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Synopsis

Magnetism and associated phenomena have been a popular subject of study for centuries
due to their fundamental significance. Modern technology keeps us surrounded by
advanced materials in our everyday lives. One such class is the perovskite oxides, where a
number of physical properties result from competitive interactions and coexisting structural
features. In particular, the understanding of the family of RCrOs (R =rare earth and yttrium)
belonging to distorted perovskite structure with octahedrally coordinated B-sites occupied
by Cr** ions and A-sites occupied by R®' ions has been a contested topic. These
orthochromites are emerging magnetoelectric multiferroic materials [1] that have recently
attracted much interest because of their abundance of magnetic phenomena, including
temperature-induced spin reorientation, exchange bias, magnetization reversal [2], and
magnetic refrigeration [3], etc. The slight canting of Cr3* spins in these materials arises due
to the antisymmetric exchange interactions resulting in weak ferromagnetism. The spin
reorientation, in which the direction of Cr®* moments changes from one crystal axis to

another, is a fascinating property of some RCrO3z compounds.

The exchange bias (EB) in oxides is an active research area. The EB is constantly being
investigated due to its potential applications in magnetic recording, spin-valve devices,
magnetic sensors, and spintronics [4]. Meiklejohn and Bean first introduced EB in the
Co/Co0 system as shifting of magnetic hysteresis loop along the magnetic field axis [5].
The EB is the phenomenon associated with the exchange anisotropy generated at the
interface between the antiferromagnetic (AFM) and ferromagnetic (FM) materials[6].
Further, EB was extended to coexisting magnetic phases with an equal interest in single-
phase materials where the mechanism of EB differs from the interfacial systems. Magnetic
structures, including magnetic core-shell structures and spontaneously phase-separated
systems, were linked to the EB effect in single-phase alloys and compounds[7]. Different
orthochromites similar to their isostructural manganites have been reported to illustrate the
EB effect[8][9]. However, the role of spin reorientation on the EB effect in orthochromites
is not understood. Furthermore, the R-ion dependence of the lattice distortions and
magnetic structure corresponds to the phonon parameters and their variations near magnetic
ordering temperature [10]. Granado [11] has defined the term spin-phonon coupling due to

the phonon modulation of the superexchange integral and there has been a revival of interest
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in this direction. Such as the case of RCrOs, the spin-phonon coupling is observed only for
magnetic R-ion [12]. However, no such studies have been reported for Nd-based
orthochromite. Moreover, the Raman behavior and structural assignment related to
ferroelectricity in orthochromites is a contentious topic [13][14].

Materials with multifunctional properties near room temperature are always desirable for
practical uses. In this quest, the NdCrOz rare earth chromite can be a promising candidate.
The NdCrOs crystallizes in an orthorhombic distorted perovskite structure with Pnma
symmetry. The magnetic structure of this material is considered as G-type AFM, where the
Cr®* moments order antiferromagnetically at Ty ~ 219 K [15]. The reorientation of Cr3*
spins occurs at Tsgr ~ 35 K due to an abrupt change of spin configuration from high-
temperature to low-temperature spin structure [16]. The magnetic ordering of Nd** ions
(Tre) takes place at a much lower temperature ~ 4.2 K [17]. Such complex magnetism
mainly arises from the exchange interaction among Cr-Cr, R-Cr, and R-R ions. These
interactions offer different magnetic phases and contribute to other properties. The
ferroelectricity in NdCrOs is reported at Tc ~ 87 K which appears well below Ty, unlike
other members of RCrOg series [18].

Besides such interesting properties, the understanding of NdCrO3 is confined and less
explored than other RCrOz members. The correlated structural and magnetic features in
pure compound and the substitution effect on Nd site in NdCrOs is still lacking. For this
work, an effort is made to study the substitution of rare earth elements on A-site. Hence,
the Eu, Prand Ce are chosen to substitute on Nd-site in NdCrOs. Here, the ionic radius and
magnetic moment of these substituents are different from that of Nd** ion. From such
perturbation of structure, the tuning of orthorhombic distortions and the modification of
Cr-Cr and Nd-Cr magnetic interactions is expected. The dc magnetization measurements,
low-temperature Raman spectroscopy and low-temperature X-ray diffraction are utilized
for understanding of exchange bias feature, spin-lattice interaction, spin-reorientation
dynamics, new magnetic states and their correlations to improve the multifunctionality of

the material. The following three series of samples were prepared for the thesis work,

1. Nd1xEuxCrOs with x = 0.0, 0.05, 0.10, 0.20, 0.50, 0.70, 0.90 and 1.0
2. Nd1xPrCrOz with x = 0.0, 0.05, 0.10, 0.20, and 0.30
3. Nd1xCexCrOs with x = 0.0, 0.05, 0.075, 0.10, 0.15 and 0.175
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This thesis is planned in 6 chapters and the brief description of each chapter is given in

following section.

Chapter 1 provides various important concepts including fundamentals of magnetism,
crystal structure of perovskites, magnetic structure, crystal field, and exchange interactions.
The description of exchange bias phenomenon and its occurrence in various magnetic
systems starting from interfacial system with special focus on single-phase material is
presented. The introduction of rare-earth orthochromites with detailed review on materials
Is given. The literature survey on perovskite-type NdCrOs comprising rich magnetic,
magnetoelectric properties, which emphasize the importance of this compound and
highlights present research problem. Finally, the description of the motivation to undertake

this thesis work is provided.

Chapter 2 outlines several experimental tools with their working principle used to conduct
present thesis work. The methodology of sample preparation via a standard solid-state
reaction route is discussed. The powder X-ray diffraction (XRD) technique for structural
characterization and the Rietveld refinement method utilizing Fullprof software were
covered. The introduction Raman scattering spectroscopy was included for detection the
structural distortions of the samples. The field emission scanning electron microscope
(FESEM) and energy dispersive X-ray (EDX) to analyze microstructure were presented.
The X-ray photoelectron spectroscopy (XPS) was also explained to find the valance state.
The basic principle of the physical property measurement system (PPMS) equipped with a
vibrating sample magnetometer (VSM) to measure the temperature and field-dependent

magnetic properties of the samples was described.

Chapter 3 presents synthesis of single-phase NdixEuxCrOs (x = 0.0-1.0) samples in
polycrystalline form. A detailed study of structural and magnetic properties by means of dc
magnetization measurements, temperature-dependent Raman spectroscopy and
temperature-dependent X-ray diffraction is provided. The role of complete Eu substitution
was discussed in terms of increased structural distortions and decreased antiferromagnetic
transition temperature (Tn) and spin-reorientation transition temperature (Tsr) for x = 0.05-
1.0 samples. The Tsr exist up to x = 0.9 sample and a rich dynamics of Tsr appears with
Eu®* substitution. The chemical pressure boundary from the structural and magnetic
behavior across x = 0.5 is observed. The negative exchange bias (EB) effect is obtained,
and the EB field decreases with increasing Eu content. For low substitution i.e. up to x =
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0.2 samples, the non-monotonic behavior of the EB field around T* is observed and which
lies between Tn and Tsr temperatures. The strong spin-phonon coupling for x = 0.0-0.20
samples are described via the evolution of Raman modes in 80-300 K temperature range.
The magnetoelastic coupling was explored by the variation of structural parameters in 3-
300 K temperature range. The spin-phonon induced exchange bias around T* was explained
and verified using the density functional theory-based calculations. The maximum entropy
method is also utilized to determine the electron density distribution revealing structural
reorientation. The study emphasizes lattice modulations around T* between Ty and Tsr for
the first time in pure and substituted NdCrOs by exploring spin-phonon induced exchange

bias and magneto-structural imprints.

Chapter 4 deals with the investigations of Nd1.xPr«CrOs (x = 0.0-0.30) composition. In
contrast to Eu®* substitution in previous work, here the substituent Pr3* is magnetic with
larger ion size. The structural, optical and magnetic properties of x = 0.0-0.30 samples are
discussed. The dc magnetization measurements provided significantly higher
magnetization with slightly increased antiferromagnetic ordering temperature (Tn) through
Pr substitution as compared to pure sample. With increasing Pr content, the spin-
reorientation transition temperature (Tsr) decreases and absence of Tsr was seen in
Ndo.7Pro3CrOs i.e. x = 0.3 sample. The Griffiths-like phase is observed for substituted i.e.
x = 0.05-0.30 samples, unlike parent sample. The exchange bias effect is observed for all
samples. Compared to Eu substitution, here the larger value of exchange bias field (Heg) is
achieved. The behavior of EB field below and above Tsr with Pr substitution displayed
interesting trends linked with structural parameters. The influence of magnetic ordering on
the phonon modes suggested spin-phonon coupling up to x = 0.30 substitution. The
semiconductor behavior of samples was explored by UV-Vis diffuse reflectance
spectroscopy. The magnetic phase diagram of the x = 0.0-0.30 samples is proposed. The
role of tuned spin-reorientation and EB effect in Nd1.xPr«CrOz compounds is discussed in

details.

Chapter 5 is dedicated to the systematic structural and magnetic study of Nd;1.xCexCrOz (x
=0.0-0.175) compounds for the first time. Compared to two previous chapters, here redox-
active Ce is chosen as the final substituent. The presence of mixed Ce3* and Ce** valency
on the A-site and the oxygen vacancies using X-ray photoelectron spectroscopy (XPS) and
its influence on NdCrOs are discussed. The covalent nature of Cr and O bonds for x = 0.0-
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0.175 samples is depicted with help of electron density profiles. The antiferromagnetic
ordering temperature (Tn) and spin-reorientation transition temperature (Tsr) exist for all
I.e. x = 0.05-0.175 samples and soft nature of spin-reorientation was explained by the field
dependence of magnetization. The merging of magnetic hysteresis loop through Ce
substitution exhibiting exchange bias effect for x = 0.05-0.175 samples is found in different
way to parent, Eu®* and Pr® substituted samples. The observation of negative
magnetization below Tn for x = 0.0-0.175 sample was discussed. Importantly, a
demonstration to obtain different magnitudes of magnetization at same applied field in
opposite directions revealing different magnetic states is presented. The discussion on
magnetic states by means of normalized magnetic susceptibility and correlated EB feature

for the samples are provided.

Chapter 6 is devoted to the summary of the overall research work carried out in the thesis.
The influence of different rare-earth substitution on A-site in NdCrOz along with fantastic
structural and magnetic properties are studied. The scope for future research work has also

been included.

Xl|Page
TH-3216_176121015



Xll|Page
TH-3216_176121015



List of Publications

Peer Reviewed Journals/conf. proceedings

1.

Pragya Gupta and D. Pal, Spin induced exchange bias and lattice modulation in
NdixEuxCrOs, Journal of Physics: Condensed Matter 33 (2021) 135806,
doi.org/10.1088/1361-648X/abda7d

Pragya Gupta and D. Pal, Exploration of low field magnetic states in Nd1-xCexCrQOs,
Journal of Physics: Condensed Matter 35 (2023) 345803, doi.org/10.1088/1361-
648X/acd7bc

Pragya Gupta and D. Pal, Interwoven spin-reorientation and exchange bias in
Nd1xPrkCrOs, Journal of Alloys and Compounds, 969 (2023) 172389,
doi.org/10.1016/j.jallcom.2023.172389

Pragya Gupta, Ram Kumar and D. Pal, Magneto-structural imprints in Eu substituted
NdCrOs perovskites, Journal of Superconductivity and Novel Magnetism (2023)
(Under review).

Pragya Gupta and D. Pal, The correlation between magnetic interactions and lattice
distortions in Pr and Eu substituted NdCrOgz, Journal of Physics: Conference Series
2164 (2022) 012066, doi.org/10.1088/1742-6596/2164/1/012066

Pragya Gupta and D. Pal, Evolution of the spin reorientation temperature of NdCrOs
by rare-earth substitutions, JPS Conference Proceedings 011092 (2023) 1-6,
doi.org/10.7566/JPSCP.38.011092

International and National Conference/Workshop/Presentations

1.

The Workshop on Characterization of Magnetic Materials, organized by UGC-DAE
Consortium for Scientific Research, Mumbai Centre from 27th -29th November 2019
at NIT Nagaland, Dimapur.

Online Workshop on Rietveld Refinement Method, organized by UGC-DAE
Consortium for Scientific Research, Mumbai Centre, in association with Indore Centre
from 22nd — 24th September 2020.

Workshop on Software in Mathematics and Statistics (WSMS — 2021), organized by
the Department of Mathematics, National Institute of Technology Tiruchirappalli, held
in online format from 2nd to 6th August 2021.

Best presentation award ($400) at the Around-the-Clock Around-the-Globe Magnetics
Conference (AtC-AtG), 2021, organized by IEEE Magnetics, held in online format on
August 30th, 2021.

Poster presentation at the International Conference on Strongly Correlated Electron
Systems (SCES 2020/2021 Brazil), held online from September 27th to October 02nd,
2021.

Poster presentation at the International Conference On Advanced Materials And
Mechanical Characterization (ICAMMC-2021), organized by the Department of

XllI|Page

TH-3216_176121015


file:///E:/lab-computer/doi.org/10.1088/1361-648X/abda7d
file:///E:/lab-computer/doi.org/10.1088/1361-648X/abda7d
file:///E:/lab-computer/doi.org/10.1088/1361-648X/acd7bc
file:///E:/lab-computer/doi.org/10.1088/1361-648X/acd7bc
file:///E:/lab-computer/doi.org/10.1016/j.jallcom.2023.172389
file:///E:/lab-computer/doi.org/10.1088/1742-6596/2164/1/012066
file:///E:/lab-computer/doi.org/10.7566/JPSCP.38.011092
file:///E:/lab-computer/doi.org/10.7566/JPSCP.38.011092

Physics and Nanotechnology and Department of Mechanical Engineering, SRM
Institute Of Science And Technology, in Virtual Mode, from December 02nd to 4th,
2021.

7. Oral presentation at the National Science Day, organized by the Department of
Physics, Indian Institute of Technology Guwahati, held on February 28th, 2022.

8. Poster presentation at the North-East Research Conclave: Sustainable Science and
Technology (NERC-2022), organized by the Indian Institute of Technology Guwahati,
from May 20th to 22nd, 2022.

9. Poster presentation at the 29th International Conference on Low-Temperature Physics
(LT29, 2022, Sapporo, Japan) held online from August 18th to 24th, 2022.

