromagnets, weak
ferromagnets or antiferromagnets into consideration, these electronic progsdrictiors no
longer hold.What is more, common perovskite ferroelectric oxides possess B catiohBO3
perovskite oxide}hat have a formal®klectronic state while®klectronic state means that there
is no d electron to create localized magnetic moments; magnetic ordeanyg tfpe would no

longer exiss.
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Figure 2.7 (a) Dielectric constants of ETO under different magnetic field. (b) Magnetigation

temperature under different magnetic fieldaset shows the dielectric constant of ETO
(normalized to the value at zefield) under different magnetic field at the temperature of 2K.
(Adapted from’®)

The need ofmultiferroic materials, or more precisely, magnetoelectric mate(ihis
magnetization of these materials could be tunethbglectricfield or vice versa) with stronger
coupling effects, had pushed researchersnt@stigatethin film materials (possess unique
characters which are not found in their bulk counterpais)nentioned beforestrain plays an
important role in tuning thersing couplings between structural degrees of freedom and correlated

order parameters of the thin films. In 2006, C. J. Fennie and K. M. Ralreposed a design
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straegy basing on the coupling of spins, optical phonons, and strain for achieving
magnetoelectricity (or FMFE multiferroicity) in ETO By using firstprinciples densityfunctional
theory calculationthey suggested thahder biaxial compressive strain, ET@n transform from

a dielectric antiferromagnetic insulatbulk propertiesinto a strong FE (spontaneous polarization,

~ 10 puClen?) - FM (spontaneous magnetizatiofif ps) multiferroic material The compressive
epitaxial strain phase diagram of calcatatesults of ETO is shown in Figure 2.8. The spontaneous
polarization and magnetization values were orders of magnitude higher than any knéivh FE
materials and were at the same level as for materials that are solely FE or FM.
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Figure 2.8 Cmpressive epaxial strainphase diagram of ETO. (Adapted frdth

To verify the theory calculation and make strahilD FM-FE, experimental work was
carriedout However, to achieve the compressive strain boundaitycél valueis around-1.2%
compressive strajin ETO was difficult due to lack ahappropriate substrate while maintaining
a highquality crystalline ETOIn 2010,D. G. Schlom!® changed the strategy by extémgithe
phase diagram to biaxial tensile strain regiming densityfunctional theory calculationThe
extended biaxial strain phase diagram of ETO is shown in Figure2tfs article, 22nnof ETO
films were grown on (0 0 19riented(Lao.3Sr0.7)(Alo.65T@0.35)O3 (LSAT), (0 O 1}oriented SrTiQ
and (1 1 Ooriented DySc®@substrates, which induced biaxial strain@®% (compresse strair),
0% and +1.1% (tens strair), respectivelyA FM-FE phase was realized in ETO grown on (1 1
0)-oriented DySc®substrates (with FE; =250K and FMT. =4.24K).A year later, an estimated
polarization of 2C/cn? strainedETO (+1.1% tension) was given by D. G. #ch in addendum
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in somgournal.To the best of our knowledge, direct measurement of ferroelectric hysteresis loop
and electric field control of magnetisom the22nmstrainedeTO thin film (+1.1% tensionare

yet to be dongpossiblydue to the leakage issues

FM FM
+ +
FE FE

20 -15 1.0 -05 0 05 1.0 15 2.0

Biaxial strain, e (%)

Figure 2.9Phase diagram of ETO strained froi®% (biaxial compression) to +2% (biaxial
tension). (Adapted frortf)

Before 2013, Researchers had been led to believe that it was necessary to have girapesed
inducedpolar instability *>1€to realize a dramatic magnetoelectric effect in ETO thin films until
D. G. Schlom discovered that even under moderate comyesisain state-(.9% compressive
strain) ETO could be tuned intike FM regionunder proper electric fieff. This unexpected result
suggested the exploring the magnetic interactions and underlying mechanism of emergent FM in
strained ETO films would be critical to fully understar tmechanisms of electrical field

controlled magnetism in ETO. Efforts made from this perspective will be reviewed in next section.

2.3 Tuning magnetic phase transition in ETO

Bulk or unstrained ETO thin film shows AF wi#Ty of around 5.5 681 Previousexperimental
works have reported that the magnetic ground state of ETO could be switohell by biaxial

strain, volume expansiomandelectric field.
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2.3.1 Strain from substrate

In the last section, a 22nm ETO film grown on (1 dofgnted DyScQ; substrate!® exhibited

clear FM behaviowith T¢ at around 4.2Kas shown in Figure 2.10he transition to FM region

was explained a spiphonondriven destabilization of the lattice (strain) induced FM phase with
a lowlying state competing with AF. Comparing to proposespontaneous magnetizationi7 s

in strainrinduced FM ETO, the magnetization in this ETO on DyScfin film showed only
around Bis/EW?*. This missing moment phenomenon was later explained by local magnetic

inhomogeneity in the strained filfi.
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Figure 2.10 Temperature dependence of the magnetiZatioBTO on DySc@ measured by

MOKE and SQUID. Inset shows isothermal SQUID magnetization curves. (Adapted®rom

2.3.2Volume expansion

ETO was switched from AF to FM when grovam LaAlOs, SrTiO; and DyScQ substates®?,
Large lattice volume expansisaf 1.56%, 2.41% and 3.92%enecaused by the lattice mismatch

between ETO and the substrat€&kear FM behaviors could be observed in this series of samples
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as depicted in Figure 2.10n this report, it was further suggested that in C. J. Fennie and K. M.
Rabeds cal & uHeaiaxial@eomprassive lstrain was introduced in the surfaEd Of

films while thelattice volume was kept constant, so the lattice was elongathd aut-of-plane
direction. A correlation between the strain or the lattice volume and the magnetic structure was
thus proposedBased on the hybrid Hartrdeock densityfunction theory calculation, indirect
exchange interactisvia 5d states of EL?* changed from AF interaction to FM interaction as the

lattice volume increased and thus induced F¥hevolume expande&TO.
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ETO grown on LaAl@(diamond), SrTi@(circle) and DySc®@(square) substrates. Triangle curve

for bulk ETO.(Adapted fron?)

36



2.3.3 Electric field

Under moderateompressive strajran applied filed was found to eliminate lerange AF order

in ETO films grown on (0 0 3priented LSAT substrate, inducing a magnetic state with nanometer
sized FM cluster&. In this article, Xray resonant magnetic scattering was used to determine the
magnetic sucture of ETOWithout an electricfield, compressive strainedd(9% not reaching

the critical compressive strain value-&f2% as mentioned aboveTO grown on LSAT showed

AF character withly of 4.96K as shown in Figure 22 (a).With anincreasingelectric field, the

AF signature in compressive strained ETO was suppressed and finally eliminateelbgtric

field of 1 V/cm as shown in Figure 22 (b). It was suggested in this article that by applying the
electric field, the Ti atom position calibe changed thus affecting superexchange interaction
between the third neareseighbor Eu ions, which in turn change the balance of coexisting FM
and AF strength in ETOn other words, by applying largeelectric field, the Ti atom position
was shifted, superexchange interaction between the third nearest neighbor Eu ions was weakened,

thus AF ordedissipatedand FM interaction emerged
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Figure 212 (a) X-ray resonant magnetic scattering showingy@e AF order in compressive

strained ETO film grown on LSAT. (b) Electric field control of the magnetic state for ETO grown

on LSAT. Withanincreasingelectric field, AF signature was suppressed finally eliminated

(Adapted fronf©)
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2.3.4 Magnetic interactions in ETO

Theory calalations were carried out to explain and understandiowementionedFM ETO.
Different scenarios were used for explaining the FM phase obtained in ETO, and there is no clear
consensus of its originthe earlier opinion wastraininduced polar instabtly that pustesthe

ETO into the FM regiof®. Later, nagnetic interactiopbetweerfirst nearesheighbor Eu ion was
considered critical in determining the magnetic ground states of®E%0and this opinion was

used to explain the FM induced by volume expandiorMore recently, the superexchange
interaction between third nearastighbor Eu ion was proposed to explain the FM emergence

induced by electric fie &°.

Exceptfor the straininduced polar instability proposal, others indicated that thewexists
both AF and FM interaction in the bulk ETO or-stmained ETO, and by applying either lattice
change(strain or volume expansiowy electric field, the balance of AF and FM couldtbeed
and thus giving different magnetic ground states. As shown in FigilBetBere are three major
magnetic interactios®® co-existing in the urstrained ETO15 nearesneighbour(1% NN) refers
to AF interaction 2" nearesineighbour(2"® NN) refers toFM interaction EW?* -EW?* indirect
exchangg 39 nearesneighbour(3® NN) refers toAF interaction E 4*TiEd'super exchang
viTai3 d s)tD&T ealsulations haveroposedthat the AF interactioncan originate from
superexchange interactionstween Eff ions via T ionswhich play a crucial rolén switching
ETO fromAF to FM 84 Inspired by DFT calculations, D.G. Schlom further suggesiattihe 3
NN interactiongplay anunneglectableole in determininghe magnetic ground state and that the
strength of the superexchange interaction relies upon the bond angle and the bond length of Eu
Ti-Eu along the {111} direction. Based on this saemahey realized the switching of magnetism

from AF to FM by the application of an electric fiéfi
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Figure 213 Schematic of magnetic interactions in EuZ.i@'nearesheighbour(15'NN) refers to
AF interaction, 2¢ nearestneighbour(2"¥ NN) refers to E&-Ew?* indirect exchange (FM
interaction), 8 nearesneighbour(3 NN) refers to E&*-Ti-EW?* superexchangeia Ti 3d band

(AF interaction)

2.4 Magnetocaloric effects (MCE) in ETO

The magnetocaloric effect (MCE$ an isothermal magnetentropy change ornaadiabatic
temperature change of a magnetic material under a magneti€®fidithenthe applied magnetic
field increases, the magnetic entyop the magnetic systerdecrease, heat radiates from the
magneticsysteminto theenvironmentisothermally Whenthe applied magnetic field decreases,
the magnetic entrgpn the magnetic systemcrease, heat is absorbed frémenvironmentinto

the magnetic systeisothermally?’.

It waswidely accepted thahe MCE was first experimentally observed by E. Warlbhu881
8 However, according to recent repo?t® E. Warburg did not discared magnetocaloric
effectssince he ascribed thebservedirreversible heating to magnetig/steresisA. Smith &

pointed out that the observation of heat evolved in iron samples subject to a varying magnetic field
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started in 1843 and widely accepted by the 1880gs also in this repoff that they argued that

P. Weiss and A. Piccasdere the first experimentally discovered the MCE effect by observing a
sizable and reversible temperature change in nickel near its Cupersgore.ln 1933, W. F.
Giauque and D. P. MacDougalt achieved temperatures below 1K by using the magnetic
refrigeration techniquébasing on MCE effectNowadays, magnetic refrigeration has become an
effective method to achieve ultralow temperatulre$976, G. V. Browr{?demonstrated magnetic
refrigeration near room temperature by using gadolinium (Bd)997, V. K. Pecharskand K.