XIV|Page
TH-3216_176121015



Table of Contents

Chapter 1 @ INTrOdUCTION ......ccooiviiiiii e 1
1.1 Fundamentals Of MagnetiSM...........cccviiiiiiiiiieiee e 1
1.2 CryStal STIUCLUIE ....ecveiiie ittt ettt sre e e 4
1.3 MAQNELIC STIUCIUIE ..ot 7
1.4 CryStal fIEIU ..o 8
1.5 Magnetic eXchange INTEraCTIONS ........c.uiiiiueieieiieite it 9

1.5.1  Direct eXchange INTEraCtiON ........cceoververiirierineiieieee et 9
1.5.2  Superexchange INtEraCtion ..........cccooeiveririiininieieeese e 10
1.5.3  Double exchange INTEraction..........cccoeierinirisiinieeeese et 11
1.5.4  Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction ..............cc.ccccoeeneee. 12
1.5.5  Dzyaloshinskii-Moriya INTEraCtion ............c.cooevieiineneiine i, 12
1.6 EXchange Dias effeCt........ ..o 14
1.7  Rare earth orthoChIrOMITES ........ociiiiiiiiiiicc e, 18
1.8  NACrO3 0rthOCAIOMITE .......c.veiiiiiiiiiceeeee e 23
1.9 IMIOTIVALION ...ttt bbbttt 28

Chapter 2 : Experimental Methods .........cccoiiiiiiiiiiiee e 31
2.1  Sample preparation: Solid State Reaction Method ...........cccccveiiiiiiiiiiicieen, 31
2.2 Characterization TEChNIQUES .......ccveiiiiiiie e, 33

2.2.1  Powder X-ray diffraCtion ........cccooviiiiiiiiiiiieeseeee s 33
2.2.2  RaMAN SPECIIOSCOPY ..uvverveerririeiireeiesieesteeie s steese e b s b e sne e nre e e s 35
XV |Page

TH-3216_176121015



2.2.3  Scanning EIectron MICIOSCOPY ....ccveiieiiverieiiesieeiesiesieesiesaesseeseeseesseeneesnes 37
2.2.4  X-ray photoelectron SPECIrOSCOPY .....vevveereerreerieeieiieseeriesee e eseesee e e ees 38
2.2.5  Physical Properties Measurement SYStem ..........cccccevveveiiieneenesiee e e 40

Chapter 3 : Spin-induced exchange bias, lattice modulation, and magnetostructural

IMPFINTS IN NA1xEUXC O3, 45
3.1 INEFOTUCTION ..ot 45
3.2  Experimental and Computational details ...........c.cccoveveiieiiieriiicie e 47
3.3 ReSUILS aNd QISCUSSIONS ....cviuveuieriieieiisiesieieii ettt 48

3.3.1 Room temperature Powder X-ray diffraction .............c.ccccoveiniiiiiciiennenn, 48
3.3.2  Microstructural @NAIYSIS............cueieiiiiiiiiieii i 52
3.3.3  Room temperature Raman SPECLIOSCOPY .......verveerermeermeermireenieesieneesieenenees 54
3.3.4  MAgNELIC PIOPEITIES ....ee.viviieiriieiieiieie ittt sttt sbe ettt sbe st bt abe e ne e s 57
3.3.5  Structural properties at low temMpPeratures .........cccccveveervereeieenieeresieeseeneennes 66
34 SUMIMAIY ittt ettt bbbt bt bbbt et e b e bbb e e 84

Chapter 4 : Interwoven spin-reorientation and exchange bias in Nd1xPrxCrOs....... 87
A1 INEFOTUCTION ...ttt bbbttt 87
4.2  Experimental detailS..........ccooiiiiiiiiiice e 88
4.3 ReSUItS aNd dISCUSSIONS .......cveviiiiiiiiiieiieieie et 89

4.3.1  Powder X-ray diffraCtion ..........cccooeiiiiiiini e 89
4.3.2  Microstructural @nalySiS...........cuoiiiriiiiiiie e 92
4.3.3  X-ray photoelectron SPECLrOSCOPY .....veverververrerieriiriinieeieie et 93

XVI|Page

TH-3216_176121015



4.3.4  UV-VIiS SPECIIOSCOPY ...vvereerreiriesiresiesseesseesseaseesseessesssesseessessessesssesssessessseans 94

4.3.5  RamMaN SPECIIOSCOPY ..uvvveiurrieiiriieiiiieesiieeesiieeesireeesireesssneesssseesnseeesssseesseeesnseas 95
4.3.6  Temperature and field-dependent magnetic properties............cccocvevvereennnnn. 99

A4 SUMIMAIY Leiiiiiiieiiiie it e siee st e st e st e e sbb e e e nbb e e e ssb e e e sbbe e s bbeesbeeesnbeeeanbneesnseeens 107
Chapter 5 : Exploration of low-field magnetic states in Nd1—xCexCrOQas.................... 109
5.1 INFOQUCTION ...ttt 109
5.2 EXPerimental SECHION ......ccciveiiiieie ettt 110
5.3 ReSUItS @aNd QISCUSSIONS .....c.veuiruiriiieiiaienienieiesie et e 111

5.3.1 X-ray diffraction (Rietveld refinement and Maximum Entropy Method).111

5.3.2  Microstructural analySiS..........ccooueieiiiiiiiiiiiieie e, 115
5.3.3  RAMAN ANAIYSIS ..eouiiiiiiitiitiiisiee et nb e 116
5.3.4  XPSANAIYSIS ...ccuiiiiieiiitie e 118
5.3.5  Magnetic CharaCteriZation ...........ccccoveiueiereneniinieieiee et 120

5.4 SUMMEIY Lttt sttt ettt b e bt st b et nb e e b e e e enne s 129
Chapter 6 1 CONCIUSIONS ....cuoviiiiiiiieie et 131
References....ccveeeeene b foodeepnn o fomanpecnroredpecenompoffsfolhstorecnscsarcecnscsarssonssoons 145
XVIl|Page

TH-3216_176121015



List of Figures

Fig. 1-1 Schematics representing different spins arrangement of ferromagnetic,

antiferromagnetic, and ferrimagnetic materials. .........cccooeviviiiinii 2

Fig. 1-2 (a) Ideal cubic perovskite structure with general formula ABOs3 (b) The three main
distortions of perovskite structure adopted from [126], here circle represents distortions of

cation displacement, Jahn-Teller effects, and octahedral tilts using example. .................... 4

Fig. 1-3 The orthorhombic perovskite structure, where yellow, blue and red spheres
represent A (R®*) B (Cr3*) and OXYGEN 10NS. ....vcuevieeveriieeiieecieseesisseeee e, 5
Fig. 1-4 Schematic presentation of (a) A-type (b) C-type (c) G-type and (d) E-type collinear
MAGNETIC SETUCTUIES. ...ttt bbbt e e bt bbbt 7
Fig. 1-5 The eg orbitals grouped as dz2 and dx2 — y2 orbitals. The ty orbitals grouped as

dxy, dy; and dx orbitals. The bottom diagram shows the crystal field for octahedral and

TEraNEAral ENVITONIMENT. .ooeeeeeieeeeeeeeee ettt ettt e ee et ee e e e e e e eeeeeeee e e e e eeeeeeeeseeseeeeeeeeeeeeeneneees 8

Fig. 1-6 Schematics for the spin arrangements in (a) the AFM superexchange interaction

and (b) the FM superexchange iNteraCtion..........c..coeveieririninieiee et 10
Fig. 1-7 Schematics for Dzyaloshinskii-Moriya INnteraction...............c.cecevevvniiienicnnenn. 13

Fig. 1-8 Schematics illustrates the spin arrangement of FM-AFM bilayer at various stages

of an exchange-biased NYStEresiS 00P. .......uiviiriereriie e 14

Fig. 1-9 The effective coercive field and EB field as function of temperature for the rare

earth intermetallic Ndo.7sH00.25Al> compound. From [68]..........cocevviiiiieiiiiiiice 17

Fig. 1-10 The variation of Neel temperature (Tn) for Cr®* ordering and rare earth ordering

(Tre) with R-ion radii and tolerance factor. From [75]. ......ccoovviviiiiiiiienc e 18

XVII|Page
TH-3216_176121015



Fig. 1-11 The spin structures for Pbnm symmetry showing no spin canting in I'1 and the
spin canting in I'2 and T4 configurations. The blue and yellow spheres represent Cr3* (with

spin) and R3* ions (without SPin). FIOM [76]........cccoviiirivreeieiiresseee e es s 19

Fig. 1-12 Schematics of t-e hybridization effect on virtual charge transfer for

superexchange interaction in RCrO3 perovskite. From [42].......ccccvvviiiiniiiinieninieinen, 20

Fig. 1-13 The magnetization vs. temperature curves of CeCrO3 for ZFC and ZFC case at

applied magnetic field of 5KOe. From [86]. .......ccccieiieieiiie i 20

Fig. 1-14 The EB field vs. temperature plot for various field cooling in the Lao.2sPro.7sCrOs

rare earth perovskite compound. From [89]. ......ccooveiiiiiiicie e 21

Fig. 1-15 Temperature effect on the Raman mode associated with octahedral rotations
along y-axis out of phase in the YCrOs, LUCrOs, GdCrO3z, EuCrO3z and SmCrQOs rare earth

(o000 0L IS (0] o T 1 SRR 23

Fig. 1-16 Magnetic specific heat (Cm) of NdCrOs in 0.3 K to 300 K thermal range, which
is obtained after subtracting the specific heat of isostructural non-magnetic LaGaOs

compound shown in iNSet. From [8L]. .....coiiiiiiiiiiie e 24

Fig. 1-17 (Left) The temperature dependent X-ray diffraction patterns of NdCrOs where
vertical lines below the diffraction data indicate the allowed Bragg reflections at room
temperature, From [112]. (Right) The variation of Raman phonon frequency with

temperature in LaCrOsz, FrOm [113]...c.coiiiiiiiiiiieieie e e 25

Fig. 1-18 The temperature dependence of electric polarization (P) of NdCrOs for the poling
fields (E) of +2 kVecm™ and the inset shows pyroelectric current (Ip) vs. T at E = +2 kV

o AT = o 0o < TR 26

Fig. 1-19 The temperature dependence of exchange bias field in NdCrosFeos03 mixed

orthochromite. From [L18]......ccoiiiiiiiiiciie et 27

XIX|Page
TH-3216_176121015



Fig. 1-20 The coercive field (Hc, closed symbols) and exchange bias field (He, open
symbols) as the function of temperature for Dy1xNdxCrOs with x = 0 (a), 0.33 (b), 0.67 (c),
and 1.0 (d) solid solutions where the peaks in Hc attributes to the onset of He that becomes

pronounced with the increase of Nd substitution. From [118]. .......ccccocevivivviieiiicie e, 27

Fig. 1-21 Schematics for A-site ionic radius (rr) and magnetic moment (J) variation in

Nd1xRxCrOz (x =1.0and R = EU, Prand Ce). .....cccevviiiiiiiiiiiieee e 29

Fig. 2-1 Various steps involved in the sample synthesis procedure via standard solid-state

FEACLION MELNOM. ...ttt 31
Fig. 2-2 Schematic presentation of Bragg’s law for X-ray diffraction............c.ccoceevennn. 34
Fig. 2-3 Photograph of the X-ray diffractometer (Rigaku, Smart Lab)..............cccccueen..n. 34
Fig. 2-4 The energy level diagram for Rayleigh and Raman scattering. .......................... 36

Fig. 2-5 Photograph of the Raman spectrometer (Horiba Jobin Yvon, LabRam HR800).

Fig. 2-7 Photograph of the X-ray photoelectron spectrometer (ESCALAB). .................. 39
Fig. 2-8 Photograph of physical property measurement system (PPMS, DynaCool). .....40

Fig. 2-9 The VSM coil set with motor (right) and the block diagram of VSM mode

operation Of PPIMS (I6t). ..o s 41

Fig. 3-1 (a) Rietveld refinement of powder XRD patterns of Ndi1xEuxCrOz (x = 0.0-1.0)
samples by using the FULLPROF program. The circles are the experimental points, the

solid line (black) is refined data, and the bottom green line shows the difference between

XX|Page
TH-3216_176121015



these two. Vertical lines (blue) represent the Braggs position (b) The crystal structure of

the x = 0.10 sample visualized by VESTA SOftware. .........cccccovvvviieiiieii e, 48

Fig. 3-2 (a) The cell distortion factor d and orthorhombic strain s as the function of Eu

content and (b) The x variation of the tilt angle ¢[0L10]......cccccvevriiiiiiiiieee e, 51

Fig. 3-3 FESEM micrograph of Nd1.xEuxCrOs, (a) x = 0.0 (b) 0.20 (c) 0.70 samples (d) the
EDX mapping of x = 0.05 sample (e) the grain size distribution of x =0.7 sample and (f)

the average grain size as the function of Eu content............cccccevveie e, 52

Fig. 3-4 (a) Calculated bulk modulus as the function of Eu content and (b) the x dependence

of unit cell volume obtained from refinement of Nd;-<EuxCrOsz (x = 0.0-1.0) samples. ...53

Fig. 3-5 (a) Raman Spectra from 100 to 600 cm™ of Nd1.xEuxCrOs (x = 0.0-1.0) samples
measured at room temperature and (b)-(c) the x dependence of phonon frequencies of

SEIECIEA RAMAN MOUES. ... et e e e e e e ettt e e e e e e e e e e e e e e e e ee e neeeeens 54

Fig. 3-6 Temperature-dependent magnetization curves measured in FC mode for the
applied field of 100 Oe (b) Temperature dependence of the first derivative of susceptibility
curves having peaks at magnetic transition and (c) The variation of Ty and Tsr as the

function of Eu content for Nd1-xEuxCrOsz (X = 0.0-1.0) Samples. .....cccccovveriiieninnienienninnnn, 57

Fig. 3-7 Schematic diagram of the moment arrangements in the temperature regions (a) T
<Tsr(b) Tsr<T<T* and (c) T* < T < Tn, Where Mcrand M g+ey indicate the FM

component of Cr¥* and PM moments of Nd**/Eu®* ions respectively. ............cccccevrunne 58

Fig. 3-8 The effect of Eu content on the exchange constants Jiand J2 for the Nd1-xEuxCrO3
(x = 0.0 to 1.0) samples. Inset shows the representation of J; and Jz in the unit cell of the x

T 0.5 SAMIPIE. e ae s 60

Fig. 3-9 (a) Field dependence of magnetization (M-H) loops at 100 K of the Nd1-xEuxCrOs

(x = 0.0-1.0) system (b) the enlarged portions of exchange biased loop of x = 0.2-0.9

XXl|Page
TH-3216_176121015



samples and (c) The EB field Heg as the function of Eu content at T = 100 K of the Nd1-

xEUXCrO3z (X = 0.0-1.0) SAMPIES. ...eoviiieciicieeeee e 62

Fig. 3-10 Temperature dependence of (a) EB field Hes(T), (b) coercive field Hc(T), and
(c) the ratio of Heg(T) and Hc(T) extracted from 10 kOe field cooled M-H loops of Ndi-

xEuxCrOs (x = 0.10 and 0.20) sample, demonstrating the Tsr, T* and TN. .....ccccvvevvenneneen, 64