A. Gschneidnef® discoveré an extremely large magnetic entropy change (or giant MCE) in
Gos(SiGe) (phase transition temperature at 276K), showing that magnetic cooling can compete
with vapor compression technologhis discovery haattracted interest becausegoéat potential

impact on energy savings and environmental concerns.

24.1 The thermodynamics of MCE

In this section, a brief description of how to define the MCE will be ¢it&hThe total differential
of the Gibbs free enerd$ of a system in relation with volum& magnetic fieldH, pressurd® at
temperaturd is given as,

Q0 »QL "YQ'YO Q0 (1)

whereSi s the entropy of the system. Based on t

Maxwell relation can be obtaindsince we are not applying pressuteQ 0 T) as,
YY™MO YO YO m . — Q0O (2)

whereM is themagnetization. By this equatiothe entropy changexf) can be calculated from
measured magnetic data. Noting that experimental magnetic data is usually discrete, the numerical

approach can be described as,

Y o

Y B Y40) 3)

Alternatively,whent he mat er i alQ@ismeasrafusualygemperaiure gepefidgnt
the entropy change can be calculated by:
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Yy Wonm oo iUy (4)

whereCn,pandCop are the heat capacities in the magnetic fieélthd zero under constant pressure
P. The adiabatic temperature chang@ ) is another parameter that used in describing the MCE

of a maerial and can be given by differentiate entropy in the standard thermodynamic equation:
QY — QY — Q0 — ; Q0 (5)
When'Q ™¥0 under adiabatic conditiothe adiabatic temperature change is:

QY — — Q0 6)

h h

whered ; "Y— | denotes heat capacity. By integrating Equafifnom magnetic fieldH =0

to H, aglagcould be obtained.

The method described above is one of the indirect methfoobtaining values of isothermads

and adiabati@glag. The other indirect method to obtaina | ues o f Sis theCGladustus ma | &
Clapeyron method, it should be noted that this method only applied to materials witlidest

transition. Besides indirect methods, quasidirect methods (such ascéeatity and hedtux

methods) are availableif obtaining the values @S. More details about the Clausi@apeyron

method and quasidirect methazm be found in a well written reviel

242 MCE in bulk ETO

Since 204, there is anricreasing interest in exploring the magnetocaloric effect in-Based
bulk materials, such as EuTH3%?, EwxBaTiOs %2, EtxLaxTiOs 2, EuxSKTiO3 24, EuTh.
«CrO3 %, EuTixNbxO3 %%, EuThxFe0s 2/, EuTboV0.103%. Since they are very promisiaglow
temperature (temperature range4DK) magnetic refrigeration materials showing large adiabatic
temperature changand magnetic entropy charggender low magnetitield. They could be used
for basic research, such as cryogenic systand specific technological applications, such as
space s@nce and liquefaction of hydrogen in fuel industry.

In 2012, theorical calculatisnwere carried out to investigate the MCE on ETQ

Experimentallymagnetic entropy changi Eu-xBacTiO3(0.10x(0.9) ??polycrystalline samples

41



werereportedin 2014,as shown in Figure 24. A giant magnetic entropy chang&sSn = 36.12
J/kgK was observed in ByBap 1 TiO3 sample at 4.% under magnetic field changeH = 5T.

This value is higher than the maximum value reported Hb&ed materia and RTiQ (R= Dy,
Ho, Er, Tm, Yb) series.

A8y, (J/kgK)

Figure 214 Magnetic entropy changes&,) under different temperature for EBacTiOs (a)
x=0.1, (b) 0.2, (c) 0.3, (d) 0.5, (e) 0.7, and (f) 0.9 for a magnetic field charsg¢=00.5, 1, 2, 3,
4, and 5T. (Adapted frorf?)
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In 2015,B. G. Sherf°reported a giant reversible MGect in ETO, as shown in Figurel3.
A giant magnetientropychange-asn = 44.4 J/kéK at 5.5 K under magnetic field changtl =
5T was reportedA large refrigerant capacityrC) of 328J/kg under magnetic field chang#l =

5T was calculated usiny & _ Y™ ‘Q“"Ywhere T, and T» were the temperatures at half

maximum of peak ofaSn-T curves) In the same yeaMICE in EuTwxCrOz (x=0, 0.02, 0.04,0.1)
was also investigated by B. G. SHéninterestingly,with moreCr** ions substituting T, EL?*
ions were changed to Euunder magnetic field @nges,aH = 5 T, the maximum values 685y
reached 40.3 J/I for ETO, 40.3 J/kgK for EuTio.9eCro.020s, 36.2 J/k&K for EuTio.06Cro.040s at
5.5K and 30 J/ké for EuTio.oCro.10z at around liquid helium temperatsre

—a— | T
40 H I, —e— 15T
R —a—2T
TR —v—3T
01 PR 4T

-ASm (J/kg K)
2
=
1

10 -+

T (K)
Figure 215 Temperature dependence of magnetic entropy change for ETO. (Adapted)fro

In 2016,R. Mahendirart* reported MCE in both single and polycrystalline EDifferent to
previous reportghis report added a mean field treatment of the Heisenberg model and fitted the
experimental data of magnetic entropy change for single crystal ETO, as shown in Hi§uke 2.
giant magneti@ntropychange-asn = 42.4 J/kgK, adiabatic temperature chang®ai= 16.6 K
and refrigerant capacigC= 353 J/kgat 56 K under magnetic field changed =5 T was reported
in single crystal ETOMagneticentropychangeasn = 40.4 J/kéK, adiabatic temperature change
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&Tad= 16.5 K anl refrigerant capacitiRC= 300 J/kgat 5.4 K under magnetic field chang#l =

5 T was reported for polycrystalline ETO. Comparing these values to the values obtained from
EuO, DyTiG and metalborganic framework Gd(HCO®)theysuggested that ETO could be a
great candidate for a refrigerant material below 40K.

=Y
th

- AS (J/kg K)
T
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AT  (K)

0 10 20 30 40 50
T(K)
Figure 216 (a) Temperature dependence of magnetic entropy change for single crystal ETO.

Symbols are calculated from magnatian data; Solid lines are calculated from mean field theory.
Inset: Refrigerant capacity as a function of magnetic field. (b) Temperature dependence of
adiabatic temperature change for single crystal ETO. Inset: Maximum values of adiabatic
temperature cnge as a function of magnetic field. (Adapted frém

Similar reports on MCE in ET®ased materials have been carried out oixEasTiO3 2, Eu-
«SKTiOz 2 EuTixNbxOs %5, EuTixFeOs %/, EuTioVo10s 2. The reported ETased
compounds show large magnetic entropyngjeain low temperature range. There are compounds
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other than oxides show larggiant) magnetic entropy change near (@way from) room
temperature range, such as &dGdSiGe %, GaSiGes %, MnAs %, MnFeR 4sAsoss %,
Nis2.eMN23.1Gaa.s 1% NisoMnzzSniz 1% NisoMnzalnie 1% CoMnSb.o5Gen.0s 1%, MnCoGel .02 1%
LaFea17Sii3 1% and LaFe:sSii43H1.3 1% A summarization of selected ETigased materials and
other selected materials (not oxidesit also show large or giant magnetic entropy change near
their magnetidransition temperatujare listecbelow (Table 2.1)From this comparation, we can

see that ET&ased compounds are promising low temperature magnetic refrigeration materials

showing large magnetic entropy change under low magnetic field change.

Table 21 Comparing the ET@ased compounds with materials showing large (giant) magnetic

entropy change.

-35m
Compound Tn/Te (K) (I’kgK) Reference
( BB=5T)

EuTiO3 5.7 40.4 20
EuTiO3 5.4 40.4 21
Euo.sBao.2TiO3 2.8 35 22
Euo.dLao2TiO3 7.5 31.4 23
Euo0.9Sro.1TiO3 5.7 37.8 24
EuTiogCro.103 9.7 30 25
EuTio.ssNbo.1503 9.5 36.3 26
EuTio.dFen.103 6 31 27
EuTio.9V0.103 4.54 36 28
Gd 294 11 96
GdsSiGe2 276 14.8 93
GdsSilGes 136 68 97
MnAs 318 32 98
MnFePo.45AS0.55 310 18 99
Nis2.aMn 23.1Gaza.3 300 18 100
NisoMn 37Sms 299 19 101
NisoMn 34ln 16 190 12 102
CoMnSio.95Genos 215 9 103
MnCoGeBo.o2 287 47.5 104
LaFe11.7Si1.3 184 30 105
LaFe1158ih4H13 291 11 105
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24.3 MCE in thin film and nanocompositestructure

MCE in thin films have drawn considerable attention sinde is very interesting from the
perspective of understanding the basic phenomentaémdng the performancdn 1989, the first

MCE in thin film was reported in £8s films by E. V. Babkin and Kh. O. Urinc¥®. In 1996, A.

L. Micheli 1%’ reported the MCE i.4umthick Lag.67Mo.33MInO3 (M= Ca, Ba, Srfilms on LaA O3
substrates. The entropy changes in these films werelesnthln the values of their bulk
counterpartsThe reduction of magnetic entropy change accompanied with enhanced temperature
width in thin films wadater explained by a combination of finite size effects and defects when
materials were scaled dowsimilar phenomena were observed in Gd filffsGd/W multilayers

on MgO substraté’® and Gd(Si, Ge) thin films 1°°,

As mentioned before, strain plays an import
l nvestigations on strainds tuni ngn20d& EMCE i n
Fullerton1® reportedMCE in FeRh films grown on (0 0 ipriented A}Os and (0 O 1Joriented
MgO substrateDifferent transition temperatures were observed dilras onMgO in adifferent

strain state.