Fig. 3-11 Temperature dependence of (a) remanence asymmetry Meg(T) (b) magnetic
coercivity Mc(T) and (c) the ratio of Mes(T) and Mc(T) extracted from 10 kOe field cooled

M-H loops of Nd1-xEuxCrOz (x = 0.10 and 0.20) sample. .....cccceeveirreiininiininiseeeeienes 65

Fig. 3-12 Raman spectra of Nd:1xEuxCrOsz (x = 0.0 and 0.10) samples from 100 to 600

cmt in the temperature range 0f 80 t0 300K. .......cccoovvrerrirccceeeeee e 66

Fig. 3-13 (a)-(d)Temperature dependence of antistretching mode Bzgy(3) frequencies and
(e)-(h) the corresponding linewidths of NdixEuxCrOs, (X = 0.0-0.20) samples. The red
dotted lines show the fitted curves for anharmonic contribution, according to Eqg. (3.10),

and solid black lines guided t0 the EYE. ......ccveii e e 67

Fig. 3-14 (a)-(d) The effect of temperature on Ag(6), the bending mode frequencies
Nd1-xEuxCrOs, (x = 0.0-0.20) samples. The red dotted lines are fitted curves for anharmonic

contribution, according to Eg. (3.10), and solid black lines guided to the eye.................. 69

Fig. 3-15 Temperature dependence of phonon frequencies and (e)-(h) the linewidths of
Bsg(1) mode involving the Nd**/ Eu®* ion vibrations of Ndi-«EuxCrOs, (x = 0.0-0.20)

samples. Solid black lines guided to the Ye.........cooove i, 70

Fig. 3-16 Theoretical temperature evolution of (a) Bsg(3) and (b) Bsg(1) mode frequencies
of Nd1xEuxCrO3z (x = 0.0) sample, showing the anomaly across the transitions Tsgr ~ 37 K,

T* ~ 100 Kand TN ~ 225 K. oo 72

XXIl|Page
TH-3216_176121015



Fig. 3-17 (a) The XRD patterns of Nd;-xEuxCrOs (x = 0.0 and 0.2) samples in the 3-300 K
temperature range and (b) Rietveld refinement of low-temperature XRD patterns of x = 0.2

sample using Pnma space group at selected temperatures. ...........cccevvveveeieieeresieseeseeenns 74

Fig. 3-18 The lattice parameters a, b, ¢, and lattice volume V in the 3-300 K temperature

range for Nd;—<EuxCrOz (b) x = 0.0 and (b) X = 0.2 COMPOSItIONS. ......covvrverieriiririneeinn 75

Fig. 3-19 Temperature dependence of the Cr-O1, Cr-O2 bond lengths, and Cr-O1-Cr, Cr-

O2-Cr bond angles of Nd;—xEuxCrOs (a)-(d) x = 0.0 and (e)-(h) x = 0.2 samples.............. 76

Fig. 3-20 Temperature dependence of (a)-(c) Nd-O1, Nd-O2 bond length and Nd z position
for x = 0.0 sample (d)-(f) Nd/Eu-O1, Nd/Eu-O2 bond lengths, and Nd/Eu z position for x

O 1021 0] RSSO 77

Fig. 3-21 The unit cell of Nd;—xEuxCrO3z (x = 0.0) sample in the a-c plane for Pnma space
groupat (@) T =40 K (~ Tsr), (b) T*=100 K, (c) T =200 K (T < Tn) and (d) the 3D-ED
maps in the xz plane, y-intercept = 0.75 at T = 40 K (e) the maximum of ED as the function

of temperature 0f X = 0.0 SAMPIE. .....cviiiieie e 79

Fig. 3-22 The unit cell of Nd;-xEuxCrOz (x = 0.2) sample in the a-c plane for Pnma space
group at (&) T=40 K (~ Tsr), (b) T*=80 K, (¢) T=215 K (T < Tn) and (d) the 3D-ED
map in the xz plane, y-intercept = 0.75 at T = 40 K and (e) the maximum of ED as the

function of the temperature of X = 0.2 SAMPIE. ....ooiiiiiiiiiieii e 80

Fig. 3-23 The electron density distribution (3D) calculated by the MEM method in the unit
cell of Nd;—xEuxCrOz (x = 0.2) sample for the Pnma space group using the iso-surface level
of 1 e/A™at (a) T=75K (b) T*=80 K (c) T = 85 K and (d)-(f) the corresponding (2D)
charge density maps in (010) plane for the T = 75 K to 85 K. The contour lines are drawn

from 0 to 1 e/A°2 with intervals 0Ff 0.1 €/A%3. ..o oo e e e e, 81

XXl Page
TH-3216_176121015



Fig. 3-24 Theoretical bulk modulus as a function of temperature for Nd;—xEuxCrOs (a) x =

0.0 and (b) x = 0.2 samples, showing anomalies at the Tn, T*, and Tsr in the range of 3-300

Fig. 3-25 The distribution of charge density (3D) within the unit cell of Pna2; symmetry
using the iso-surface level of 1 e/A*at (a) T=75K (b) T*=80 K (c) T = 85 K and (d)-(f)
the corresponding (2D) charge density maps in (001) plane from 75 K to 85 K of
Ndi—xEuxCrOs (x = 0.2) sample using MEM method. Contour lines of charge density are

from 0t0 1 €/A° B With 0.1 €/A B INEEIVAIS.....eeveeeeee oot eeee e e e e e e e eer e e e s e e e eae s 83

Fig. 4-1 Rietveld refinement of XRD data for Nd1-xPr«CrOs (a) x = 0.05 (b) x = 0.10 (c) x

=0.20 and (d) x = 0.30 samples and (e) The crystal structure of the x = 0.20 sample......89

Fig. 4-2 FESEM micrograph of Nd1xPrxCrOs (a) x = 0.10 (b) x = 0.20 and (c) x = 0.30
samples along with their grain size distribution (d) EDX mapping of x = 0.20 sample and

(e) EDX mapping of x = 0.30 sample in a smaller area of 5X5 pUm?........cccccoevvveveernan. 92

Fig. 4-3 XPS spectra of (a)-(b) the core level Pr 3d spectra (c)-(d) the Cr 2p spectra, and

(e)-(f) the O 1s spectra of x = 0.10 and 0.30 COMPOUNGS. ...c..eeverreerieaerieerieneeseereeseeneens 93

Fig. 4-4 (a) UV-Vis DRS spectrum of Nd1xPrxCrOs (x = 0.0-0.3) samples in the range of

250 to 850 nm. (b) Estimation of bandgap E4 from Tauc plots for each sample............... 94

Fig. 4-5 Room temperature Raman spectra acquired for the Nd1«xPr«CrOs (x = 0.0-0.3)

samples in the 100 to 600 cm™ wavenumber range. ............ccevveruereeeevereceeseeeseee e 95

Fig. 4-6 Effect of temperature on (a)-(b) antisymmetric stretching mode frequency Bszg(3)
and (c)-(d) corresponding linewidth of Nd1-xPr«CrOsz (x = 0.10, 0.30) composition. The
dotted lines (red) represent fitted curves for anharmonicity by Eq.4.2 and solid lines (black)

QUITE 0 TNE BYE. .ttt bbbt 97

XXIV|Page
TH-3216_176121015



Fig. 4-7 Temperature dependence of phonon mode Ag(6) for bending of CrOe octahedra
of Nd1xPrxCrOsz (a) x = 0.10 and (b) x = 0.30 compound. The dotted lines (red) represent

fitted curves for anharmonicity by Eq.4.2, and solid lines (black) guide to the eye.......... 98

Fig. 4-8 Temperature dependence of magnetization for field cooled condition under 100

Oe applied field for Nd1xPrxCrOs (X = 0.0-0.3) COMPOSILIONS. ...c.eevvvveriirieriiriiiisieieens 99

Fig. 4-9 Temperature dependence of FC magnetization under different applied magnetic
field of 100 Oe, 1 kOe and 10 kOe for Nd1-xPr«CrOs (a) x = 0.0 and left inset shows M-T
curve under 50 kOe (b) x = 0.05 (¢) x = 0.10 (d) x = 0.20 and (e) x = 0.30 samples. The
right inset of (a)-(e) shows the derivative of magnetic susceptibility vs. temperature exhibit

peaks at Tn and Tsr for the corresponding SAMPIES. ..........ccooviirieriieie e 100

Fig. 4-10 (a) The inverse magnetic susceptibility (1/x) vs. temperature (T) of Nd1xPrxCrOs
(x = 0.0-0.30) samples at the 100 Oe field and the inset shows the CW analysis for x = 0.0
sample. The 1/y vs T plots at different applied magnetic fields of 100 Oe, 1kOe and 10 kOe
for (b) x = 0.10 (c) x = 0.30 samples showing the deviation from CW law at low field and
(d) Log-log plot of inverse susceptibility as a function of temperature following Eq.4.3,

where the red line is linear fit in the PM and GP regime. ..........cccccoeviieeieeiiecec e 102

Fig. 4-11 The evolution of different phases through magnetic phase diagram of

NA1-xPIrxCrO3 SAMPIES. ...viieiieice et 103

Fig. 4-12 (a) The M-H loops measured at T=5 K (T < Tsr) for Nd1xPr«CrOs (x = 0.0-
0.30) samples. The enlarged portion of the loops for (b) x = 0.05 (c) x = 0.10 (d) x = 0.20
and (f) x = 0.30 samples. The variation of (g) the coercive field Hc, (h) the exchange bias

field Heg and (i) the cell distortion factor with Pr substitution.............ccccoeveviieiinine. 104

Fig. 4-13 (a) The M-H loops at T= 100 K (T > Tsr) for Nd1«PrxCrO3z (x = 0.0-0.30)

samples. The enlarged portion of the loops for (b) x = 0.05 (¢) x = 0.10 (d) x = 0.20 and (f)

XXV |Page
TH-3216_176121015



x =0.30 samples. The variation of (g) the coercive field Hc, (h) the exchange bias field Hes

and (i) the Cr-O2 bond length with Pr subsStitution............ccccccvveveiiesicic e, 105

Fig. 4-14 Temperature dependence of (a) the coercive field Hc(T) and (b) the exchange

bias field Heg(T) extracted from FC M-H loops of Nd1-xPrxCrOs (x = 0.30) sample. ....106

Fig. 5-1 The Rietveld refinement fitting of XRD data of the Nd;—«CexCrOsz (a) x = 0.05 (b)

X =0.10 and (€) X = 0.175 COMPOSITIONS. ....ccviivieirieieiieie e erees 111

Fig. 5-2 The MEM charge density map of Nd1.xCexCrOs (a) x = 0.05 and (b) 0.175 samples
at the iso surface level of 1 eA°3, The charge density distribution of (c) x = 0.05 and (d) x
= 0.175 samples for the (100) section. The contour range is from 0 to 1 eA°3 with 0.1 eA”

3intervals. Ao di........... ... DY ........................ .0 114

Fig. 5-3 FESEM images of the Nd1xCexCrOs (a) x = 0.05 and (b) x = 0.15 composition
(c) Average grain size as the function of Ce concentration and the inset shows the grain
size distribution of x = 0.15 sample (d) EDX spectrum and (e) elemental mapping of x =

0.15 composition showing the presence of Nd, Ce, Cr, and O elements........................ 115

Fig. 5-4 Raman spectra acquired from the NdixCexCrOs (x = 0.05-0.175) compositions.

Fig. 5-5 The wavenumbers as a function of Ce content of selected phonon modes and (b)
Fitting of Raman spectra of Nd;—xCexCrOz (x = 0.05 to 0.175) compositions in 490 to 590

cm wavenumber range illustrating additional hump as compared to the undoped sample.

Fig. 5-6 The XPS results of Nd;—xCexCrOs for (a)-(c) The core-level Ce 3d of x = 0.05,
0.10 and 0.15 (d) The core-level Cr 2p spectra of x = 0.05 and (e)-(f) The O 1s spectra of x

= 0.05 aNd 0.15 SAMPIES. ....ccuiiiiieie e 118

XXVI|Page
TH-3216_176121015



Fig. 5-7 (a) FC magnetization vs. temperature under an applied magnetic field of 100 Oe
of Nd;xCexCrOsz (x = 0.05-0.175) samples (b) The value of Tnand Tsr as the function of
Ce content where insets show extended dy/dT vs. T curves of present samples (c)
Temperature variation of the magnetic susceptibility times temperature (yT) using 100 Oe
FC magnetization curves, demonstrating the magnetic phases and (d) Inverse susceptibility
vs. temperature curves and the solid red lines are fit to the Curie-Weiss law for selected

SAMPIES. ....ccccocvvvvr v e b b L 120

Fig. 5-8 (a) Field dependence of magnetization (M-H) of Nd; «CexCrOsz (x = 0.05-0.175)
samples in -90 to +90 kOe field sweep at 100 K (b)-(e) Expanded view of exchange biased
M-H loops of x = 0.0, 0.05, 0.10, and 0.15 samples and (f) The variation of EB field (Heg)

and coercive field (Hc) With Ce CONENL. .....ccovviiiiieiiccccee e 123

Fig. 5-9 The Magnetic susceptibility as the function of temperature, measured in ZFC
mode (yzrc) (solid line) and FC mode (yrc) (scatter line) at the magnetic field of (a) H =
+500 Oe and (b) H = -500 Oe for the Nd;—xCexCrOz (x = 0.05, 0.10 and 0.15) samples. The

arrow indicates the yzrc direction for the positive and negative fields, respectively.......124

Fig. 5-10 Temperature dependence of magnetic susceptibility measured in ZFC mode
(xzrc) under the applied field of (a) £250 Oe (b) £500 Oe (c) £750 Oe (d) £1000 Oe (e)
11500 Oe (f) £2800 Oe and (g) £3500 Oe for the Nd;—xCexCrOs (x = 0.0, 0.05 and 0.15)
compositions. Here, y+ (solid line in blue shades) is the ZFC susceptibility under the
positive applied magnetic field, and y- (solid line in red shades) is the ZFC susceptibility

under the negative applied magnetic field. ............coeevieii i, 125

Fig. 5-11 Magnetic field dependence of Zeeman energy for the Nd;—xCexCrOz (x = 0.0,

0.05, @Nd 0.15) SAMPIES. .....viiiieiie et 126

XXVIlI|Page
TH-3216_176121015



Fig. 5-12 The Temperature dependence of EB field (Heg) for Nd;—xCexCrOs (a) x = 0.05

and (b) 0.15 samples. Temperature dependence of ZFC magnetic susceptibility difference

(x+—x-)/2

normalized by FC susceptibility " for (c) x = 0.05 and (d) 0.15 samples under the

applied field of 250 O€ 10 3500 OF.......c.cciveiiiiieiiee e 127

XXVII[Page
TH-3216_176121015



List of Tables

Table 1-1 General atomic positions for rare earth orthochromites with Pnma space group.

Table 3-1 Lattice parameters a, b, c, unit-cell volume V, bond lengths Nd-O1 and Cr-O2,
and bond angle Cr-O1-Cr obtained from Rietveld refinement of Nd;-xEuxCrOs (x = 0.0 to

IO) 7140 ] o] (1. ol T ST o0 SRR S5t s SO 49

Table 3-2 Experimental phonon modes wavenumbers of NdixEuxCrOz (x = 0.0-1.0)
samples, theoretical wavenumber, and their assignment for x = 0.0 and 1.0 sample

CAICUIATE AL 300 K ..ottt ettt e et et ee et eeeeeeeeeeeeeeeeseeaeeeeeseeeeeeseeeeeenneeneens 56

Table 4-1 The lattice parameters a, b, and c, cell volume (V), bond lengths Cr-O1, Cr-O2,
and bond angles Cr-O1-Cr, Cr-O2-Cr from Rietveld refinement of Nd1xPr«CrOs (x = 0-
0.3) samples. The tolerance factor (t), orthorhombic strain (Sac), and cell distortion factor

(d) are obtained from crystallographic parameters. ...........cocvvriirierieeieiiiene s 90

Table 4-2 The Raman mode frequencies of the Nd1.xPrxCrOs (x = 0.0-0.3) samples at room

L= 01 01T = LD OSSPSR 96

Table 5-1 The lattice parameters a, b, and c, cell volume (V), orthorhombic strain (Szc), Cr-
O1-Cr bond angle, Cr-O1 bond length, position coordinates, site occupancies obtained from
Rietveld refinement and the electron charge density at the Cr-O1 bond mid and at central

O1 atom obtained from MEM @nalySiS. .........cccoeiiiiiiiiiiiieieeee e 113

Table 5-2 The Ce ions percentage in 3+, 4+ oxidation states for the Nd1.xCexCrOs (x =

0.05, 0.10, and 0.15) COMPOSITIONS. .....ecuveiureieirieiieeieseesiaesiesreeseeseeseesreessesseesseesseaneessens 119

XXIX|Page
TH-3216_176121015



cm
pum

nm

GPa

°C

Oe

FM
AMF

FIM

Tc
Tn
Jij
Si
NN

NNN

List of Symbols and Abbreviations

Meter

Centimeter
Micrometer
Nanometer
Angstrom
Gigapascal
Centigrade (degree)
Temperature
Kelvin

Oersted

Tesla
Ferromagnetic
Antiferromagnetic
Ferrimagnetic
Curie constant
Curie temperature
Néel temperature
Superexchange integral
Magnetic moment
Nearest neighbors

Next nearest neighbors

Lande g-factor

Total angular momentum

number

TH-3216_176121015

Meft

HB

ZFC
FCC

FC/FC

M-T

M-H

EB
Hes

Hc

Hrc

Tsr

Tcomp

Orbital angular momentum
number

Spin  angular momentum
number
Effective paramagnetic
moment

Bohr magneton
Avogadro number
Boltzmann constant
Magnetization
Magnetic field
Magnetic susceptibility
Zero field cooled

Field cooled cooling

Field cooled warming

Temperature dependent
magnetization
Field dependent

magnetization

Exchange bias

EB field

Coercive field

Remanence

Cooling field

Spin reorientation transition

Compensation temperature

XXX |Page



Ms Saturation magnetization
Mg Remanent magnetization

EC M- Field cooled M-H

Other parameters

XRD X-ray diffraction

dhki Inter planar spacing
0 Diffraction angle

A Wavelength

P Chi-square

RBragg Bragg factor

Rt Profile factor

RT Room temperature
h Hours

TH-3216_176121015

Frki

a,b,c

FESEM

EDX

XPS

VSM

PPMS

Exchange constant
Wavenumber

Electron scattering density
Structure factor

Volume

Lattice  parameters  of
orthorhombic unit cell

Field emission scanning
electron microscopy

Energy dispersive X-ray
spectroscopy

X-ray photoelectron
spectroscopy

Vibrating sample
magnetometer

Physical Properties

Measurement System

XXXl |Page



TH-3216_176121015



Chapter 1: Introduction

Chapter 1 : Introduction

The magnetism and associated phenomenon have been an avid subject of study for
centuries due to their fundamental significance. The technological advancement in
magnetic materials keep everyday life surrounded by information storage, medical
equipment, electrical machines and aviation industry, robotics and many more. The
discovery of intriguing giant magnetoresistance (GMR) [19][20], high temperature
superconductors [21][22], colossal magnetoresistance (CMR) [23], exchange bias (EB) [4],
magnetic refrigeration [24], topological insulators [25] and skyrmions [26] has generated
remarkable interest in research community. Primarily, the spin degree of freedom in
addition to charge degree of freedom unlocked the field of spintronics [27], where the EB
effect shows a very important role in spintronic devices [28]. For improved functionality,
one can also think of enabling lattice degree of freedom. For instance, we can opt for
materials having more than one ferroic order i.e. multiferroics [29]. In one such class, the
magnetic and ferroelectric ordering coexist and can be controlled by one another due to
magnetoelectric (ME) coupling. The multiferroics offer a large number of potential
applications in the forms of thin films like tunnel magnetoresistance, spin-valves, and
multiple-state memory, as well as in bulk forms like magnetic field sensors, filters,
oscillators, and phase-shifters [30][31]. In addition to that, few others aspects like gas
sensing, photovoltaic effect and issues related to symmetry breaking has maintained
sufficient scientific attention over the years [32]. In order to customize the material for

practical applications, it is crucial to comprehend its essentials.

1.1 Fundamentals of magnetism

The magnetic phenomena in solid materials are mainly perceived from the spin degree of

freedom. An ordered magnetic state occurs in magnetic material below a characteristic
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Chapter 1: Introduction

temperature known as transition temperature. The foundation of magnetism lies in the
presence of unpaired electrons. These unpaired electrons give rise to localized moments
that interact with each other through magnetic exchange interactions. The magnetic
ordering below the transition temperature is attributed to the dominance of exchange

interaction energy over thermal energy.

OO O O @ O Ferromagnetic

A

OO O © @ @ Antiferromagnetic

v

)Ci) O Q (‘) Cl) Ferrimagnetic

Fig. 1-1 Schematics representing different spins arrangement of ferromagnetic,
antiferromagnetic, and ferrimagnetic materials.

Famn

The classification of magnetic materials, namely ferromagnetic (FM), antiferromagnetic
(AFM), and ferrimagnetic (FIM), is based on their microscopic arrangements of moments,
as illustrated in Fig. 1-1. In FM materials, the adjacent moments align in parallel, even
without an external field, resulting in a spontaneous magnetization below a specific
temperature called the Curie temperature (Tc). In AFM materials, the neighboring moments
align in opposite directions, leading to a zero net magnetic moment below a temperature
called the Neel temperature (Tn). Ferrimagnetic (FIM) materials can be considered as a
distinct type of antiferromagnetic (AFM) materials. They possess two magnetic sublattices
with varying magnetic moments, leading to a net magnetization that resembles
ferromagnetic (FM) materials. Weiss theory [33] explains that the internal molecular field

within these materials strives to align the magnetic moments either in parallel or antiparallel
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orientations, resulting in the emergence of magnetic ordering. Consequently, magnetic
materials exhibit a spontaneous moment below Tc due to the strong internal field, even in
the absence of an external magnetic field. The magnetic exchange energy is expressed by

the equation according to Heisenberg theory [33],
E=-%/iS:-S; (1.1)

Here, the §; and S; are neighbouring spins and the J;; is exchange integral and the
summation is over all nearest neighbours. The positive and negative signs of J;; indicate
parallel (FM) and antiparallel (AFM) arrangement of the moments, respectively. When the
thermal energy dominates the exchange energy above magnetic ordering temperature (Tc
or Tn), the moments become disordered and the paramagnetic state occurs in most of the
FM, AFM and FIM systems. The molar susceptibility of the material in the paramagnetic

region is governed by the Curie-Weiss law [34],

c (1.2)

Here, C is Curie constant and defined by the relation C = Nugff/3k3, where N, kg and left
are the Avogadro number, Boltzmann constant and effective paramagnetic moment of free
ions and the © is Curie-Weiss temperature. The positive value of © attributes the FM
interactions such as in the pure metals Fe ~ 1043 K, Ni ~ 1394 K and Co ~ 631 K [35]. On
the other hand, the negative 6 corresponds to AFM interactions in transition metal oxides
MnO [36], Fe203 [37] Cr203 [38] and perovskites [39] etc. The eq. (1.2) shows that the
paramagnetic susceptibility follows inverse relation with temperature and the experimental
value of efr can be obtained from fitting of y (T). Using the relation, pes = m the

theoretical effective paramagnetic moment can be estimated in Bohr magnetons. In
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transition metal oxide compounds, the strong crystal field quenches the orbital moment i.e.
L =0and J = S. In this case, the experimental value of pess follows the theoretical one
obtained from spin only contribution of magnetic ion. However, this scenario is not clear
in heavier ions (4d and 5d series) due to large spin-orbit coupling and its comparable
strength with crystal field. Moreover, in the inter-metallic compounds, no orbital quenching
is observed due to the stronger spin-orbit coupling. Therefore, the good agreement of
experimental e with the theoretical value calculated from both spin and orbital
contribution is seen [40]. In few materials the Curie-Weiss law does not hold well [41,42]
and the generalized Weiss theory is used for the temperature dependence of the

paramagnetic susceptibility.

1.2 Crystal structure

\ Wy
\ Cation displacements
%‘w; \ BifeO;

CaTio,

Octahedral tilting

Fig. 1-2 (a) Ideal cubic perovskite structure with general formula ABO3z (b) The three main
distortions of perovskite structure adopted from [126], here circle represents distortions of
cation displacement, Jahn-Teller effects, and octahedral tilts using example.

A range of interesting physical phenomena observed in perovskite oxides is due to simple

structural characteristics. The ideal perovskite ABOs compounds (eg. SrTiOs [43]) have a
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cubic structure, where the A site ions occupy the corners (0, 0, 0), the B site ion occupy the
body centre position (%2, ¥, %), the O ions are at six face centered positions (%2, %, 0) of
cubic unit cell as depicted in Fig. 1-2(a). Here, the BOs octahedra is formed with the B-O-

B angle of 180°.

Orthorhombic

Fig. 1-3 The orthorhombic perovskite structure, where yellow, blue and red spheres
represent A (R**) B (Cr®") and oxygen ions.

The degree of deviation in ideal perovskite can be obtained by using Goldschmidt's
tolerance factor, given by the following relation [44],
£ (ra+ 70) (1.3)
V2 (rg + 1)
where r,, 15 are the A, B cation ionic radii and r, is the O anion ionic radius. The value of
tis 1 for a cubic structure and the decrease of t give rise to the change from cubic symmetry
to orthorhombic or rhombohedral. For distorted perovskites, the value of t ranges from 0.75

to 1.0 [44]. Although t does not provide structural information like space group, it is a

reliable indicator of deviation. The three main types of structural distortions in perovskite
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structure are displayed in Fig. 1-2(b) with examples. The first is the cation displacements
from their central position within the local coordination environment. The distortion of the
octahedra themselves is another possibility when the central position is occupied by an
Jahn-Teller active ion. The most common type is the tilting of BOs octahedra, which has a
prominent effect on structural symmetry and unit cell. Their combinations are also observed

in perovskite materials.

We are particularly interested in the family of RCrOs (R = rare earth or yttrium) belonging
to distorted perovskite-type structure [45]. Fig. 1-3 shows a typical crystal structure of the
RCrO3 compound with orthorhombic structure. It has Pnma space group (No. 62) with four
formulas per unit cell. Table 1-1 presents the general atomic positions in Pnma setting for
RCrO; compound. The Cr3*" ions occupy B-sites (centre of the octahedra surrounded by O

ions) and R%* ions occupy the A-sites.

Table 1-1 General atomic positions for rare earth orthochromites with Pnma space group.

Atom Site Point symmetry Atomic position
R 4c m (X, Ya, 2)
Cr 4b 1 (0, 0, %2,
01 4c m (X, Y4, 2)
02 8d 1 (X, ¥, 2)

These materials are governed by different structural distortions, such as the tilt of CrQOs
octahedra, R-ion displacements, and octahedral distortions [46]. Depending on rare earth

ions, these perovskite-type compounds exhibit intriguing magnetic properties.
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1.3 Magnetic Structure

(a) \ (b) (c) (@)

A-type | C-type G-type E-type

Fig. 1-4 Schematic presentation of (a) A-type (b) C-type (c) G-type and (d) E-type collinear
magnetic structures.

The arrangement of ordered spins associated with each atom in unit cell refers the magnetic
structure. The magnetic structure of perovskites depends on A and B-sites [47]. Fig. 1-4
shows the schematics of the A, C, G and E-type AFM structures, possible in perovskites.
In A-type structure, the spins align parallel in each (001) plane and opposite in the alternate
planes as shown in Fig. 1-4(a). Here, the intra plane coupling is FM and the inter plane
coupling is AFM, one such example is LaMnOs [48]. Fig. 1-4(b) represents the C-type
structure with parallel alignment of spins in (101) and (1 1"0) planes. Here, the intra plane
coupling is AFM and the inter plane coupling is FM. In G-type structure, each spin align
antiparallel to all six nearest neighbors as shown in Fig. 1-4(c). Here, both intra plane and
inter plane coupling is AFM, for example RCrOs [16]. Fig. 1-4(d) shows the E-type
structure where two spins align in one direction and next two align in other direction i.e.
zigzag chains, for example HoMnO3 [49]. The Pnma (or Pbnm) crystal structure of these
perovskite allow the spin canting perpendicular to spin easy axis for any of three (C, G and
E) magnetic collinear orders described in Fig. 1.4, which results in a FM component and

thus the net magnetization [50].
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1.4 Crystal field

The electric produced by neighbouring atoms in crystal is called crystal field. The nature
of crystal field effect is dependent on the symmetry of local environment [34]. In general,
the d-orbital consist five degenerate energy levels, which are classified into two types as

shown in Fig. 1-5.
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Fig. 1-5 The ey orbitals grouped as d,2 and d,2_,2 orbitals. The ty orbitals grouped as
dxy, dyz and dz« orbitals. The bottom diagram shows the crystal field for octahedral and
tetrahedral environment.
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The tog orbitals point in between the x, y, and z-axes (namely dxy, dy. and d orbitals). The

ey orbitals point along these axes (namely d 2 or d,2_,2 and dz_,,2 orbitals). The transition

metal compounds like ABOz-type perovskites, the crystal field for octahedral environment
originates from electrostatic repulsion from electrons in the oxygen orbitals. In octahedral
environment, the overlapping of eq orbitals of transition metal ion occurs with the p-orbitals
(px, py and pz) of oxygen ion. This overlapping is predominant as compared to that of tog
orbital electrons. Hence, the energy of eq orbitals rises. As a result, the degeneracy of d-
orbitals is lifted up by rising energy of eqg levels as compared to tog levels and such splitting
is shown in the bottom of Fig. 1-5. However, in tetrahedral environment, the toq levels are
lifted up with respect to eq levels. The energy difference (A) between two sets of orbitals,
such as eq and tog, represents the crystal field in their respective environments [35]. The
octahedral crystal field typically exhibits a higher magnitude compared to the tetrahedral

crystal field.
1.5 Magnetic exchange interactions

The magnetic interactions allow the magnetic dipoles inside a material to interact with each
other and align in particular arrangements to minimize the total energy of that material.
These are quantum mechanical effects governed by the electrostatic interaction and the
Pauli’s exclusion principle. At microscopic scale, different magnetic interactions attribute

the long range magnetic ordering and few of them are briefly described as follows.