In 2008, V. H. Etgen# investigated the impact of anisotropic strain on the MCE of MnAs.
MnAs thin films 70 nm thickness) were grown on (0 Oatjented GaAs and (1 1 ioyiented

GaAs substratefifferent transition temperatures, different maximomagnetic entropy change
and different curve shapéwhich would cause different RC sinded Y"1 'Q "YwhereT;

andT, were the temperatures at half maximum of peakS3-T curves were observeds shown
in Figure 217.
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Figure 217 Temperature dependence of magnetic entropy change for MnAs thin films grown on
(a) (0 0 Yoriented GaAs substrate. (b) (1 tdk)ented GaAs substrate. (Adapted fréfn

In 2013, L. Chen!!studied the MCE ir20 nmLao 67Sfb.33MnOs thin films grown on(0 0 1)
oriented LaAlQ, (0 0 l)oriented SrTi@ and (0 O 1Joriented LSAT substratedifferent
transition temperatures were also obsérire L&.67S1h.33MnOs thin films under different strain
statesIn the same yeak. Moya and N. D. Mathut'? reported MCE 0f34 nm La7Ca3sMnOs
grown on (0 O Xpriented BaTiQ@. Giant andreversible extrinsic MCE in leaCa3:MnOz was
created using straimediated feedback from a firstder structure phase transition in Ba3iO

substrateas shown in Figure 28.
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Figure2.18 Temperature dependence of magnetic entropy changegf@d&aMnOzgrown on (0

0 1)oriented BaTiQ. Extrinsic (EXT) MCE in La7Ca3MnQOs arises near firsbrder structure
phase transition temperature of BaFi@nd intrinsic (INT)MCE in La7Ca3:MnOs arises near
Curie temperature of baCasMnOs. (Adapted from'!?)

Anothermethal to tailor MCE in thin filns is interface engineering. In 2011, W. Prelftét
reported the MCE in (LaSr3MnOs/SrRuQ@) superlatticesComparing to La;Sro3sMnOszbulk, a
reduction of transition temperature ofolz813Mn0Ozin the superlattices form was observed due
to the finite size effectMaximum value of magnetic entropy changes of ASx3MnQOszin the
superlattices form remained similar with a wider working temperature range. The microscopic
mechanism was explained by the effect of the interfaces induced by superlattice structure and
higher nanostructural disorden 2012, C. W. Miller*}* comparedhe MCE inLaos6Sf.44MnOs
alloy thin film and[(SrMnQOs/LaMnOs)4/LaMnQz]g superlattice (both were 31 nm)l'he magngc
entropy changes and relative cooling power in alloy thin film were larger than those of supgrlattice

The La and Sr cations on thesites were more disordered in alloy thin filnthus givingan
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increased variation ithe Mn-O-Mn bond angles and lattice distortions. Consequently, the spin

coupling wasveakenedand magnetic entropy changes enhanced.

In 2015, Y. H. Chu*® reported MCE in the MiDs-Lao.7Sro.sMnOs nanocomposite thin film
grown on SrTiQ@, as shown in Figar219. Dy doping 10%, 13%, 17% and 20% of Mh second
phase into the LaSrMnOz matrix, a homogeneous dispersedsMnnanocrystal, instead of
nanopillars (frequently seen MAN structure), was formedAn enhanced magnetic entropy
change was observed in the #a-Lao.7Sro.3MNnOz nanocomposite thin film compared to those
Lao.7Sr.3Mn0Oz in bulk or thin film forms.Interfacial magnetic coupling between M and

Lao.7Sr.sMnO3z was proposed to explain the MCE enhancement in the nanocomposite thin films.

(a) (b)
'0
r$ A
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(© Mn304(10%)-LSMO(90%) (d) 4.0f

4.0} A =O= Mn 0,(20%)-LSMO(80%)
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=& Mn 0 (13%)-LSMO®7%) o f
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Figure2.19 (a) Schematic of sedssembled MyDs-Lao7Sto.aMnO3 nanocomposite. (b) Cross
sectional TEM image of MyDs-Lao.7Sro.sMnOs nanocomposite thin film grown on SrT3O
suwbstrate. (c) Temperature dependence of magnetic entropy change in (10@y-(R0%)
Lao.7Srh.sMnO3 nanocomposite. (d) Temperature dependence of magnetic entropy change in (x%)
Mn3O0s- (100-x%) Lan.7Sr.aMnO3 (x=0, 10, 13, 17, 20) nanocomposite undeagnetic field
change of 2T. (Adapted fromd
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2.5Summary

From the literature reviews presented abdhere are several interesting poimtaiting to be
exploredabout ETOTo fully understand and control the mechanism of electrical field control of
magnetism via the spilattice coupling, it is important to explore the magnetic interactions and
underlying mechanisms of emergent FM in strained ETO films. Previous works trying to solve
this challenge are focused on biaxially strained ETO films withckribss less than 2tm and
different scenarios were used for explaining the FM phase obtained, but there has been no clear
consensus of its originThe latest proposal reckoned that tH& I8N interactions play an
unneglectable role in determining the magnetic ground state of ETO (as mentioned in Section 2.3).
To systematically tune the strain alon§ BN interaction is challenging using the method of
conventional biaxial strain (induced bybstrates, due to Poisson effect), under this circumstance,
VAN approach is promising since the vertical-of#plane strain is tuned independently of the in
plane strainFurthermoresystematic strain tuning is enabled simply by changing the ratibe of
second phases in the VAN systdBT.O shows promising properties as a magnetic refrigeration
material to work under low temperature rangeough there are several reports about the magnetic
entropy change (or MCE) about ETfased compounds in their kdbrm (either single crystalline

or polycrystalline),to the best of my knowledge, the magnetic entropy changes irba$€xl
(nanocomposite) thin films is not reported so fawould be interesting to explore the magnetic
entropy change in ET®ased namcomposite thin filmsTo realize the FM state in ETO, another
approach is by chemical doping (mechanism based on Rud#itt@lnKasuyaYosida
interaction between localized moments of neanesghbor E&" spins mediated by conduction
electrons) It would be interesting to explore the magnetic ground state efldpeéd ETO thin

films and the mechanism hidden behid.all, this thesisfocuses on creating novel three
dimensional strain in ET®Mased VAN thin films to achieve phase transitions and to uriveil t
fundamental mechanisms determining the magnetic ground states of ETO. Enhanced magnetic
entropy change is also achieved in Eb&sed VAN thin films, as compared to its bulk form.
Moreover, by doping Gd into ETO (introducing itinerant electron), FMabzed in otherwise AF

ETO.
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Chapter 3. Experimental Methods

This chapter presents the experimertethniques used to fabricadéed characterizéhe self
assembledETO).5-(CeQ)os, (ETOnx-(EwO3)x and EurxGdkTiOs thin films. The first section
focuses onthin films fabrication using pulsed laser depositiofPLD). The structural
characterization andutomated analysis of atomic resolution images techniques are described in
the second sectioithe last two section of this chaptescribes magnetic properties and valence
states characterization using SQUEBection 3.3and XPSSection 3.4)

3.1 Thin film fabrication

(ETO).5(CeQ)os (ETOnx-(EO3)x andEwxGdkTiO3 thin films were grown and studied this
work. Filmswere grown using PLD from ceramic targets. A brief description of target fabrication

and the process of PLD is describedhienext twoparts

3.1.1 Fabrication of targets

The ceramic targets used in this work were fabrictteaighconventionakolid-statereaction.

Pure powders of E®s (nanopowder, 150 nm partile size, 99.5% trace metal basis, Sigma
Aldrich), TiO2 (powder,99.9% metal basis, Alfa AesaeG (powder, 99.9% trace metal basis,
SigmaAldrich), and GdOs (powder, 99.9% trace metal basis, Sighldrich) were used to
fabricate(ETO).5-(CeQ)o.s, (ETO)x-(EwOs)x andEu1.xGokTiOs ceramic targetsthese powders
were weighedn therequired proportiomand ground for around 30 minutes until a homogenous
mixture was formedThe mixtures were then pressed into pellets of diameter 3 cm under a
hydraulic press with a pressure of 10 tons for 30 mintitasse pressed pellets wéhen sintered

in a furnacean air environmentheated from room temperature to 1400with 5 /min, kept it

at 1400 for 24 hours, followed by slowooling with 1 /min to room temperature. The dense

pellets thus obtained fdateruse as the targets for PLD.
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3.1.2 PulsedLaser Depaosition (PLD)

Transition metal AB@perovskiteoxide® br oad properties are cl osel
For instance, @ shown inpreviously (Chapter 2, Section 2.2), the strain (induced from single
crystalline substrate) hasgréean f | uence on ETO6s magnetic groun
if the crystal structure of ETO is properly tuned (cubic to tetragonal), the FM (instead of AF)
ground state will emergy in ETOAs mentioned in Chapter 2, Section 2iB, order to
systematally tune the strain along the {1 1 1} path, the VAN approach is ideal since the vertical
out-of-plane strain can be tuned independently of th@ane strain under the condition that ETOs

are in high quality and are epitaxially grown on a single ciys¢éa$ubstrate.

Besides choosing a proper substrateasuitablesecond phase, thieh i n f i |teslinguegr owt I
used to grow the VAN structure thin film needs careful considerdtlany advanced techniques

have been applied to sythesize singigstaline oxide thin films of high qualitie$zor instances,

Magnetron Sputtering (MS%, Metalorganic Vapour Phase Epitaxy (MOVPE) (electron beam)
Evaporation'*® Moleculr Beam Epitaxy (MBE}Y’, Pulsed Laser DepositiofiPLD) *°, and

others.

Among this techniques, PLEis ideal for growing ET@ased VAN thin films s well asGd-

doped ETO thin films), for the reason that it hasniexit of offering good stoichiomety, good
epitaxial quality (from single crystalling substraté®LD is a physical vapor deposition process,
carried out in vacuum, consists of a vacuum chamber equipped with pumps, a target holder and
rotator (motor), subsrate heater, and is typically equipped with various pressure gauges,
controllers, and other instruments to control the deposition environment of the system, as shown

in Figure 3.1.

During deposition process, a pulsed lasasfocused onto the target df@ materials (in this
case, it is composite ceramic target) to be deposited. For sufficiently high laser energy density,
ablated materialvasejected from the target in a highly directed plume. The ablation plum provides
material flux for film growth. Thragh choosing proper deposition parameters, epitaxial thin films
will be able to grow by this system. Compared to other deposition techniquesaBthBmerits
of preserving complex stoichiometries, easy to use multiple materials and easy to replace the
targets, cost effective proce@ompard to MBE for growing the same kind of complex oxide

materials)for exploring a wide range of complex oxide materials, and excellency in rapid
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prototyping of materials and investigating various phaséswhen it comes to the point of
stoichiometry transfer character of the PLIDjs worth toemphasizénere that for the deposition

of multi-cation or VAN thin films,the phase of the target does not need tprbeiselythe same

as that of the desired film and only the cation stoichiometry need be identical to that of the films
120 This character is ideal for the VAN thin films growth, especially for the FEI&Ds composite,

since it will not be necessato obtain EuTi@ phase in the ceramic target (which is rather

challenging to keep valensgate of Eu to be 2+ after normal sintering process).