1.5.1 Direct exchange interaction

The interaction of the electrons of the neighboring magnetic atoms without the intermediate
non-magnetic ion is called the direct exchange interaction. However, the existence of such
simple interaction in real physical system is very rare. This interaction is usually observed

in antiparallel spin configuration as the Pauli’s exclusion principle maintains the electrons
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with parallel spins apart. Due to small overlapping of neighboring magnetic orbitals, the
direct exchange interaction is weak and insignificant to describe the magnetic properties of

the materials. Hence, the indirect type of exchange interactions are required.

1.5.2 Superexchange interaction
It is an indirect exchange interaction between two next nearest neighbor magnetic cation
through an intermediate non-magnetic anion. These are long-range interaction and the

mechanism related to superexchange interaction is as follows.

GOSIR A IBOW]

Mn* 0* Mn#*
ot C ) =4+ 00
Mn* o* Mn# < > € —)

Covalent Tonic

Fig. 1-6 Schematics for the spin arrangements in (a) the AFM superexchange interaction
and (b) the FM superexchange interaction.

When the antiparallel alignment of the core spins of magnetic cations via non-magnetic
intermediate ion like oxygen occurs, it results in the antiferromagnetic interaction due to
strong Hund’s coupling. The spin up electron of oxygen anion shared with the cation having
up spin configuration whereas the spin down electron of oxygen anion shared with the
cation having down spin configuration to satisfy the Hund’s rule. Thus, net cation-cation
interaction becomes antiferromagnetic but the cation-anion pair show ferromagnetic spin

alignment. This process for Mn**-O%-Mn** pair is demonstrated in Fig. 1-6(a). Here we
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observe oxygen-mediated exchange interaction and the overall interaction between two

Mn** jons becomes antiferromagnetic.

According to Goodenough [51], when covalent bonding is one side while the ionic bonding
on other side i.e. the asymmetric cation-anion-cation interaction, then superexchange
interaction can attribute to ferromagnetism. Fig. 1-6(b) displays such scenario for Mn3*-
O?-Mn** pair. On left, the covalent bonding is present for the spin up electron of O? and
spin up electron of Mn®*" ion. However, the ionic bond is formed between the spin down
electron of O% and spin up electron of Mn** ion on right side. Thus, the overall interaction
becomes ferromagnetic between Mn®* and Mn** ions. Hence, the superexchange interaction
via the networks like Cr¥*-0%-Cr3*, Fe3*-0%-Fe®*, Mn**-0*-Mn** and Mn**-0%-Fe** give
antiferromagnetism, whereas the network Mn®*-O%-Mn*" with mixed valency shows
ferromagnetism. The AFM ordering in RCrQOs is related to the Cr3*-O%-Cr3* superexchange

interaction that has the influence of R-ion radii.

1.5.3 Double exchange interaction

This exchange interaction takes place between magnetic ions with different oxidation
states. Zener first proposed the concept of double exchange [52], which predicts the ease
with which an electron can be exchanged between two species. This phenomenon holds
significance in ferromagnetic (FM), antiferromagnetic (AFM) materials, or spiral
magnetism. For example, the Mn-O-Mn interaction, in which one of the Mn ions has more
electrons than other does and the eq orbitals of Mn are directly interacting with 2p orbitals
of O ion. In ground state, the electrons of Mn ions are aligned according to Hund’s rule. If
O ion transfers its spin-up electron to Mn** ion, an electron from Mn** ion can then occupy
the vacant orbital. An electron is moved between the neighbouring metal ions while

maintaining its spin which is known as double exchange interaction. This exchange is
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similar to superexchange. In double-exchange, the interaction one atom has an additional

electron relative to the other.

1.5.4 Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction

When the exchange interaction between the magnetic ions is mediated via conduction
electrons, this indirect exchange called RKKY interaction. For example, in rare-earth inter-
metallic compounds, the f-shell electrons tend to be highly localized around the nucleus
and are surrounded by a sea of conduction electrons. The spatial extent of the 4f orbitals is
relatively small compared to the inter-ionic distance. In this context, the interaction
between rare-earth ions occurs through the intermediation of the conduction electrons. In
general, the coupling between the magnetic moments at large distance r is given by the

exchange interaction [34],

cos(2kgr) (1.4)
Jreky (1) r—3F
Where, Jrkky (r) is r dependent exchange interaction and kg is the radius of spherical Fermi
surface. This long-range interaction can FM or AFM depending on separation between the

magnetic moments and its nature is oscillatory.

1.5.5 Dzyaloshinskii-Moriya interaction

In 1958-60, Dzyaloshinskii and Moriya [53][54] proposed an antisymmetric exchange
interaction known as Dzyaloshinskii-Moriya (DM) interaction. The DM interaction causes
the canting of the magnetic moments of antiparallel spins toward each other, which results
in the net magnetic moment. For such canted spin arrangement, the crystal symmetry needs
to be same as the initial antiparallel spin arrangement. Under above condition, one term
favors canted spin arrangement over antiferromagnetic one and is essential to the weak

ferromagnetism. This term in Hamiltonian is written as,
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Hpy = Dyj . (S; X S)) (1.5)

where §;, S; are two neighboring spins of magnetic ions i and j, and D;; is DM vector. The
vector Dy is proportional to R X r;; where vector R is displacement of oxygen and r; is

unit vector along the axis connecting magnetic ions as shown in Fig. 1-7.

Fig. 1-7 Schematics for Dzyaloshinskii-Moriya interaction.

The DM interaction in perovskite is determined by the octahedral tilting of oxygen. For M-
O-M bond (M is B-site ion and O is oxygen) the octahedral tilting moves the oxygen anion
perpendicularly away from the midpoint between NN B-site cations [55]. Due to symmetry
argumentation, the D;; vector lies perpendicular to the M;-O-M; bond (see Fig. 1-7). If the
crystal field has an inversion symmetry (with respect to the centre point connecting two
magnetic ions), D;; vector vanishes. The DM interaction tries to align the two spins at right
angle to each other in a plane perpendicular to DM vector. The microscopic origin of spin
canting can be explained by the anisotropic superexchange interaction, which consider the
superexchange interaction along with spin-orbit coupling. Originally, this antisymmetric
interaction was argued to be responsible for the weak ferromagnetism in the AFM crystals
like a-F203, MnCO3, CoCO3 and Cr203 [56][57]. The weak ferromagnetism in the RCrOs
perovskites also arises from the DM interaction. Recently, the DM interaction has been
proven relevant for the generation magnetic skyrmions [58] and explains magnetoelectric
effects in multiferroic perovskites.
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Exchange bias refers to the occurrence of exchange anisotropy that arises at the interface

between antiferromagnetic (AFM) and ferromagnetic (FM) substances [6].

In 1956,

Meiklejohn and Bean made the discovery of the exchange bias (EB) effect during their

examination of FM Co particles incorporated within AFM CoO oxide [5].
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Fig. 1-8 Schematics illustrates the spin arrangement of FM-AFM bilayer at various stages
of an exchange-biased hysteresis loop.

Upon cooling this system in a static applied magnetic field from a temperature higher than

the Tn of the CoO material, an observed shift of the magnetization (M-H) loops occurred

along the axis of the magnetic field. The additional anisotropy responsible for this shift in
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the M-H loop can be accurately represented in terms of the exchange bias field (Heg) using

the following equation,

_ Hy+H_ (1.6)
EB — 2
and the coercive field is given by,
_ Hy—H_ 1.7
CHEN

where, H+ and H- stand for the positive and negative coercive field values for the M-H
loop. The simple phenomenological model illustrated in Fig. 1-8 explains the mechanism
of EB. In this model, there is contact between AFM (magnetic ordering Tn) and FM
(magnetic ordering Tc) materials. In the Ty < T < Tc temperature range, as we applied the
magnetic field, the spins of the FM material align with the field direction, while the spins
of the AFM material remain random due to their paramagnetic behavior, as depicted in Fig.
1-8(a). Once the system is cooled to a temperature lower than Tn while a field is present,
the adjacent spins of the AFM material align in a parallel manner (ferromagnetically) to the
spins of the FM material at the AFM-FM interface. The remaining spins of the AFM
material maintain their AFM ordering, as shown in Fig. 1-8(b). During the M-H
measurement, as the field is decreased and reversed, the spins of the FM material begin to
rotate in the direction of the field. However, the spins of the AFM material remain
unaffected due to their substantial AFM anisotropy. The AFM spins at the interface
between the AFM and FM materials oppose the rotation of the ferromagnetically coupled

FM layers at the interface, as illustrated in Fig. 1-8(c).
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Alternatively, microscopic torque is exerted by the AFM spins on the FM spins at the
interface, ensuring that their alignment remains FM at the interface. As a result, the pinning
of few layers of FM spins to the AFM spins occur at the interface. The FM spins possess a
single stable configuration that results in unidirectional anisotropy. Consequently, an
additional field is required to rotate these pinned spins and counteract the effects of the
unidirectional anisotropy. Nevertheless, when the field reaches a sufficient magnitude to
saturate the FM moments, all FM spins align in the direction of the field, as shown in Fig.
1-8(d). As the field is subsequently decreased to complete the M-H loop, the FM spins
rotate with ease. This is facilitated by the torque exerted by the AFM spins in the same
direction as the field, as depicted in Fig. 1-8(e). Consequently, there will be a difference
in the magnetic energy needed to rotate the FM spins in the negative and positive field
directions. This behavior gives the impression of an internal biasing field within the
material, resulting in a shift of the M-H loop along the field axis. This phenomenon is
commonly referred to as exchange bias. The extent of the shift observed in the M-H loop
depends on the level of pinning within the FM material and the variation of anisotropy in
the AFM material. As mentioned earlier, the coupling at the interface is ferromagnetic,
leading to the shifting of M-H loop along the negative field axis. However, it is also possible
to observe shifted M-H loop toward the positive field axis when the coupling at the interface

between the FM and AFM layers is antiferromagnetic [6].

Although the EB effect was originated as the interfacial phenomenon for the AFM-FM
interface, later on this effect has been found in homogeneous materials namely, core-shell
nanostructures, spin-glass and magnetically phase separated systems [59] [60] [61].
Different bulk materials like Heusler alloys, intermetallic compounds as well as oxide
materials are known to exhibit EB [7]. Technological importance of EB effect was revealed

by the practical use of FM-AFM multilayers in read/write heads of magnetic recording
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devices [4][62]. Thereafter it has found many other applications like magnetic field sensors
[63], permanent magnets [64], magnetoresistive random access memories [65]. In FeF./Fe
bilayers [66] and Co/Pt multilayers [67] the sign reversal of EB field was also observed by

changing external parameters.
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Fig. 1-9 The effective coercive field and EB field as function of temperature for the rare
earth intermetallic Ndo.7sH00.2Al. compound. From [68].

Fig. 1-9 displays the sign change of EB field across Tcomp ~ 24 K in the single crystal of
Ndo.7sH0o0.25Al> rare earth intermetallic compound. The EB effect in this intermetallic
compound was attributed to different kinds of exchange coupling between the moments
corresponding to the conduction electron polarization and two different rare earth atom
[68]. Varieties of single-phase compounds exhibit the EB behavior. Such as the spinels
CoCr204 [69][70] and perovskites like rare earth manganites YMnOs, NdMnOs
[71][72][73] , chromites TmCrO3 [74], YbCrOsz [75], cobalites Ndi-xSrxCoO3z [76] and
double perovskites Pro.CoMnQs [77], LaSrCoFeQOs [78]. The mechanism of EB in single-

phase compounds differs from the interfacial systems, which will be discussed later.
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1.7 Rare earth orthochromites

The rare earth orthochromites with general formula RCrOz (R = rare earth or yttrium) are
emerging the class of multiferroic materials [79][80], similar to isostructural manganites
[81] and ferrites [82]. In particular, the interplay of two different magnetic sublattices in
orthochromites RCrOs arises the magnetoelectricity, spin-reorientations, magnetization
switching, magnetocaloric effect etc. [83][84][85], which has stimulated significant
attention in recent years. In this section, we will discuss some noble properties of these
compounds. The RCrOz members undergo magnetic transitions in a broad temperature
range upon cooling from paramagnetic phase. These magnetic properties are basically
governed by the Cr3¥*-Cr¥*, R*-Cr¥*and R3'-R3" exchange interactions. First, the Cr-
sublattice orders antiferromagnetically at Tn, which decreases monotonically with rare
earth ionic radius from 288 K in LaCrO3 to 109 K in LuCrOg [86] as depicted in Fig. 1-10.
Further, the reorientation of Cr spins in few RCrOzoccurs at Tsr ~ 35 K to 7 K At very low

temperature ~ 2 K to 15 K, the R-sublattice orders in some species as shown in Fig. 1-10.
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Fig. 1-10 The variation of Neel temperature (Tn) for Cr** ordering and rare earth ordering
(Tre) with R-ion radii and tolerance factor. From [75].
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Furthermore, Fig. 1-11 shows three G-type AFM spin configurations I'1(Ax, Gy, Cy), I'2(Fx,
Cy, G;) and I'4(Gx, Ay, F;) for RCrOz materials, following the Bertaut’s notation [1][17].
The absence of canting does not allow the weak ferromagnetism in I'y configuration.
However, the slightly canted I'> and I's magnetic structures have weak ferromagnetism
along the x and z directions, respectively. For non-magnetic R-ions, the ground state
remains weakly ferromagnetic with I's structure. The high temperature spin structure can
be I's or I'2 below Ty for magnetic R-ion. Interestingly, few RCrOz members exhibit the

spin-reorientation transition at low temperatures, where magnetic structure changes from

M(A.G.C) I (F.C.G) M(Gy A, F)
0 0 ¢

Fig. 1-11 The spin structures for Pbnm symmetry showing no spin canting in 'y and the
spin canting in I'; and I's configurations. The blue and yellow spheres represent Cr3* (with
spin) and R3* ions (without spin). From [76].

I'2to I'1 (Tsr ~ 35 K for NdCrO3 [87]), T’ to I'1 (Tsr ~ 22 K for ErCrOs [15]) and T's to I'2
(Tsr ~ 34 K for SmCrO; [88] and Tsr ~ 7 K for GACrOs [89]). Moreover, in RCrOs, the 3d®

electrons of Cr3* are half-filled in the toq orbitals only. J.S. Zhou et al. [90] has explained
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Fig. 1-12 Schematics of t-e hybridization effect on virtual charge transfer for
superexchange interaction in RCrOs perovskite. From [42].

the superexchange interaction between two adjacent transition-metal ions via virtual charge
transfer (VCT). Fig. 1-12 shows the t-e hybridization where the VCT to the empty e orbital
on site j i.e. superexchange interaction t3-O-e° gives FM coupling whereas superexchange
interaction t3-O-t® gives the AF coupling. Such effect of t-e hybridization was due to the
structural distortions, which is responsible for dramatic variation in Tn values for RCrOs
family. The magnetic behavior of the orthochromites and its reliance on rare earth ionic

radii or structural distortions make these systems intriguing.
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Fig. 1-13 The magnetization vs. temperature curves of CeCrOs for ZFC and ZFC case at
applied magnetic field of 5kOe. From [86].
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The RCrO3 compounds exhibits variety of properties that mainly originates from complex
magnetic interactions. The temperature induced magnetization reversal has been reported
in RCrO3 compounds, which has potential application for information storage. In TmCrOs3,
the first magnetization reversal occurs at ~ 28 K ascribed to antiparallel coupling between
Tm** and Cr®* moments and second reversal take place at lower temperature ~ 6 K related
to rotation of magnetic moments [91]. Other compounds like YbCrOs [92] and Nd
substituted LaCrOs [93] etc. shows similar magnetization reversal. Apart from this, the
CeCrOz displays magnetic compensation transition at larger temperatures more than 100 K
as shown in Fig. 1-13 [94] and further explained by the Ce** and Cr®* moments antiparallel
coupling [2]. However, literature shows the lack of Ce based rare earth perovskites as

compared to other members.
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Fig. 1-14 The EB field vs. temperature plot for various values of field cooling in the
Lao.2sPro.7sCrOz rare earth perovskite compound. From [89].

The EB effect in correlated oxides is an active research area and this feature has been
continuously reported for several rare earth chromites. The EB in single-phase compounds
is be described one ways using the core-shell structure consisting an AFM core with Cr3*
and R%* spins and the disordered shell having uncompensated spins explaining the

magnetization reversal and EB effect in Lao.2CeosCrOs nanoparticles [95]. In other way,
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the coexistence of AFM and FM ordering arising from the competing interactions between
transition metal ions and magnetic rare earth ion [8]. Fig. 1-14 The EB field vs.
temperature plot for various values of field cooling in the La0.25Pr0.75CrO3 rare earth
perovskite compound. From [89]. The graph depicts the temperature variation of the EB
field in La1xPr«CrOgz substituted chromite, where the sign of the EB field changes with the
change in cooling magnetic field and is explained in terms of the orientation of Pr¥* moment
and canted Cr®* moments [8]. The SmCrOs [96], LuFeosCros03 [9] and Yb«PrCrOs [75]
orthochromites are some of recent examples. Therefore, the investigations of new materials

is desired to explore the EB feature.

In addition, the RCrOz shows semiconductor behavior in the visible frequency range, which
provides advantage of over conventional TiO2 and makes it attractive for application in
solar energy harvesting and photocatalytic activity [97-99][94]. For example, the dc
conductivity measurements of PrCrOz disclose semiconductor behavior at room
temperature and transition to metal at ~ 400 K [100]. Further, the effect of the external
pressure give rise to structural distortions modifying band structure and leads to interesting

magnetic properties [101].

Furthermore, the coexistence of ferroelectric and magnetic ordering in magnetoelectric
systems is appealing to scientific community [29][102]. The reports shows magnetoelectric
coupling in some RCrOs members [79,103,104] and indicate they are type-11 multiferroics
[3]. B. Rajeswaran et.al [1] has reported the field-induced switchable polarization ~0.2 to
0.8 uClcm? below Ty in RCrOs for magnetic R-ions. In such systems, the causes of
ferroelectricity is different from conventional ferroelectrics that is an ongoing topic of
debate [13]. Their roots lies in the improper character related with the spin-lattice

interaction observed in isostructural orthomanganites [105].
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Fig. 1-15 Temperature effect on the Raman mode associated with octahedral rotations
along y-axis out of phase in the YCrOs, LUuCrOs, GdCrOs, EuCrOs and SmCrOs rare earth
chromites. From [12].

The R-ion dependence of the lattice distortions and magnetic structure corresponds with
the phonon parameters and their variations near magnetic ordering temperature [10].
Granado et al [11] has defined the term spin-phonon coupling due to the phonon modulation
of the superexchange integral and there has been a revival of interest in direction [106]
[107,108]. Fig. 1-15 demonstrate temperature dependence of Raman mode for RCrOs (R
=Y, Lu, Gd, Eu, Sm) which confirms the spin-phonon coupling only for magnetic R-ions
[12]. Further, this coupling is observed in few mixed chromites DyFeosCros503 [104] and
HoCr1.xFexO3 [109]. However, no such studies related to local structure and spin-phonon

coupling is reported for Nd based orthochromite.

1.8 NdCrOs orthochromite

Materials with multifunctional properties near room temperature are always desirable for
practical uses. In this quest, the NdCrOg rare earth chromite can be a promising candidate.
The NdCrOs crystalizes in orthorhombic distorted perovskite structure with Pnma
symmetry. The magnetic structure of this material is considered as G-type AFM, where the
Cr3* moments order antiferromagnetically at Ty ~ 219 K [15]. The isotropic, antisymmetric,
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and anisotropic exchange interaction among the Cr¥-Cr*, Cr¥*-Nd®" and Nd*"-Nd**
moments comprise multiple magnetic transitions in these materials [84]. For example, the
canting of Cr* spins related to DM interactions leads to the weak ferromagnetism below
Tn [110]. Further, the spin-reorientation transition occurs at Tsr ~ 35 K where the abrupt
change of Cr** spin configuration from high temperature I'2(Fy, Cy, G;) to low temperature
I'1(Ax, Gy, C,) spin structure were observed using Neutron diffraction measurements [16].
Further, the Nd3* ordering takes place at much lower temperature Tre ~ 4.2 K, which is
induced by Cr®* sublattice [17]. Fig. 1-16 displays the magnetic specific heat of NdCrOs

compound [111]. The different magnetic contribution to specific heat in NdCrOs provided
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Fig. 1-16 Magnetic specific heat (Cm) of NdCrO3 in 0.3 K to 300 K thermal range, which
is obtained after subtracting the specific heat of isostructural non-magnetic LaGaOs
compound shown in inset. From [81].

four main outcomes, which were described as the hyperfine contribution below 1 K, the
Schottky contribution from thermal depopulation of the ground *le; multiplet of Nd from 2
K to high temperatures, the spin reorientation peak at ~ 35 K and the lambda peak centered
at antiferromagnetic ordering ~ 219 K. It has also been found that the Nd-Cr interaction in

the NdCrOs is stronger by a factor ~ 2.6 than Nd-Fe in isostructural NdFeOs orthoferrite
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due to different superexchange Nd-M (M transition metal) paths and extremely strong
coupling of Nd** and Cr3* moments [87][111]. These reports suggest the NdCrO3 exhibits

complex magnetic phases in a large temperature window.

Furthermore, the perovskites with one or two magnetic sublattices exhibit interesting
structural chemistry and physical properties. The temperature and pressure dependent X-
ray diffraction or Raman spectroscopy are well known tools for such characterization. The
high temperature XRD data has been reported for the NdCrOz compound [112]. As shown
in left panel of Fig. 1-17, no appearance or disappearance of any diffraction peaks occurs

in 323-823 K range. This study confirmed no structural phase transition in NdCrOs up to
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Fig. 1-17 (Left) The temperature dependent X-ray diffraction patterns of NdCrOs where
vertical lines below the diffraction data indicate the allowed Bragg reflections at room
temperature, From [112]. (Right) The variation of Raman phonon frequency with
temperature in LaCrOs, From [113].

823 K, which was different from LaCrOz [113] that exhibits orthorhombic to rhombohedral
phase transition near 529 K seen in temperature variation of Raman modes (see right panel
of Fig. 1-17). However, detailed low-temperature structural behavior of NdCrO3z based

compounds is not explored.
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Fig. 1-18 The temperature dependence of electric polarization (P) of NdCrO3z for the
poling fields (E) of +2 kvem ™! and the inset shows pyroelectric current (Ip) vs. T at E = +2
kV cm™t. From [18].

Unlike other members of the RCrOs series, the ferroelectricity in NdCrOs is reported at Tc
~ 87 K that appears well below Tn ~ 225 K [18]. Fig. 1-18 shows the temperature variation
of electric polarization (P) for NdCrOs where the polarization occurred well below Tn and
ferroelectricity was observed at Tc ~ 87 K. The inset of Fig. 1-18 shows the thermal
variation of pyroelectric current (I) having peak around Tc. The value of P (260 .C m™2 at
74 K for E = 2 kvVem™) was reasonably high and the switching of P with opposite poling
fields verified ferroelectricity. The strong influence of magnetic field on the P below Tc

suggest large magnetoelectric coupling in NdCrO:s.

In spite of such interesting observations, the correlated properties in pure compound and
the substitution effect on Nd or Cr-site in NdCrOs is still lacking. For instance, the variation
in CrOs tilting and the dilution of the Nd®* and Cr®* moments observed upon doping of Sr?*
at Nd site in Nd1-xSr«CrOs [114]. The presence of Ca®" increases the density, electrical
conductivity and thermal expansion coefficient in Nd1.xCaxCrOs for possible interconnect
applications in solid oxide fuel cells [115]. On other hand, the doping of La%* increases the
energy level splitting of Cr¥* and Nd*" and suppress Cr—Nd interaction confirmed by

Schottky anomaly and mean-field interaction parameters in NdixLaxCrO3 [116].
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Fig. 1-19 The temperature dependence of exchange bias field in NdCrosFeo 503 mixed
orthochromite. From [118].

In polycrystalline NdCrosFeosOs [117], the Cr-site substitution by Fe®*" ion resulted in
magnetization reversal and switching of exchange bias. Fig. 1-19 shows the negative
exchange bias field until 16 K and small positive exchange bias for temperatures below 16
K, which corresponds to magnetic compensation (Tcomp). The tunable exchange bias was
explained on the basis of magnetization reversal. According to that when the net
magnetization is opposite to the applied field, it requires larger positive field to bring the
magnetization to zero, which causes EB effect.
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Fig. 1-20 The coercive field (Hc, closed symbols) and exchange bias field (He, open
symbols) as the function of temperature for Dy1.xNdxCrOs with x = 0 (a), 0.33 (b), 0.67 (c),
and 1.0 (d) solid solutions where the peaks in Hc attributes to the onset of He that becomes
pronounced with the increase of Nd substitution. From [118].
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Recently, the exchange bias effect is reported in Dy1.xNdxCrOs single-phase solid solution
with the x = 0.33, 0.67, and 1.0 doping corresponds to increased Tn values ~175 K, 200 K
and 225 K. Most importantly, the presence of Nd®* in these materials induced the spin-
reorientation transition at Tsr ~ 48 K, 58 K, and 38 K and resulted in the onset on exchange
bias field. Thus, a negative exchange bias effect was observed in temperature range of Tsr
and Tn for Nd substituted samples, whereas no such exchange bias was seen in the parent
compound (see Fig. 1-20) [118]. This study consider the canted antiferromagnetism to be
essential feature for exchange bias in multiple sublattice magnetic system, but the exact
mechanism is not explained. Even though the tenability of the EB effect has been the
subject of extensive study, the origin of the EB without reversal and the role of spin-

reorientation are not understood.

1.9 Motivation

The pristine NdCrOs is a member of the RCrO3z family with an orthorhombic structure
occupying the R®" ion on the A-site and the Cr3* ion on the octahedral B-site, respectively.
The interesting magnetic behavior with canted antiferromagnetic ordering of Cr3* spins
below Ty and the reorientation of Cr3* spins below Tsr were observed in NdCrOs. However,
the exact structural assignments for magnetoelectric effect in orthochromites is
controversial. The distinctive properties of this system mainly comes from the
superexchange interactions among A and B sites with two magnetic sublattices. For RCrOs,
many reports are available about the magnetic properties for the Cr-site substitution but the
substitution effect at R-site especially in NdCrOs is limited. The substitution of different R
on Nd-site can influence the strong coupling between Nd*" and Cr®* spins. Furthermore, a
new dimension can be added to the technological importance of exchange bias effect by

exploring its correlations in these materials.
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Fig. 1-21 Schematics for A-site ionic radius (rr) and magnetic moment (J) variation in
Nd1xRxCrOz (x = 1.0 and R = Eu, Pr and Ce).

The present thesis consist two goals. At first, an effort is made to study the substitution
effect of rare earth elements on A-site (Nd-site) altering cross talk of 4f electrons of Nd-ion
and 3d electrons of Cr ion. Therefore, we have chosen Eu, Pr and Ce to substitute on Nd-
site for the first time. The ionic radius (rr) and magnetic moments (J) of these substituents
are different from that of Nd®* ion as shown in Fig. 1-21, where one can expect the fine-
tuning of distortion, antiferromagnetic ordering and spin-reorientation transition with
substitution. The Eu®* ion with smaller ionic radius may exert higher chemical pressure on
the parent compound as compared to the Pr3* ion with larger ionic radius. It would also be
interesting to study the role of mixed Ce®*" and Ce** valency on the A-site due to Ce

substitution.

From such perturbation of structure, we can expect the modification of Cr-Cr and Nd-Cr
magnetic interactions resulting interesting magnetic properties in a wide temperature range.