Motor
Window
Target
Substrate &
Gas = Heater
Inlet =
Quarts Lens

KrF laser Oscillating
2=248 nm Mirror

Aperture
Figure 3.1 Schematic of PLD system.

Before depositionthe substrates wergdeaned by bathing andltrasonicationin acetone,
isopropanol and still water for Ibinutes, respectively, and finally dried with nitrogen @gasing
deposition the ETO-baseahin film depositionwasnormally done irhigh vacuumenvironment
to minimize oxygen content and pent unwanted second phase from formiAgbase pressure

of 1~210° to 1*107 torr was usually introduced to grow the films. In a normal process, the
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substratevasheated up to a growth temperature before depogitiban the substrate temperature
was heted up to around 710 , the chamber pressure was about ZTorr). A high-power
pulsed laser beam generated by a Lambda R&sik excimer laser with a wavelength of 248
nmwasused to strike the composite targedrameterbke laser beam energy arasker pulse rate
were adjusted during growtllso, the targetwas rotated during deposition process to ensure

optimal usage of target material.

3.2 Structural characterization

In this sectionstructural characterization and automated analysstarhic resolution images
techniques are described

3.2.1 X-Ray Diffraction (XRD)

XRD is a laboratory technique that reveadterial®information, such as chemical composition,
crystal structure, crystallite size, strain, preferred orientation and laig&neéss. The basic idea
of XRD is as follove. The spacing betweedhe crystal lattices is on the order of a few angstroms
and it is comparable to the wavelength ofay, thus crystalline atoms will cause a beam of

incident X-rays to diffract into many déctionsAccor di nglaw'®: Br aggos

€ _ Qi Q¢ — @)
wheren is an integer numbeag;is the wavelengthfoX-ray sourcedi s mat er i al 6s | at
anddi s the angle between incident beam and t hi

demonstrates that the path length difference betweeyXreaching the atomic planes must be a
multiple of their wavelength to undergo constructive interference; wtberthey willinterfere

destructively, as shown in Figure 3.2.

By detecting the angles and intensities of these diffracted beams, a crystallographer can
produce a thredimensional picture describing the density of electrons. From this picture,

structuraeinformation of this material can be determined.
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3.2.2 Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscopy (STEM)

TEM and STEM can provide very detailedormation in analyzing the crystallographic structure

at atomic levelnd phase morphologies. The TEM and STEM characterizations in this work were
carried out by Ping Lu (Sandia National Laboratory, U.A.), Xing Sun and Haiyan \Wandug
University, U.S). TEM can provide conventional bright field and dark field high ragmiiimages,
while STEM can provide clear-Zontrast images, elemental mapping contrast thus can be
performed. Besides the morphological images, the selected area electron diffraction (SAED) was
carried out as welln this thesis, (higiesolution) transimssion electron microscopy and scanning
transmission electron microscopy were conducted on (El¢QEWOs)o2 and (EuTiQ)os
(Ew03)o.5 VAN thin films (grown on SrTiQ substrates). A FEI Titd G2 806200 STEM with

a Cs probe corrector was used imsthtudy. The film microstructures were studied by STEM
imaging using higkangle annular darkeld (HAADF) detector, andelemental mapping by

energydispersive xray spectroscopy.

3.2.3 Atomap- Analyzing atomic resolution scanningransmission electron microscopy

In this work,Atomag® software!?? tool was used to perform atomic column simulations on local
STEM imagesAfter removing the image backgroufabise filtered withl-D PCA %), theEu
and Tiatomic colums of EuTiOs perovskitein STEM images were recognizedthe following

steps:

(1) Find the positin of allEucationsatomic columnsinceEu cations are the heaviest element

and have the strongest intensity

(2) Refine the positions usimgnterof-mass until they are close enough for tHe Gaussian
fitting to work effectively;

(3) Refine the pogibins again by locating with nearestighbor

(4) Fit the Eu cations atomic columns using the 2lliptical Gaussian functioh(x, y), which

is defined a$?2
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where'Ois the bakground, A is the amplitudey andw are the centre positions, and, are

the standard deviations, ands the rotation.

(5) Remove Eu catienfrom the images and repeat the abmentioned steps again to find
and fit the column positions @i cations(Ti cations are heavier than oxygen thus can be located
after removing the Eu cations)

After knowing the positions of both Eu and Ti cations atomic columns, structure information

(Eu-Ti-Eu bond angle) thus can be obtained.

3.3 Magnetic measurenents using the Superconducting Quantum Interface
Device (SQUID)

The SQUID is a sensitive magnetomatsed to detect small magnetic fieldd@* T), which
consists of two superconductors separated by thin insulating layers to form two parallel Josephson

junctions, as shown in Figure 3.4.

In this work, the temperature dependence of magnetizatibil) (and magnetic field
dependence ahagnetizationNl-H) wer e measured usin§3(®WDNt um D
magnetometryaind MPMS$ XL systemThese systemsse a direct current (DC) scan mettiod
measure magnetic flux in a superconducting loop as the sample moves in the magnetic field. The
sample was initially located in the center of the superconduckatgction coil inductively
coupled to the magnetic field. When it moved throtighcoil the magnetic moment of the sample
induced an electric current in the detection.cBYy measuringhe voltage oscillation, a change of
magnetic flux can be quantizethis system can generate a magnetic field uytd and provide

the temperature control from 400 K to K8
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Figure 3.4 Schematic of SQUID setup.

3.4 Valence statesmeasurements using Xay Photoemission Spectroscopy
(XPS)

Valence states afhemical cation at the surface of the films was investigated by XPS, a surface
sensitive quantitative spectroscopic technique that can measure elemental composition, empirical

formula, chemical state and electronic state of the elements within the surface of a material.

In XPS, a monochromatic beamX{ray photons with energlivis used to irradiate the measured
sample. After receiving the-Kay photons, the core electrons witinding energyBE) less than
hv are ejected @ordingto the plotoelectricemissioneffect proposed binstein 124 as shown

in Figure 3.5 (a):

60 ® 0O w (12)
whereEx is the kinetic energy of photoelectric emitteelatton (referenced tvag); Wo is the work
function which is defined by the energy difference between Fermi IEvpbhad vacuumByad);

BEis the bindingenergg f cor e el ectrons bei ng Ipordifferent ed t o
elements, atomic orbital and chemical environment of atoms BReire differentThus,a typical
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XPS spectrum, as shown in Figure 3.5 (b), including the intensity of detecteelelotric emitted
electrons versus theBE, can be obtained. By investigating these peak intensity, position and
shape, elemental type and their chemical environment (or valence state) can be identified and

guantified.

In this work, a schematic of the ¥etup is shown in Figure 3.5 (c). Theay source adopted
was a SPECS XR 50, which consists of high intensity twin anode made of Al and Ag coating on
silver. Results shown in this work were collected by using ak#£dource (1486.6 eV). The ultra
high vacuum provided a pressure ofIDorr. The obtained data was further analyzed using the

CasaXPS software.
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Figure 3.5(a) The photoelectric emission effect. (b) XPS spectrum. (c) Schematic of the XPS

system.

60



Chapter 4. Optimizing the growth of ETO-basal VAN thin

films T Results and discussion

This chapter presentbe optimization of growth parameserearched in our PLD system, aiming
to obtain high quality ETéased VAN thin film.Attempts to find suitable binary oxide second
phases to form thETO-based VANnanostructured thin film are carried odfter the suitable
binary oxide EwOs is confirmed, the possibility of changing the ratios of thesphase as well

as changing the bstrates of ET&ased VAN thin film is carried out in the last section.

4.1 Fabrication of (ETO)o.5(CeQ2)o.5VAN films

In this part, experimentserecarried out aiming to find proper second phaseihcorporate with
ETO to form selassembled VAN film, thus introducing vertical strain to tune the strong
correlated properties in ETO. The first attempt was £S@Qareearth fluorite oxide, which had
been successfully served as second phase in B&J@Q® VAN thin film grown on STO

substrate1%°,

4.1.1 Target fabrication and substrate temperature

The ceramic target used here was fabricated thraegiventional soliestate reaction. Pure

powders of EpO3z (nanopowder, 150 nm particle size, 99.5% trace metal basis, Sigfdach),

TiO2 (powder, 99.9% metal basis, Alfa AesateO (powder, 99.9% trace metal basgsgma

Aldrich) were used to fabricaf&TO) 5-(CeQ)o.s ceramic target. The powders were weighed in

the required proportions and ground for 30 minutes. The powder mixtures were then pressed into
pellets (3 cm diameter) under hydraulic press with a pressure of 10 tons for 30 minutessSétk pre

pell ets were then sintered in a furnace in ai
with 5 / min, kept at 1400 for 24 hour s, f ol

temperature.

XRD 2d-¥ scans were carried out ¢ime target to check the phases, as shown in Figure 4.1.

Only EwTi2O; and CeQ phases were identic&®127 As mentioned in Section 3.1.@reserving
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stoichiometries only requires the cation stoichiometry to be identical to that of targeted film, in
other words, the phase of the target does not need to be precisely th&\&amid. prove this
point in the latter section (for fabricationEdTiOs-EuOs VAN films). The reason for the absence

of EuTiO; phases is the easy oxidization of?Ein EuTiO; when annealing in room atmosphere
117

¢ Eu,Ti,O,
+CeO,

¢ 222

+ 111

Intensity (arb. units)

20 25 30 35 40 45 50 55 60 65 70 75

20 (degree)

Figure 4.1 XRD 2~y scan of ceramic target.

Thin films were grown under different substrate temperatures as shown in Thbke ldser
fluence of 2 J/icrhwith a repetition rate of 3 Hz was used to ablate the ceramic target. During
deposition, the samples were kepRa10® Torr in vacuumThe samples were cooled down to

room temperature with cooling rate o °C/min without extra posannealing.
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Table 4.1 (ETQo.5-(CeQy)o.sthin film deposited varying substrate temperatures.