The following three series of samples were prepared for this thesis work,
1. NdixEuxCrOz with x = 0.0, 0.05, 0.10, 0.20, 0.50, 0.70, 0.90 and 1.0
2. NdixPryCrO3z with x = 0.0, 0.05, 0.10, 0.20, and 0.30

3. Nd1xCexCrOs with x = 0.0, 0.05, 0.075, 0.10, 0.15 and 0.175
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Secondly, the involvement of the low-temperature Raman spectroscopy and the low-
temperature X-ray diffraction along with the low-temperature magnetization measurements
will allows the direct probing of lattice modulations in magnetically ordered phase, which
is unknown for the pure and substituted NdCrOz. This will also provide a comprehensive
understanding of noble phenomena of exchange bias effect, spin-phonon coupling, spin
reorientations, and magnetic states to improve the multifunctionality of the material. A
systematic investigation of these fascinating features in rare earth substituted neodymium

orthochromite is presented in this thesis.
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Chapter 2 : Experimental methods

This chapter delves into the synthesis method of sample preparation, offering an in-
depth exploration of the basic principles behind a range of instruments used for
experimental data recording and analysis. Additionally, the chapter undertakes a
comprehensive examination of the structural and magnetic properties of the studied

compounds to facilitate the physical characterization of the samples.
2.1 Sample preparation: Solid State Reaction Method

In general, a polycrystalline material can be synthesized using two basic methods; solid-
state reaction and sol-gel method. For the present thesis work, we have opted the solid-state
reaction method to prepare polycrystalline samples. It is known that the solid-state reaction

method is a versatile and widely used method for synthesizing bulk samples [119].

Grinding

Calcination

Initial precursor in l

stoichiometric ratio
. 17 Fd
Ao — | ,',"n

Sintering at Regrinding and palletization
high temperature

Fig. 2-1 Various steps involved in the sample synthesis procedure via standard solid-state
reaction method.
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This method provides the advantage of using a variety of starting materials like high-purity
oxides, carbonates, acetates, etc. The two main steps involved in this method are the
uniform mixing of starting material for homogeneity and the heat treatment for phase
formation. Hence, the stoichiometric amounts of starting materials are mechanically mixed,
and the repeated cycles of grinding and heating process provide the solid-state reaction
among the constituted powders. As the solids cannot react to each other at ambient
temperatures. Therefore, the heating is crucial for the ions to diffuse across their kinetic
barrier. Thus, calcination and sintering are important processes in the solid-state reaction
method. Calcination removes volatile components, such as water, carbon dioxide, and
organic matter, from the material, transforming it into a more stable and reactive form and
helping to initiate solid-state reactions. Further, sintering is a process that follows
calcination and involves heating materials to a high temperature below their melting point.
The sintering process involves several stages, including particle rearrangement, neck
formation, and grain growth. The temperature and duration of sintering are critical
parameters that need to be carefully controlled to achieve the desired properties while
avoiding excessive grain growth or melting. For this, the high-temperature furnace
(Naberthem Sintering Furnace HTCT 01/16, temperature range 30 °C to 1500 °C) is
utilized. A typical reaction time of a few days is required to overcome the diffusion barrier.
For a better sintering process, the kinetics of the reaction is also dependent on the heating
or cooling temperature rate. Good contact between the surfaces of the reactants can improve
the reaction rate. Thus, several hours of grinding is important for homogeneity and the

reduction in the particle size of reactants that corresponds to the increase in surface area.

In the present thesis, Eu, Pr, and Ce substituted NdCrOz polycrystalline samples are

synthesized by a standard solid-state reaction route (Fig. 2-1). The required amount of
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high-purity starting materials (in oxide form) is calculated by stoichiometric equation and
weighed using an electronic balance (Mettler Toldo, ME204, accuracy ~ 0.1 mg). The
stoichiometric ratio of these oxides was thoroughly ground in an organic medium (acetone
or methanol) using an agate mortar pestle for several hours to obtain the homogenous
mixture of the particular compound. The dried homogenous mixture was placed in an
alumina crucible and calcined at 1000 °C for 12h (in the air atmosphere). The calcined
powder was further ground and pressed into cylindrical discs of 10 mm in diameter and
nearly 1 mm in thickness with the help of a KBr hydraulic press (Technosearch Instruments,
M-15). Finally, these pellets were sintered at 1300 °C for 12 h (or more hours) to achieve

desired single-phase polycrystalline compound.
2.2 Characterization Techniques

2.2.1 Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a versatile and non-destructive technique for
determining phase purity and structural information of the materials. We know the
wavelength of X-ray is comparable to the inter-planar spacing of the atoms of the order of
few A. When the beam of monochromatic X-ray is incident on the set of parallel atomic
planes in a crystal lattice, the X- rays are diffracted, as shown in Fig. 2-2. The constructive
interference of diffracted X-rays occurs if Bragg’s law is satisfied. Bragg’s law is given the

relation [120],

2dnk Sind = nl (2.1)

where dhw Is inter-planer spacing, @ is the angle of incidence/diffraction, n is the order of
the diffraction, and 1 is the wavelength of the X-ray. The maximum intensity peak is
observed if different planes are exposed while changing the angle of incidence. Thus, the

XRD pattern as the function of 26 for all possible (h, k, I) planes is obtained.
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Fig. 2-2 Schematic presentation of Bragg’s law for X-ray diffraction.

In this thesis, the X-ray diffractometer (Rigaku, Smart Lab, 9 kW) with Cu-K, radiation (1
= 1.5406 A) was employed for the structural characterization of prepared polycrystalline

samples. Fig. 2-3 shows the typical photographic view of the X-ray diffractometer used

for the present work.

Fig. 2-3 Photograph of the X-ray diffractometer (Rigaku, Smart Lab).
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The instrument is based on the principle of Bragg-Brentano geometry in which the X-ray
generator and detector are placed at equidistance from the sample holder. The system
consists of the PhotonMax high-flux 9kW rotating anode X-ray source, which is coupled
with HyPix-3000 high-energy resolution 2D multidimensional semiconductor detector.
This detector allows all applications to be handled with a single detector and used to obtain
2D powder diffraction patterns. A high-resolution 6/6 goniometer drive system with an in-
plane diffraction arm is incorporated to the system. For the measurement, the voltage and
current of the X-ray generator were kept at 50 kV and 180 mA. The XRD patterns were
measured with the scanning step size of 0.02° between the 26 range of 10-90°. The structural
investigation of the samples was done by analyzing the XRD patterns by Rietveld
refinement technique using the Fullprof software [121]. The experimentally observed XRD
pattern was fitted with the theoretical pattern using the phases obtained from the
crystallographic database in which user-selected parameters were refined to minimize the
difference between the experimentally observed pattern and the calculated pattern. We can
find important information about the crystalline structure through refinement analysis, such

as lattice parameters, atomic positions, site occupancies, bond lengths, bond angles, etc.

2.2.2 Raman spectroscopy

In 1928, C. V. Raman first discovered the famous Raman effect as the inelastic scattering
of light from molecules [122]. Raman spectroscopy is a sensitive tool that detects
vibrational or low-frequency modes to study structural properties like crystalline phases,
bonding, chemical composition, strain, defects, etc., of the material. In Raman
spectroscopy, when the monochromatic laser beam falls to the sample, it interacts with the

molecular vibrations, and most of the light gets scattered elastically (Rayleigh scattering).
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Fig. 2-4 The energy level diagram for Rayleigh and Raman scattering.

The small fraction of scattered light has a different wavelength than the incident wavelength

due to inelastic scattering and comprises the main feature of Raman spectra. The scattered

lines are known as the Stokes line if the scattered wavelength is shorter and the anti-stokes

line if the scattered wavelength is longer as compared to the incident wavelength (see Fig.

2-4). In conventional Raman spectrometers, the Stokes shifted Raman bands are measured,

as they are more intense than anti-Stokes shifted Raman bands and corresponds to the

Fig. 2-5 Photograph of the Raman spectrometer (Horiba Jobin Yvon, LabRam HR800).

TH-3216_176121015
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molecular transition from lower to higher vibrational energy levels. The fluorescing
specimen causes interference with Stokes bands, and there anti-Stokes bands are measured.
Fig. 2-5 depicts the photographic view of the micro-Raman spectrometer (Horiba Jobin
Yvon, LabRam HR800) used for the Raman spectra of prepared samples for the present
work. The excitation of the photon is obtained with the monochromatic laser source (Ar-
ion) of wavelength of 514 nm. The backscattered geometry with 50x objective, edge filter,
and Peltier-cooled charge-coupled device detector are used for the recording spectra. For
temperature-dependent Raman spectroscopy, the heating/cooling sample stage (Linkam,
THMS600) is attached to the instrument. The instrument has a spectral resolution of
1 cm™ and the 1800 mm™ grating was fixed during the temperature-dependent

measurement for positional accuracy.

2.2.3 Scanning Electron Microscopy

In the present thesis, a Scanning electron microscope (SEM, Leo 1430VP) equipped with
a field-emission scanning electron microscope (FESEM, Sigma-300 Zeiss) and energy
dispersive X-ray spectrometer (EDX, Sigma) were used for the morphological and

elemental composition study of prepared samples.

Fig. 2-6 Photograph of the field emission scanning electron microscope (Sigma, Zeiss).
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In SEM, the scanning of the surface of the material is done by the thermionically emitted
high-energy electrons that are accelerated towards an anode with sufficient kinetic energy
and focused by two successive condenser lenses into a beam with a narrow spot size (50
A°). Similarly, in FESEM, the electrons are emitted from field emission. The image
magnification of ~ 10° times is provided by the shorter wavelength of electrons. The
deflection of the beam over the area of the sample surface occurs with scanning coils near
the objective lens. Depending on the interaction between electrons and the sample, different
signals like secondary electrons, backscattered electrons, and characteristic X-rays are
generated, and the detectors collect their intensity. The secondary electrons are used to
analyze the sample's surface topography, and the backscattered electrons provide
information of the sample composition. The photographic view of the field emission
scanning electron microscope is shown in Fig. 2-6. Furthermore, the energy dispersive X-
ray spectroscopy (EDX) is quite useful for the elemental characterization of the specimen.
The EDX spectrum generally consists of the peak related to the energy levels for which
most of the X-rays are received. Each of these peaks in the spectrum is unique to an atom

and corresponds to a particular element.

2.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface science technique that is used to
determine the quantitative elemental composition and oxidation state. Usually, the XPS can
probe to the depth of 1-10 nm on the surface of a specimen. When the sample is irradiated
with monochromatic X-rays, it results in the emission of photoelectrons whose energies are
the characteristics of the elements. The XPS spectra obtained by the number of electrons

and their binding energy allow the identification of the element inside the material.
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Fig. 2-7 Photograph of the X-ray photoelectron spectrometer (ESCALAB).

The Kkinetic energy of core electrons ejected by the incident X-ray is given by the following

equation [123],

Ex =hv—E,— ¢ (2.2)

where, E}, is the kinetic energy of the photoelectron, hv is the energy of an incident photon,
E}, is the binding energy of the electron, and ¢ is the work function. In general, the XPS
instrument has different components. When the X-rays (typically the Al K, and Mg K,) hit
the sample, the electron leaves the surface with a range of energies and directions. The
ultrahigh vacuum system (< 10°° Torr) is required due to the relatively low energy of the
emitted photoelectrons. The portion of these photoelectrons is collected by the set of
multielement lenses and transferred to the hemispherical analyzer. The electrostatic field
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within the analyzer allows the electrons with specific energy to reach the detector. The XPS
data are compared to archives of experimentally determined XPS data of standard reference
materials. For the present thesis work, the used X-photoelectron spectrometer (Thermo

Fisher Scientific, ESCALAB Xi+) is displayed in Fig. 2-7.

2.2.5 Physical Properties Measurement System

The physical property measurement system (PPMS) is a sensitive and adaptable tool for
the highly precise measurement of a wide range of physical properties as a function of
magnetic field or temperature, including magnetization, electrical resistivity, heat capacity,
thermal conductivity, etc. Therefore, after structural analysis, the single-phase
polycrystalline samples were further studied, and the dc magnetization measurements were

performed to investigate the magnetic properties of the compounds.
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Fig. 2-8 Photograph of physical property measurement system (PPMS, DynaCool).
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The details of the measurements are discussed in this section. In the present thesis, a PPMS
(DynaCool, Quantum Design) equipped with a vibrating sample magnetometer (VSM) is
used for the magnetization measurements. In this instrument, the measurement options can
be operated in a wide range of temperatures of 2 to 325 K with the applied magnetic fields
up to 9T. Fig. 2-8 shows the photographic view of PPMS with a dewar that has a 9T
conduction-cooled superconducting switchless magnet, pump setup, lock-in amplifier, and
a power source. The integrated cryo pump evacuates the sample chamber to less than 10
Torr. The sophisticated MultiVu software controls the system and helps it operate during

the experiment.

Motor drive current
Motor module VSM head
(Servo control)

Raw encoder signal

CAN network

Encoder position

Sample rod

Linear Transport
Motor

VSM module ol
oilset voltage - ;
(Synchronous | Pick-up coils |
detection)

Fig. 2-9 The VSM coil set with motor (right) and the block diagram of VSM mode operation
of PPMS (left).

For temperature and field-dependent magnetic properties, the VSM configuration is used.
The VSM option employs a puck-based first-order gradiometer coil set and high-resolution
linear transport motor (see Fig. 2-9), which transforms the PPMS into a sensitive DC
magnetometer for faster data recording. The major components of the VSM option are the
VSM linear motor transport/head with centering accuracy + 0.04 mm for vibrating the
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sample, the detection coil set puck, the electronics for operating the linear motor transport
and detecting the response from the pickup coils, and the computer interface. The VSM can
perform measurements up to the maximum field available from the PPMS magnet, as the
sensitivity of the detection coils is unaffected by large magnetic fields. A temperature
sensor integrated within the coil set provides the thermometry of the sample through
exchange gas coupling. The VSM measures the static or dc magnetic moment of the sample
as the function of temperature or applied field. The single crystal, thin film, polycrystalline
pieces, and loose powders can be measured with standard sample holders, including low-

background quarts paddle, brass half-tube spacer, and polycarbonate capsules.