Sample b Temperature  Growth Pressure In-situ
Number Substrate (Torr) i
() post-annealing
1 710
2 720
(00 1) .
3 oriented STO 250 2 AL0” in vacuum No
4 780

XRD 2d-¥ scans were carried out on these samples to identify the phases as shown in Figure
42.001,00 2 and 00 3 peaks of ETO and STO (substrate) could be observed. However, there
wereno clear Ce@pealsin these samplg€e did exist in target)At the position of Aaround
28 °, small peaks which intensity nearly close to that of backgraontt be observed. These
peaks were suspected to be 1 1 1 peaks of.(3xJar, no clear evidence showing theegtstence
of both ETO and Cefphases under these growth condition.

sample 1 e STO
sample 2 A ETO
sample 3 a
—— sample 4 o
]

=
[ I

Intensity (arb. units)

20 30 40 50 60 70
20 (degree)
Figure 42 XRD 2d-¥ scans of (ET{® s-(CeQ)o.sthin film on (0 0 1joriented STQusing differnet

substrate temperatures during deposition.
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4.1.2 Postannealed under Q atmosphere

Among samplel to sampled, the most promising one was samflesince its XRD &y scan
showed clear 0 Dpeaks of ETO and suspected 1 1 1 ey@€ak. In the literature reported BaEiO
CeQ VAN thin film grown on STO substraté®, substrate temperature was set at T@@vhich
is very closed to our substratiemperaturecondition (sample2). The major growth condition
difference to ours wapostannealing the sample at a temperature of 800for 30 mins at an
oxygen partial pressure of 500 Tofhe purpose opostannealing the BaTi©CeQ VAN thin
film was to compensate the oxygen loss during deposition in high vatnapited by this, sample
5was made using the same growth parameter as samptepostannealed in @at a temperature
of 500°C for 3 hoursonce deposition was finished.

XRD 2d-¥ scan was carried out on sam@end the &y data of sampl@ and5 is plotted
together for better comparison, as shown in Figusehe intensity of suspected (1 1 1) CeO
peak maintained the same level wtilere were no detectable 0 BTO peaks in sample For
the missing 0 @ ETO peaks, one possibility was thatygen vacancies been compensated and
ETO showed bultike structure. However, this can be ruled out since in order to gain high quality
ETO thin film (which lattice parametesame as STO), the only way is to anneal it prAd
atmosphere at a temperature of near W@om previous report?®. From 2d-¥ scan of sample
5, there existed n&EwTi2O7 impurity phaseqrefer to Figure 4.1)since the posannealed

temperature for samptewas 500°C, which was not high enough for HirO; to crystalize-?%:130
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Figure 43 XRD 2d-¥ scans of (ET(.5-(CeQ)o.sthin film with O> postannealing (sampl&) and

without & postannealing (sampl2).

4.1.3 Buffer Layer

The aboveexperimental trails on making the (EJ&@-(CeQ)os thin film suggested a possibility

of poor crystallinity Ce@ By inserting a very thin CeQayer (served as seeding layer of GeO
before growing the (ETYs(CeQ)os thin film, the situation might be improved. Here we used
two targets for this processne was the (ETQ}-(CeQ)os composite ceramic target used for
samplel to sampled, the other was pure CeC@eramic target. After the STO substrate was heated
up to 700°C, oxygen pressure was kept2a? A10 mbar for growing the Cefseeding layer.
After growing CeQ thin layer, the chamber was puethdown again to base pressureAP0”’

Torr in vacuum). When the system condition was stdBI€Q) s-(CeQ)o s thin film was grown
following the growth condition of samp# Thus the ETO) 5-(CeQ)o.5/CeQ/STOthin film was
made (named samp®. XRD 2d-¥ scan of samplé was carried out as shown in Figurd.4. 1

0 and 0 0 2 Cefpeaks were identical, however therereno 0 Ol ETO peaks in samplg
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® (01
® 003

Intensity (arb. units)
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Figure 44 XRD 2d~¥ scans of (ETQ.5-(Ce)os/CeQ/STO.

4.2 Fabrication of (ETO)o.5-(Eu203)0.s VAN films on STO substrate

To find a propeibinary oxidesecondphase to form ET@ased selhssembled nanocomposite
thin film using PLDwas challenging since ETO needed to be growslatively high vacuum (or
reducing atmosphere) to prevent the oxidization of BBased on the experimentasults from
last sectionit would be ideal if thévinary oxide second phase could be crystallinelative high
vacuum. EpQs thin film grown on Si substrates under vacuum of arourfiTr with a substrate
temperature of 758C using PLDwas reported®L.

Besides the growth condition compatibility, the fmaagnetidcEw0s *?second phase in EFO

based selhssembled nanocomposite thin film owns the following merits:

(1) it will not poison or modify the composition of ETO as it has the same elemental

constituents.
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(2) it is mechanically stiffer than ETOE(Os elastic modulus: 15GPa'33 ETO elastic
modulus: 76 GP&%).The difference in elastic modulus is végd to achieve strain control

on one phase by the other and thus enabling coupling and tuning new properties

(3) it has cubic structure with a larger lattice parameter 10.859A for bulk EwO3*%%) and
so, ideally if E4O3 nanopillars form in an ETO matrix with [001] direction, and that there
is 8:3correspondence of the lattices (8ETO:3R3), at the interfacial regions with ETO,
it should stretch ETO odf-plane by 4.28%.

4.2.1 Fabrication of ceramic targetgrepared for (ETO)1x-(Eu203)x (x = 0.2, 0.25, 0.33, 0.5)
VAN thin films growth .

The ceranic targes used in this section was fabricated through conventional-stalteé reaction.

Pure powders of E®s (nanopowder, 150 nm particle size, 99.5% trace metal basis, Sigma

Aldrich) and TiQ (powder, 99.9% metal basis, Alfa Aesar) were used to fabr{E®)«-

(EwOs)x (x = 0.2, 0.25, 0.33, 0.%eramic target The powders were weighed in the required
proportions and ground for 30 minutes. The powder mixtures were then pressed intgJeiftets

diameter) under hydraulic press with a pressure of 10 tons for 30 minutes. The pressed pellets were
then sintered in a furnace in air environmen
5 /' min, kept at 1400 forndg4( Ihou/rmi,n)f otld orweeam

XRD 2d-¥ scans were carried out on the target to check the phases, as shown in Figure 4.5.
Though in this sectionwe start with optimizing the growth parameters for growing (EEO)
(Ew0s)os VAN thin films first, herewe demonstrateXRD 2d-y scans of all ceramic targets
prepared for making (ET@)-(EwOs)x (x = 0.2, 0.25, 0.33, 0.5YAN thin films. As shown in
Figure 4.5FE w03 phases?®® wereidentical in all compound€wTi2O; phases?’ were identical
in x = 0.2, 0.25 and 0.33 compounds, while signals eTE0; phases were rather weak in x =
0.5 target since thmolar ratio (volume ratio as well) of E1i-O7 was rather small compared to
the other threeEwTi2O7 phases, instead of EuTi@hases, appeared in the ceramic target since
the powder mixtures were sintered in air atmosphere. For getting pure FuhE€es in ceramic

targets, it requiredintering in H+Ar atmospheré’. For making thin fms containing EuTi@
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phases using PLD technique,2Ei#O; ceramic target was used and pure ETO thin films were

obtained after optimizing the growth conditions in P¥?®

Intensity (arb. units)

P S PO S VPR HN S-S TP A K-SR - SN B

20 25 30 35 40 45 50 55 60 65 70 75
20 (degree)

Figure 4-x5sXRbhs2df prepareddor (ETO)kaEugG8)x & = 0.2, 0.25,
0.33, 0.5) VAN thin films growth

4.2.2 Fabrication of (ETO)o.5-(Eu203)o.5 VAN films in high vacuum

In this part,(ETO).5-(EwO3)o.sthin films were grown on (0 0 rientedSTO substrataunder
high vacuumA laser fluence of 2 J/chwas used to ablate the ceramic target Parameters such as
laser repetition rate, substrate temperature, anegmostaling process were performed to optami

Tabl e

thin filmsé deposition, as shown in
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Table 4.2ETO).5(EwOs)o.sthin films on (0 0 1Joriented STO substrabe high vacuum.

Postannealing 2d-¥ scans
Sample ReLpaeStietiron Temperature Igr ;(;V;H;e In-situ in
Number pate ) (®) @osTom) PLD  Fumace P SEDY
Chamber
7 1 700 1 Arff‘;f H Weak No
8 1 700 0.5 Vacuum Yes Yes
9 1 750 1 Vacuum No No
10 1 650 2 Vacuum No No
11 1 700 1 Arfff;f H, No Yes
12 5 700 1 Neither Weak Yes
13 1 700 1 O2 No Yes
14 1 700 1 Neither Weak No
15 1 700 1 Vacuum No No
16 10 700 2 Neither Yes No
17 5 700 1 Neither Yes Yes

After the samples were grown, XR+2 scans were performed to identify whether there was
coexistence of both HiOs (ETO) and EuOz peaks(Ag peaks are from silver pastédmong
these samples, there were three samples (s&yi#end I7) showing both ETO and 03 peaks
in 2d-¥ scans, as shown in Figur®4All these three samples (sampBlel2 and 1ywere deposited
on substrates at0@ °C. For better vacuum /&0’ Torr) during deposition with lower laser
frequency (1 Hz) anghostannealed inside vacuum without ©r Hx+Ar atmosphere after the
deposition, take samp&for example, clear ETO 0l =1, 2, 3), EeO32 2 2 and E20: 0 0 4
peaks can be obtained in XRE-2 scans. When it came to sampand I7, PLD deposition
were performed when the vacuum was nedrOf Torr and 5Hz laser frequency without post
annealing process, the intensity of Eu3 @01 (I = 1, 2) peaks werwer compared to that of

sample8, what is more, ETO 0 8 peaks could not be clearly presented in XRBy scars.
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However, when compared sampl@ Wwith sample Z, same thin film growth process was
performed but showing observable differences in X3 scars. The atmosphere §©r Hx+Ar)
annealing introducedfter depositiorio improve thin films (valence states of Eu can be switched
accordingly) quality showed no significant result. Furtbptimized experiment needed to be
performed to fully mastering the exact growth condition for controllable growitD0) s
(EwOs)o.sthin films.

sample 8 = ® STO
sample 12 S A ETO
sample 17 -4 + Eu,0,
5. §
®
n .
= ~ -
> S N g
= A 'y A
B +
&
g "
8 =
£ A

PN U I T U T T N U T T N U U T U WA A I N U A A OO B |

15 20 25 30 35 40 45 50 55 60 65 70 75
26 (degree)

Figure 46 XRD 2d-¥ scans Of(ETO)y.s-(EwOs)o.s thin films grown on (0 O tpriented STO
substrate unddrigh vacuum.

4.2.3 Fabrication of (ETO)o.s(Eu203)o5 VAN films in reducing atmosphere

Another attempto make(ETO).5-(EwOzs)osthin films on (0 O 1)oriented STOwas performed

when deposition undertaken at a reducing atmosphere of 96 vol % Ar + 4 voltaser fluence

of 2 J/cnt with repetition rate of 3 Hz was used to ablate the ceramic target, substrate temperature
was set to be 708C, 96 vol % Ar + 4 vol %H> gas was introduced after the substrate reached
targeted temperature and maintained gtrh®ar (7.2102 Torr), 102 mbar(7.540°3 Torr) and 10
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3 mbar(7.540“ Torr ), as shown in Table &. Once the depositiowas finished samples were
cooled down without posinnealing to room temperatusile keeping the pressure of reducing

gas stayed thgame.

Table 43 (ETO).5-(EuwO3)o.sthin films on (0 0 1)oriented STO substratender varyindd6 vol %
Ar + 4 vol % H pressure.

Laser 96% Ar + 4% H2 2d-¥ scans
Sample L~ oo Temperature  pressureduring
Number o P H (°C) deposition ETOpeaks  EwOspeaks
ate (Hz) (mbar) shown shown
18 1A0*? No Yes
19 3 700 1A 07 Yes Yes
20 1A03 Yes No

After the samples were grown, XRO-2 scans were performed to identify whether there was
coexistence of both ETO and £ peaks, as shown in Figure74Iln samplel9, which was
deposited under 1mbar (7.210° Torr) 96 vol % Ar + 4 vol % I, ETO 00l (I = 1, 2) and E2O3
2 2 2 peaks could be clearly identified. For sample grown undemb@r (7.2102 Torr), EuTiOs
0 0l peaks disappeared in XRD-® scans and for sample grown unde® hibar (7.8.0* Torr),
EwOs 2 2 2 peaks disappeared.
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sample 18 ® STO

sample 19 A ETO
sample 20 § g + Eu,0;
= °
=
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Figure 47 XRD 2d~¥ scans of(ETO).s-(EwOs)o.s thin films grown on (0 O kpriented STO

substrateinder varyind@6 vol % Ar + 4 vol % Hpressure.

Based on theptimizedreducing atmosphere (96 vol % Ar + 4 vol %) idonfirmedto be 10
2 mbar (7.8.0°3 Torr) (samplel9), under which both ETO 010(I = 1, 2) and EzOs 2 2 2 peaks
were shown in XRD @&y scans. AnothefETO).s-(EwOz)o.sthin films on (0 0 1)oriented STO
were made using the same growth condition as safripleith slightly varying the substrate

temperature during deposition, as shown in Talle 4.

Table 44 (ETO).5-(EwOs)osthin films on (0 0 Loriented STGubstratainder10? mbar96 vol %
Ar + 4 vol % H pressure with varying substrate temperature.

Laser 96% Ar + 4% H> 2d-¥ scans
Sample Repetition Temperature  pressureduring
Number o2 (H2) (°C) deposition ETOpeaks  EwOspeaks
(mbar) shown shown
21 650 ) No No
. 3 1A07?
22 710 Yes Yes
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23 720 Yes Yes

24 730 Yes Yes
25 740 Yes Yes
26 750 Yes No

XRD 2d~¥ scans were carried out on these sample as shown in Figlré 4ubstrate
temperature window ranging from 780 to 740°C (under the 96 vol % Ar + 4 vol %Jpressure
of 1402 mbarduring depositiopcould be confirmed in order to obtain both Ea@ EuOs phase
observable from thed2¥ scans (as shown in Figure7dand Figure ). Comparingthe 24-¥
scansof samples deposited under substrate temperatures 8€T0030°C (samplel9, 22, 23,
24), slightly varying the substrate temperatures-200C) would affect the OOP orientation of
EwOs phase. Under the substrate temperature of 700nly ETO 00 (I =1, 2) and ExO3 2 2
2 peaks was shown. Under the substrate temperature 8€ @@720°C, only ETO 00 (I = 1,
2) and EwO3 0 0 4 peaks was shown. When the substrate temperature reacR€JZB0 0 Ol
(1=1, 2, 3), EpO32 2 2 and Ex03 0 0 4 peaks coexistedhe crystallinity of bothETO and EbO3
peaksstarted todecay at the substrate temperature of ‘Cl@nd disappeared at tiiabstrate
temperature of 750 .
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Figure 48 XRD 2d-¥ scans of (ETQ)s-(EwOz)o5thin films grown on (0 O kpriented STO

substrateinder10? mbar96 vol % Ar + 4 vol % Hpressure with varying substrate temperature.

4.3 Fabrication of (ETO)1.x-(Eu203)x (x=0.2, 0.25, 0.33, 0.5) thin films

Based on the experience of mak({&J O).s-(EwOz)o.5thin films under various growth conditions,

it would be crucial to control the growth parameters of growth pressure, substrate temperature and
laser repetition rate at the same time to obtainetth ETOand Ew,O3 phases with designed
orientation. Also, in order to explore careful and systematic control of strong correlated couplings
in ETO, different strain states induced by the second phase were deSyabdenatic strain tuning

is was enabled simplyy changing the ratios of the phases in VAN systeon.instancethrough
varyingthepercentagef SmOsin Bay.¢Sto.4TiOs VAN films %%, the strain stateras systematically

tuned and consequently so were the ferroelectric propeftiss, by incorporating different

RE2Os (RE =Sm, Eu, Gd, Dy and Ewith increasing lattice parameters in SIZMAN films 7,

the vertical tensile strain was systematically increase®ri#rQs, resulting in the enhancement of

ion conductivity.In this work,the method o€hanging the ratios &uwO3 was utilized.
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4.3.1 Fabrication of (ETO)1x-(Eu203)x (x=0.2, 0.25, 0.33, 0.5) thifilms on STO (0 0 1)

As shown in Table 8, the (ETO)1x-(EwOs)x thin films were fabricated witla laserfluence of 2

Jcm and a repetition rate of 3Hz. During the deposition, the temperature of substrate was kept at
710°C and the background vacuum wa2A0° Torr without introducing @to prevent unwanted
phases appear. Tloeramiccomposite targetised were introduced in Section 4.2Atter the
deposition finished, samples were cooled down to room temperaftimeut further post

annealing.

Table 45 (ETO)x-(EwO3)x (x=0.2, 0.25, 0.33, 0.5) thin filmgrown on (0 O priented STO

substrates.

(ETO)x- ., 35T Temperature Growth 2d-¥ scans
(Euz0q)x  epetition C) Pressure 00 |ETO 222Ew0; 00 4EwOs
Rate (Hz) (Torr) peaks peaks peaks
x=0.2
x=0.25 _
N 3 710 1-2A0° Yes None Yes

x=0.33
x=0.5

XRD 2d~¥ scans were carried out on these sample as shown in Fiuidnd.coexistence of
ETOO0OI (=1, 2, 3) and E#D3 0 0 4 peaks indicated the epitaxial growth of ETO angDgu
phases in the VAN thin films under the optimized growth condition (Table Mo EwO3 2 2 2
peak was observed from thé-2 scans for all these filmg8vhen compared Figure 4.9 with Figure
4.5 (XRD 2f¥ scans for ceramic targets), no2EwzO7 phases were identical after deposititin.
is same with experimental procesried out in depositing pure ETO thin films usingHpO7
ceramic targets as reported in literattf® And once more confirms the point (mentioriad
Section 3.1.2) that when using PLD deposition technique, preserving stoichiometries only requires
the cation stoichiometry to be identical to that of targeted #Hurther strain states analysis of
ETO under different ratio of 2@z would be carried at in next chapter.
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Figure 49 XRD 2d-¥ scans of ETO)1x-(EwOs)x (x=0.2, 0.25, 0.33, 0.5) thiiims grown on (0O

0 1)oriented STO substrates.

4.3.2 Fabrication of (ETO)1x-(Eu203)x (x=0.2) thin films on LSAT and DyScOs substrates

To explore the possibility of growingTO-EwOs nanocomposite film on substrates other than (0
0 1)oriented STOwe chos€dETO)s-(Euw03)o2composite and tried to deposit on (0 6otiented
LSAT and (1 1 OJriented DySc®substrate. Since pure ETO th films had been reported to
deposit on these two substrates by moledodsm epitaxy systeti® it was worth trying to grow
our ETO-EwpOs nan@omposite on these two substrates

Two (ETO)s-(EwOs)o2thin films were deposit on (0 0-byiented LSAT and (1 O)-oriented
DyScQ substrates respectively using the optimized growth parametelsT@)1-x-(EwOs)x
(x=0.2, 0.25, 0.33, 0.5) on STO, as shown in Table 4.6.
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Table 46 (ETO)o.e(EwOs)o.2 thin films grown on LSAT and DySc©

T 2d-¥ scans
Substrate Laser emper  Growth

((EEEO%L)X' Substrate Lattice Repetition @luré  pressyre 001 004
o Parameter  Rate (Hz)  (oc) (Torry ETO  EwOs
peak peak
001y  a=3.868A
LSAT (cubic) ] Yes  Yes
x=0.2 A 3 710 1-2A0°
110y  a=3.94 ves N

DySc (pseudocubic;

After the samples were growdRD 2d-¥ scans were carried out on as shown in Figure.4.1
Under the growth condition of Table64.(ETO)s-(EuwOz)o2 thin films could be successfully
deposited on (0 0 4Jriented LSAT, showing clear peaks of ETO D(D= 1, 2, 3) and E403 0 O
4. HoweverEwO3 0 0 4 peak could not be seen when the substrate was changed ta(ieht@y
DyScG; while other growth pameter maintained the san@@omparing the results gETO)os-
(Ew0s)o2thin films grown on different substrates (STO, LSAT and DypciDwas obvious that
making thg ETO)1.x-(EwOs)x nanostructured thin film required careful selection of substrates and

growth window to form the nanostructured wiheferredorientation and coexistence of both

phases.
——x=0.20n (0 0 1) LSAT @ LSAT
x=0.20on (1 10) DyScO3 * DyScO;
% A ETO
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Figure 410 XRD 2d-¥ scans of ETO)o.s-(EwxO3)o.2 thin films grown on LSAT and DySc§©
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4.4 Summary

In summary, systematistudies for optimizing the growth condition for Ef@sed VAN thin
films were carried out in this chapteve carried outnvestigations for finding a suitable binary
oxide second phase to incoporate with ETO. It wadl@hging since the growth condition suitable
for growing ETO would not always be compatible with that of the binary oxide. After various
exploration(ETO).s-(EwOs)o.s Was successfully fabricated on (0 @dtjented STO under careful
control of growth pessure, substrate temperature and laser repetitior-naédly, the optimized
growth conditionl@ser repletion rate of 3 Hz, substrate temperature oG &dd growth pressure

of 1-2A0° Torr) was confirmed to make t{ETOhx-(EeOs)x (x = 0.2, 0.25, 0.33, 0.Bpitaxial

thin film on STO substrate with preferred OOP orientation.
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Chapter 5. 3D strain induced magnetic phase transition in
ETO using VAN structure and giant cryogenic magnetic
entropy changes in (ETO)s-(Eu203)0.2 VAN film 7 Results and

discussions

As introduced inSection 2.2 and 2.3, exploring the magnetic interastiand underlying
mechanism oémergenEM in strained ETO filmss critical to fully understand the mechanism of
electrical fieldcontrolled magnetim in ETO.Previous work has reported thlaé magnetic ground

state of ED could be switched by biaxial tensile straff2 volume expansiofi®, and electric

fields &. For a 1.1% biaxial tensile strain oniD)-oriented DySc@substrate®, a spinphonon

driven destabilization of the lattice induces a-FH# phase in ETO with a loWying state
competing with a PRAF phag *°. Also, large lattice volume expansions of 1.56% (LadlO
2.41% (SrTiQ) and 3.92% (DyScg) caused by the lattice mismatch between ETO and the
substrate§®, ETO was again strained to become FM from AF. The result was explained by the
exchange coupling constants variation with the changes of lattice v8fi#&® In addition,
under fimoderated compressive strain, -range appl i
AF order in ETO films grown on (00Driented LSAT substrates, inducing a magnetic state with
nanometesized FM clsters. This was explained by the modification of local exchange coupling
via the electric field®. DFT calculations have been carried out to explain and understand these

phenomend>80.8.85.138

Al l the above works were focused on biaxial
Different scenarios were used for explaining the FM phase obtained, but there is no clear consensus
of its origin. So far, three major magnetic interacscare reckoned to be crucial for determining
the magnetic ground states of E&®mentioned in Section 21Be latest proposal was ttiae 3
NN interactiongplay anunneglectableole in determining magnetic ground state #relstrength
of thissuperexchange interaction relies upon the bond angle and the bond length-@&Ucalong
the {111} direction®®.

Referring to the GoodenoudgbanamoriAnderson rules3%142 we know that the
superexchange interactidndepends strongly on bond angle rather than on bond length. In this

case, it can be concluded that the tiny modification of thdiHtu bond angle along {111}
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direction would significantly affect the EL-Eu sugrexchange and then change the magnetic
ground state in ETO. However, to the best of our knowledge, experimental investigations of the
Eu-Ti-Eu bond angle and its influence on the magnetic properties of ETO have not been reported.
In standard epitaxial ET@ms, in-plane (IP) biaxial tension (compression) along [001}/ [010]
leads to oubf-plane (OOP) compression (tension) along [100] via the Possion effect, which means
that the [111] bond length cannot be expanded (compressed) to any great extentattieHen

Ti-Eu superexchange coupling cannot be tuned significantly.

To systematicallytune the straimlong {111}and to understanthe critical role of theEw?*-
Ti**-Eu?* superexchange coupling in controlling thagnetic ground statethe VAN approachs
ideal as the vertical owf-plane strain is tunethdependentlyf the inplane strainThe strain is
not diminished with the film thickness (upum) 47143144 and so any spurious effects arising from
substratde nduced dead | ayers in very tihdliminatéd. 10 nnm
Furthermore systematicstrain tuningis enabled simply by changing the ratios of the phases in

VAN system

In this chapter, we demonstrdkes control of the molar ratio &wOs (EO) in EuTIQ (ETO)
VAN films, from 20% to 50% (20%, 25983% and 50%) will lead to the systematically change
of vertical strain and hence local structure and magnetic properties of ETO. STEM and atomic
simulation are carried out to study tBe-Ti-Eu bond angle change along [1#lifection Density
functional tleory calculations are performed to confirm the magnetism in ETO being modified by

vertical strain.

Asintroduced in Section 2.4, magnetocaloric effect has been intensively studied-inaS&€®
bulk materials, such aBuTiOs 2°? EwxBaTiOs %2, EtxLaxTiOs 23, EwxSKTiO3 24, EuTh.
«CrO3 %, EuTixNbxO32°, EuTh«FeOs 2, EuTi.oV0.103 28, for they are very promising magnetic
refrigeration materials working under cryogenic temperature showing large adiabatic temperature

chang and magnetic entropy change under low magnetic field.

To best of our knowledge, the magnetocaloric effect on the-lBEd@d thin films has not been
reported. Exploring the magnetocaloric materials at the nanoscale are fascinating since it can
unlock regims of parameter space that are inaccessible to modern bulk synthesis techniques, such

as exploiting interface, strain effects or tuning properties by geometric confinement. Comparing
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to bulk materials, magnetocaloric materials explored in thin films eshieduced maximum

entropy change and enhanced temperature breadth due to finite size effects antftlefects

At the end of this chapter, magnetic entropy changes characterizati(EsTo0s)1-x-(EwOs)x
(x= 0.2, 0.5) thin films were carried out. Giant magnetic entropy chaegea( = 31.4 J/kéK at
aH = 2T) was observed in (ETQs(EwO3)o.2 VAN thin film, which is higher than the literature
reported single crystal bulk ET® (-a65mx = 23 J/kgK ataH = 2T) or polycrystal bulk ETG (-
3Smax = 22.3 J/k&K ataH = 2T).

5.1 Fabrication of (ETO).x-(Eu203)x (x=0, 0.2, 0.25, 0.33, 0,.8) thin films

As shown inTable 5.1thin films of (EuTiOz)1-x-(EwOs)x (Xx=0,0.2, 0.25, 0.33, 0,4) were grown

on (001)orientedSTO using theptimized parameter confirmed Section 43, the thickness of

all the thin films were controlled to be aroun#02nm. STO was selected as substrate for the
system since it is a nemagnetic material witthe same structure and lattice parameter as bulk
ETO (a= 3.905 A for bulk STG*% a = 3.905 A forbulk ETO), which is ideal fothe epitaxial
growth of high qualityeTO thin films. Nornmagnetic EpOs is ideal secondary phase instistudy

not only because the merits mentioned in Sectidbdt also it is confirmed to be compatible with
the growth condition of pure ETO. In thiEUTiOz)1x-(EwOs)x (Xx=0.2, 0.25, 0.33, 0.5) on STO
systemas shown in Figure 5.With increasing fractions of the second phasgzuthe distance
between nanopdrs will decrease and so more of the ETO will be vertically strained (i.e. kess in
plane relaxation of the ETO lattice). Hence larger fractions of EO added to ETO are expected to
produce larger oubf-plane strain in the ETO. At the same time, thplame strain is not modified

as the ETO are all grown coherently on STO.
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Table 5.1 Growth parameters of (ETQ)EwOs)x (x=0, 0.2, 0.25, 0.33, 0.5) thin films grown on
(0 0 1)oriented STO substrates

Laser Temperature Growth Thin Film

(ETO)1x-(Eu203)x  Repetition ELC) Pressure Substrate  Thickness

Rate (Hz) (Torr) (nm)
Film1,x=0 234
Film 2, x=0.2 201
Film 3, x = 0.25 i (00 1) 217

3 710 1-2A0° oriented

Film 4, x = 0.33 STO 227
Film5,x=0.5 231
Fim6,x=1 223

vertical strain from second phase

Eu,O, EuTiO, Eu,O,

@ DEu
v Ti

Z

Figure 5.1 Schematic of sedfsembled EuTi&©EuU203 nanocomposite thin films. & serves
as a second phase in nanopillar form to provideobyiane tensile strain in EUT§O
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5.2 Strain states analysis 0ETO in (ETO)1x-(Eu203)x (x=0, 0.2, 0.25, 0.33, 0.5)
thin films using XRD

To investigate the strain states of ET@R0TiOz)1x-(EwOz)x (X = 0.2, 0.25, 0.33, 0.5) thin films,
XRD 2d-¥ scanswere carried out on these samples to determine the OOP lattice pasarheter
ETOwhile reciprocal space mgRSM)were carriecbut near the STO 1 0 3 peaksconfirm the
OOP lattice parameterand determine the IP lattice parametdrs.order to give a mre
straightforward comparisotxRD 2 el scans ofpure EuTiQ and EugOs thin films were added
and Figure 4.9 was redraw as Figure, B2 XRD 2 ¢ scans of plain ETO (x=0), EF8Ww0O3
VAN nanocomposite films (x=0.2, 0.25, 0.33, 0.5), and plaisgC&(x=1) show only0 O | peaks
from ETO, EuOs and STO substrates, indicating the epitaxial growth of ETO apOsflnases

in the VAN thin films.Apart from the expected ETO, g and STO phses, no impurity phases

aredetected.

Intensity (arb. units)

20 (degree)
Figure 5.2XRD 2 e scans of plain ETO (x=0ETO-EwOs VAN nanocompositéilms (x=0.2,
0.25, 0.33, 0.5), and plain Ebds (x=1).
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As shown in Figure 5.3, the relative peak heights of the ETO af@khases varin accordance

the phase fraction at the selected range whet®E&ETO and STCareincluded.A rise of the

EwOs peaks started to show up and follows by a decrease of ETO peaks as the fractids of Eu
changed from x = 0 to x = Q.5 he positon of the0 0 | peaks for ETO show a general trend of
decreasing@(increasingds paci ng, ana )hevidd Il am@doatingEhdat f r act

the different levels of vertical strain states were induced as varying the fraction of EO.

STO 002

Eu,0; 004 ETO 002 \
|

Intensity (arb. units)

32 36 7T RV S—T 52
20 (degree)
Figure 5.3 Selected rang€RD 2 ey patterns of plain ETO (x=0) anBTO-EwOs VAN
nanocompositélms (x=0.2, 0.25, 0.33, 0.5).

As shown in Figure 5.4, RSM of plain ETO (8Fand ETGEwWO3 VAN films (x= 0.2, 0.25,
0.33, 0.5) near the STO 1 0 3 peak wesasured. For both the plain ETO and the VAN EHO
films, the ETO 10 3 peaks have the same alues as the STOW3 peaks, indicating that the IP
lattice parameters of ETO are the same as that for the STO suls®&@ £aETO =bSTO =
bETO= 3.905 A) The OOP lattice parameter for ETO, is indicated by the red dash lines in the
RSM. With increasing EO fraction, the OOP lattice parameter of ETO is increasedBfidn=
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3.950 A (film 1, x=0) tocETO = 4.028 A (film 5, x=0.5). ETO peak in x = 0.8howed like a line
shape was caused by relative low intensity of (1 0 3) ETO, which was comparable to background

signal noise from XRD system.

x=0.2_

(,.wu)™o

255 255 255 255 255
Qin (nm-1)

Figure 5.4Reciprocal space mapf plain ETOandnanocomposite filmaround STO D 3 and
ETO 10 3 peaks

The IP lattice parameters, OOP lattice parameters, tetragonal diartinertical straisiof
the ETOIn these samplesere summarized as shown in Table 512 error bars introduced were
caused byeak broadening ariie step size of individu@ ey scansThe OOP lattice constarst
saturated when the EO fraction reaches0x25. If we compare the lateral width of the ETO
between the embedded EO nanofeatures for tieZand 0.5 in the TEM imag@s Figures 5.5
(a)and 5.5 (d, e) irsection 5.3 the values are up to ~ 50 nm, and-3® nm, respectivelyThese
values are estimated amaderaged from multiple image$he latter spacings certainly small
enough that the ET®©parametecannotlaterally increase betweehe nanopillars. This explasn
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the flattening of the-parameter rise with increasimgwhich will take place when the spacing of

the ETO between pillars is below around 20¥im

Table 5.2 The IRattice parameters, OOP lattice parameters, tetragonal distortions and vertical
strains of the ETO in plain ETO (x=0) aBd O-EwO3 VAN nanocompositéilms (x=0.2, 0.25,

0.33, 0.5).
OORP Lattice IP Lattice Tgtragqnal Vertical
(ETO)1x-(Eu203)x Parameterc Parametera  Distortion Strain (%)
of ETO(A) of ETO (A) cla
Film1,x=0 3.95040.005 1.01240.005 1.15
Film 2, x=0.2 4.0024.005 1.02540.005 2.48
Film 3, x = 0.25 4.0294.005 3.905#.005 1.0324.005 3.18
Film 4, x = 0.33 4.0194.005 1.0294.005 2.92
Film 5, x=0.5 4.028%.005 1.0314.005 3.15

5.3 TEM and STEM characterizations of (ETO)1x-(Eu203)x (x=0.2, 0.5) VAN

thin films

TEM and STEM characterizatiomgere carried out ofETO) 1x -(EwOs) x (x= 0.2 and 0.5YAN

nanocompositdilms to investigate theircrystallographic structure at atomic level and phase

morphologies.

Comparing the (S)TEM images for the x=0.2 and x=0.5 samples (Figuresh Rigures

5.5 df), we first observe that the ETO appears as a lighter contrast phase (as expectéalver the

atomic weight). Next, we observe that columns of EO embedded in the ETO are not fully

continuous in the x=0.2 sample (Figures 5.&) dut become continuous for the x=0.5 sample

(Figures 5.5 ). We can therefor label the composite types-a¢figure 5.5 c}#’and 13 (Figure

5.5 f)*8 for x=0.2 and 0.5, respectiveMe shade the ETO phase green and EO phase yellow in
Figs. 2c, d and g tshow the 2 phases more clearly. We also observe the ETO nucleates and grows
first on the STO substrate (Figures 5.5 a and d) as expected because of lower interfacial energy of

the two crystallographically identical structures. Also, as observed from tA&EMRmMages
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(Figures 5.5 b and ghoth EO and ETO phases are highly crystalline for x = 0.2 and 0.5 and the

interfaces between the phases are very clean.

e = N B \

\ VETO

' _‘ETO_-_Eu\ZO’_,:anocomposite

ETO

;‘:‘ ETO-Eu,0; ninocomposite

SrTiO; substrate

Sr1i0; substrate:::. SrTiO, substrate

(c) 0-3 type nanocomposite () 1-3 type nanocomposite

EO EO
L [ ] ETO || [] ETO

Figure 5.5 (a, b, ¢) TEM and STEM characterization and schenmatic type of film 2 (x = 0.2); (d,

e, ) TEM and STEM characterization and schenmatic type of film 5 (x = 0.5).
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To exclude the possible existence ofifitth phasesEwTi>O7, EwTiOs, EwTiO4, EwTi2O7
6.148yhich could possibly form, we investigated selected area electron diffraction (SAED) patterns
x = 0.2 sampleAs shown in Figure 5.6, only EO diffraction patters are detected, there is no
evidence othe above ternary phase, and hence the magnetic properties measured later originated

from ETO only (EO is nonmagnetic).

Figure 5.6 (a, b) Zoomed in region of x = 0.2 (film 2) and related SAED.

5.4 Magnetic properties characterizations of (ETO)x-(Eu203)x (x=0, 0.2,0.25,
0.33,0.5) thin films using SQUID

To investigate the magnetic properties of the ETeperaturedependenmagnetizationand
magnetic fielddependent maggtization were carried out using SQUID. Since there is no
magnetizatiorcontribution from E&*, the measured magnetization is ascribed t& Eam the

ETO phasé*®*s°. M-T curves obtained by fieldooling under 100 Oe are shown in g 5.7 (a),

FM-like behavior is observed for all VAN films (x=0.2, 0.25, 0.33, and 0.5). This result is sharply
different to plain epitaxial ETO films in the literature which oveelvhingly show AF behavior.

There is only one exception where the OOP lattice parameter is reduced, and FM behavior has
been showr®. This point will be discussed later ihis sectionBy taking the 1 derivateof M-T

curves, transition temperatur&)valuesof around 3 K were obtained (listed in Tabl&). T¢ is
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independent of vertical strain. Magnetic hyster&sips (magnetization vs. magnetic field;H)

were measured along thebglane of ETO at 2 K as shown in Figure 5.7 (b). Here it should be
noted that only ETO contributes to the magnetization since EO and STO ameagastic. The
values ofmagneticnoment M) obtained at 2K and 500 Oe field, as Mad thecoercivity fields

(Hc) are summarized in Table 5.3.

@ (b,
x=0
x=0.2 [
x=0.25 5¢
—_ 3
= 3 x=0.33 —_
Em i - x=0.5 5 3r
2 E R2f
= = =
- N’ 3
) ) - |
'E 2 = g0
E‘ E_ —x=0.5 k=
A4 = S~
< g N -2
En § % x=0
s 1+ £ g -3 x=0.2
= &l 2 | x=0.25
0 5 10 15 20 25 30 = x=0.33
Temperature (K) x=0.5
0’. " 1 . 1 R 1 s 1 . 1 m 1 " 1 . -6 1 L - 1
2 3 4 5 6 7 8 9 10 -400 -200 0 200 400

Temperature (K) Magnetic Field (Oe)
Figure 5.7 (a) Temperatutependent magnetization measbitom 1.8 K to 30 K of plain film

(x = 0) and nanocomposite films (x = 0.2, 0.25, 0.33, 0.5) (feldl under 100 Oe). The inset
shows Btderivation MT of x = 0.5. (b) Magnetic hysteresis loops of plain film and nanocomposite

films measured at 2 K.

Table 5.3 The magnetic properties of the ETOpiain ETO (x=0) andETO-Ew,O3 VAN
nanocompositélms (x=0.2, 0.25, 0.33, 0.5).

(ETO)1x-(Eu203)x  Te (K) 2K 5“80 Oe He(Oe)
(es/EU)

Film 1, x = 0 PM 0.62 0
Film 2, x = 0.2 3.00 5.15 5.74
Film 3, x = 0.25 2.98 2.26 7.09
Film 4, x = 0.33 3.00 1.96 16.77
Film 5, x = 0.5 3.12 1.46 26.23

Comparing the Table 5.2 and 5v@ can see th&Ml decreases from 5.EX3/Eu on going from
c/a=1.025 (x =0.2) to 1.031 (x = 0.5), whik increases continuously, with increasiig, from
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5.74 Oe to 26.23 OalNe compare our results to previous experitakworks 1416:83128gn¢
theoretical calculatio®'8 in a diagram showing OOP lattice paetarversuslP parameter for
ETO films with magnetic properties indicated. We also show lines of cordgartheoretically

1518 due to spidattice coupling effect in single phase ETO, the boundaries of ferromagnetism for
ETO lie at above the value ofa= 1.02 (vertical strain case) or below the value of 0.99 (horizonal
strain case) as shown in Figure 5.8. Our @.2 VAN film hasc/a (1.025#.005). This is very
close to the theoretical boundary, so both AF and FM interactions likely exist in the film. This
explains whyHc is rather small (5.74 Oe), since in-stmained or bulk ETG%128(purely AF),Hc

would be 0 Oe. For the x=0.5 VAN film, tleéais 1.031, far higher than the boundary value (1.02),
so FM interactions dominate. This explains the higkalue of 26.23 Oe (measured at 2K), since

in strained ETG® (ETO on DySc@), Hcis around 50 Oe (measud at 1.8K)In addition, the very

high c/avalues were achieved using VAN structures to induce this level of tetragonality into plain
films without external pressure. Hence, we confirm clearly the theoretical predictions of the FM

zone being at high/a.

= 4.04 — ~
~ This work i;g% 2 , \O(\
E (FM)  x=05 ® e Q&g
= 4.00 | x=0.2 @ g e
"5‘ <> s :
= ETO on STO (001) ¢ This work (AF) yd
2 B annealed Film 1 s
= 3.96 P s / ,
~ s
= g\do ’ETO on LAST e
=9
v 392 Q 7 annealed ETO on bTO y
- < ’Q‘L @
N | rd \, 7
= 4 e
= § 0\0 Bulk ETO,
% 3.88 - .7 <OETO on DyScO3
—_— 7
E Q 7 /o\o
E 3.84 /Q?’/ g (Gg { reference FM (16, 83)
= \ T Q“ O reference AF (14, 16, 128)
O c’/ | 1 | 1 L 1
3.84 3.88 3.92 3. 96 4. 00 4.04

In-plane lattice parameter of ETO (A)
Figure 5.8 Phase diagram for both strairsew unstraine@TO showing the relationship between

tetragonal distortion and magnetic properties.
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5.5 Atomic column study of (ETO).x-(Eu203)x (x= 0.2, 0.5) VAN films using
Atomap

As introduced beforghe magnetic ground states of ETO are strongly determined by tie Eu
Eu superexchange interactions along the {1 1 1} direcfof® understand the magnetic behavior
evolutions of ETO in the VAN films with increasim¢a (increasing EO) fractigrecomic column
simulatiors of Eu and Ti ion positions along [0 0 1]/[0 1 O] direction in STEM images for the x =

0.2 and x = 0.5 were performed using Atomap softWre

The ETO phase region (shaded green) analyzed the area adjacent to the EO regions as
shown in Figures 5.9 (a) and (b) for x=0.2 and 0.5, respectively. The position of Eu and Ti columns
are shown as red and blue dots in the inset figures in Figures 5.9 (a) and (b), resp&tiavely.

method of how tadentify atomic columns in the images are introduced in Section 3.2.

Figure 5.9 (a, b) Atomic column sumulations on ETO region adjacent to EO regions for x = 0.2

and 0.5 VAN films, repectively.

After knowing the column positions of both Eu and Ti, Ti position shift aJor@y1] direction

can be defined as:

0¢ 01 QW WL s
0 01 QW01 Q0 Wp GG W WS

YTXXQ'QO
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