The working principle of VSM is based on Faraday’s law that changing magnetic flux can

induce a voltage in the pickup coil. The induced voltage is given by the relation,
= B s 2.3
Y= dt (dz) (dt) @3)

Here, ¢ is the magnetic flux related to the pickup coil, z is the sample’s vertical position
with respect to the coil, and t is the time. The output voltage for a vibrating sample may be

expressed as,
V =2nfCmAsin(2rft) (2.4)

Here, C, m, A, and f are the coupling constant, magnetic moment, amplitude of oscillation,
and frequency, respectively. The basic measurement is done by oscillating the sample near
a detection (pickup) coil and simultaneously detecting induced voltage. Several steps
involved in VSM operation are shown by the block diagram in Fig. 2-9. The analyzed
sample is attached to the end of a sample rod, which is driven sinusoidally. The center of
oscillation is positioned at the vertical center of the gradiometer pickup coil by centering

the sample. The precise position and amplitude of oscillation are controlled by the VSM
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linear motor module. The VSM detection module uses the position encoder signal as a
reference for synchronous detection. This encoder signal is obtained from the VSM motor
module, which interprets the raw encoder signals from the VSM linear motor transport. The
VSM detection module detects the in-phase and quadrature-phase signals from the encoder
and from the amplified voltage from the pickup coil. These signals are averaged and sent
over the CAN bus to the VSM application running on the PC. By using a compact
gradiometer pickup coil configuration, a typical oscillation amplitude of 2 mm, and a
frequency of 40 Hz, the system is able to resolve magnetization change of less than 10
emu at the data rate of 1 Hz. To conduct temperature-dependent dc-magnetization

measurements, different modes are described as,

(1) Zero-field-cooling (ZFC): In this mode, the sample was cooled from room temperature
or the paramagnetic region to the lowest temperature of measurement in the absence of any
magnetic field. Data were recorded during the subsequent heating cycle after applying a

constant magnetic field.

(2) Field-cooled cooling (FCC): In this mode, the sample was cooled from room
temperature or the paramagnetic region to the lowest temperature of measurement while
maintaining a constant applied magnetic field. Data were recorded during the same cooling

cycle.

(3) Field-cooled warming (FCW): Similar to the FCC mode, the sample was cooled from
room temperature or the paramagnetic region to the lowest temperature of measurement
with a constant applied magnetic field (same as the FCC case). However, data were
recorded during the subsequent heating cycle of the measurement. Generally, FCW is

commonly referred to as FC.
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Chapter 3 : Spin-induced exchange bias,
lattice modulation, and magnetostructural

Imprints in Nd1xEuxCrQOs
3.1 Introduction

The family of rare earth chromites RCrOz (R = rare earth and yttrium) belongs to an
orthorhombic space group Dis — Pnma with four formula units per unit cell with
octahedrally coordinated B-sites occupied by Cr3* ions and A-sites occupied by R** ions
[45]. For practical applications, materials with multifunctional properties close to room
temperature are more acceptable. A promising candidate in this search may be the
perovskite-type NdCrOs with an orthorhombic Pnma structure. The magnetic structure of
NdCrOz is known to be G-type antiferromagnetic. The Cr®* spins exhibit the
antiferromagnetic ordering at Tn ~ 219 K and the weak ferromagnetism below Tn. The
reorientation of Cr3* spins takes place because of the transition from a weak ferromagnetic
phase to an antiferromagnetic phase at spin-reorientation transition Tsr ~ 35 K [15,87]. The
magnetic ordering of Nd* ions (Tre) exhibits at a much lower temperature (~ 4.2 K)
induced by the Cr3* sublattice [16]. Similarly, EuCrOs has Tn ~ 180 K with a canted
antiferromagnetic structure. Based on magnetization or neutron diffraction studies, the
ordering of Eu moments is not known, but the contribution of Eu®* ions to magnetism has
been described by the Van Vleck-type temperature-dependent Eu moments [14,124]. In
recent years, the exchange bias (EB) effect is under intense investigation due to its
utilization in sensors, spintronic devices, and magnetic recording devices [4,6,125].
Initially, the EB effect was observed due to exchange anisotropy generated at the interface

between antiferromagnetic (AFM)-ferromagnetic (FM) layers [6]. The EB effect in single-
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phase alloys and compounds was associated with magnetic structures such as
spontaneously phase-separated systems and magnetic core-shell structures [7]. In order to
demonstrate the EB effect through various mechanisms, different orthochromites similar to

their isostructural manganites have been recently reported [71] [74][118].

The interaction between the moments of R and Cr offers not only several magnetic phases
but also other properties. Such as the case of RCrOgz the spin-phonon coupling is observed
only for magnetic R-ion [12], and Raman behavior and ferroelectricity below Ty are topic
of debate [107][126][13]. The presence of magnetoelastic distortions in EuCrOs is
examined with temperature variation of lattice parameters, thermal expansions, and
dielectric measurements [14]. However, the analysis of electron density distribution as the
function of temperature linked to the crystal structure and atomic displacement has not been
reported in RCrO3 so far. We find that the understanding of NdCrOsz is confined to
individual properties, which still requires the study of phonon modes as a function of
temperature and its correlations with magnetic properties. Further, there is a requisite for
the evolution of the chemical pressure induced by Eu®* ions on the structure and magnetism
of NdCrOs. To improve the multifunctionality of the material will, therefore, be interesting
and technologically significant. For this, the orthorhombic distortions can be tuned by
substituting the R®* of different ionic sizes that may give the various magnetic properties

and the spin-lattice coupling through the magnetic transitions.

This chapter deals with the synthesis of NdixEuxCrOs (x = 0.0 to 1.0) samples and the study
of its structural and magnetic properties. The chemical pressure-induced magneto-
structural effects through Eu substitution are examined. The possibility of a significant EB
effect in the weak ferromagnetic state and the detailed temperature-dependent Raman
study. The magnetoelastic coupling is studied via the structural parameters at low
temperatures. The DFT based calculations are involved to support the findings. The
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experimental electron density distribution of the samples is investigated using the

maximum entropy method.
3.2 Experimental and Computational details

The polycrystalline samples of Nd.-xEuxCrOs (x = 0.0, 0.05, 0.10, 0.20, 0.50, 0.70, 0.90,
and 1.0) were synthesized by the standard solid-state reaction method. The stoichiometric
ratio of the starting compounds Nd203 (99.9%), Eu203 (99.9%), and Cr203 (99.6%) was
weighed and mixed into the agate mortar pestle in the acetone medium. These finely mixed
powders were pressed into pellets ~10 mm in diameter using a hydraulic press and put in
the alumina crucibles. After intermediate grinding and heating steps, all the pellets were
finally sintered at 1300 °C for 12 h, followed by slow cooling in the air at a rate of 3 °C/min.
The structural characterization was performed using the X-ray diffractometer (Rigaku,
Smart Lab, 9kW) with Cu-Ka radiation (A = 1.5406 A). Low-temperature XRD
measurements were performed at selected temperatures in the 3-300 K range using the
Rigaku SmartLab machine equipped with a low-temperature attachment. Raman spectra
were recorded with a Raman spectrometer (Horiba Jobin Yvon, LabRam HR) having an
excitation wavelength of 514 nm at room temperature to confirm the phase purity. The
samples were kept in a Linkam (THMS600) Stage for temperature-dependent Raman
spectroscopy in the temperature range of 80-300 K. The morphology and the homogeneity
were examined by field emission scanning electron microscope (FE-SEM) (Zeiss, Sigma
300) and energy dispersive X-ray (EDX) (Sigma), respectively. Magnetization
measurements were carried out using a physical property measurement system (PPMS)
(Quantum Design, DynaCool) in the temperature range of 3-300 K and up to a maximum

field of 9T.
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The calculations with density-functional theory (DFT) and density-functional perturbation
theory (DFPT) were performed using the Quantum-ESPRESSO package [127]. The
simulations utilized the experimentally derived lattice parameters and were conducted
using 20 atoms cells (four Nd, four Cr, and twelve O). We replaced each of these four Nd
sites with Eu in one supercell, and the difference in the result was minimal. Thus, the
average result of the above four configurations has been taken. The Perdew-Burke-
Ernzerhof function for exchange-correlation energy is used. The self-consistent field (SCF)
run was executed on the 4x4x4 k-point mesh with the kinetic energy cutoff of 50 Ry for
wavefunctions and 500 Ry for charge density. The energy convergence accuracy of 1078

Ry is used for the SCF calculations.

3.3 Results and discussions

3.3.1 Room temperature Powder X-ray diffraction
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Fig. 3-1 (a) Rietveld refinement of powder XRD patterns of Nd:xEuxCrOz (x = 0.0-1.0)
samples by using the FULLPROF program. The circles are the experimental points, the
solid line (black) is refined data, and the bottom green line shows the difference between
these two. Vertical lines (blue) represent the Braggs position (b) The crystal structure of
the x = 0.10 sample visualized by VESTA software.

48 |Page
TH-3216_176121015



Chapter 3: Spin-induced exchange bias, lattice modulation, and magnetostructural
imprints in Nd1-«EuxCrOs

The phase purity and the crystal structure of the greenish samples were confirmed by
performing a powder X-ray diffraction (XRD) experiment on polycrystalline Nd1xEuxCrO3
(x = 0.0-1.0) samples. The typical XRD pattern, together with the Rietveld refinement, is
shown in Fig. 3-1(a). The obtained XRD peaks were well matched with the ICSD Card
No. 01-083-0261, suggesting no sign of any impurity phases. For further confirmation, the
Rietveld refinement of the XRD patterns was carried out using the FULLPROF program.
The refinement confirms the formation of single-phase samples having the space group
Pnma (N0.62) with an orthorhombic structure. The goodness of the fit (y?) values confirms
the quality of fitting. It is found that all the substituted samples crystalize in single-phase
with the orthorhombic crystal structure having the Pnma space group. The refinement is
used to calculate the lattice parameters, bond lengths, and bond angles. The unit cell
parameters for all the samples are given in Table 3-1. The lattice parameters of the present

x = 0.0 sample are in good agreement with the previous report [46].

Table 3-1 Lattice parameters a, b, ¢, unit-cell volume V, bond lengths Nd-O1 and Cr-O2,
and bond angle Cr-O1-Cr obtained from Rietveld refinement of Nd,;—.EuxCrOs (x = 0.0 to
1.0) samples.

x a(A°  Db(A)  c(A° V(A°® Nd-O1 Cr-O02 Cr-Ol-Cr

(A°) (A°) (deg.)
0.0 5.482 7.689 5.418 228.37 2.395 1.939 156.5
0.1 5.484 7.688 5.415 228.30 231 1.901 153.2
0.2 5.488 7.686 5.413 228.39 2.381 2.092 154.4
0.5 5.498 7.667 5.385 227.03 2.353 2.045 153.9

0.7 5.496 7.633 5.354 224.67 2.317 2.037 151.78
0.9 5.506 7.626 5.344 224.44 2.319 1.982 152.12

1.0 5.512 7.626 5.342 224.58 2.343 1.993 152.39
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The doping of Eu®*ions brings the increase in lattice parameter a, reduction in b, ¢, and
lattice volume V, attributed to the lattice contraction arising from the difference in the ionic
radii of Nd®* (1.109A°) and Eu®" (1.066A°). The crystal structure obtained from the
refinement of x = 0.10 sample is displayed in Fig. 3-1(b), where the Nd*/Eu®" ions
(yellow/pink spheres) occupy the A-site, and the Cr3* ions (blue spheres) occupy the
octahedral B-site. Oxygen ions O1 and O2 (red spheres) connect the CrOs octahedra along
the b-axis and the a-c plane. The unit cell is outlined. The distorted perovskite-type
structure shows the in-phase tilting of the CrOg octahedra along the b-axis. The distortion
of cell edges of the NdixEuxCrOz system from ideal cubic symmetry is tested using

different factors. We found that Goldschmidt's tolerance factor t = (7|yg+gu +

1,)/N2(rer + 1) [44], decreases from 0.883 (x = 0.0) to 0.868 (x = 1.0). In addition, the

cell distortion factor d is defined by the equation [128],

(\/%‘ap)sz (g‘ap)z’f(rcf‘%)z (3.1)
3a3

d=10°

a, b, c
where, a,, = M is the average cubic lattice parameter. We observed the d increases

sharply with increasing Eu content from ~ 24 ppm (x = 0.0) to 172 ppm (x = 1.0), as

illustrated in Fig. 3-2(a).

Further, the orthorhombic strain s along the b-axis is calculated using the relation [129],
s=2(a+c—+/2b)/ (a+c++2b) (3.2)

The doping of the Nd-site with Eu®* ions increases the s (in order of 10-%) from 2.51 (x =

0.0) to 6.59 (x = 1.0), shown in Fig. 2(a).
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Fig. 3-2 (a) The cell distortion factor d and orthorhombic strain s as the function of Eu
content and (b) The x variation of the tilt angle ¢[010].

Here, we noticed both d and s show some ambiguity at the x = 0.5 sample; however, no
such trend is seen directly in the cell parameters. Furthermore, the internal crystallographic
parameters such as Nd/Eu-O1, Cr-O2 bond length, and the Cr-O1-Cr bond angle obtained
from refinement are listed in Table 3-1, exhibit the significant modifications related to the
structural distortions. In order to calculate the in-phase octahedral tilt angle ¢[010], the

following expression is used [130],

_ cos[{180 — (Cr — 02 — (Cr)}/2] (3.3)
~ Jcos[{180 — (Cr — 01 — Cr)}/2]

cos®

Fig. 3-2(b) shows the decrease in the ¢ value for x <0.5 and the rapid increase for x >0.5
samples. According to the calculation of the tilt angle ¢[010] from atomic positions by
Weber et al. [46], the decrease of ionic radii of R-ion can increase the ¢ value. However,
present results deviate from this behavior at x = 0.5, suggesting the possible non-monotonic
increase of structural distortion by substituting Nd** with Eu®* ions in the Ndi1xEuxCrOs

system.
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3.3.2 Microstructural analysis

3.321 FESEM and EDX

The FESEM micrographs of Nd1.xEuxCrOs (x = 0.0-0.70) and the EDX mapping of the x =
0.05 sample are displayed in Fig. 3-3(a)-(d). The surface morphology of the bulk samples
shows a uniform grain formation with considerable porosity. The elemental mapping for x
= 0.05 sample confirms the uniform distribution of elements. The average grain size is
calculated using the linear intercept method by image-J software. The grain size distribution
for x = 0.7 sample is displayed in Fig. 3-3(e). The estimated grain size is found to be in the
range of 0.648 t0 0.858 um for x = 0 to 1.0 samples as shown in the Fig. 3-3(f). We noticed
the trend of grain size changes across x = 0.5 composition similar to the d, s, and ¢[010]

observed from XRD analysis, showing possible influence of non-monotonic structural

distortions on the surface morphology.

Eu content (x)

Fig. 3-3 FESEM micrograph of Nd:1xEuxCrOs, (a) x = 0.0 (b) 0.20 (c) 0.70 samples (d)
the EDX mapping of x = 0.05 sample (e) the grain size distribution of x =0.7 sample and
(f) the average grain size as the function of Eu content.
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3.3.2.2 Bulk modulus
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Fig. 3-4 (a) Calculated bulk modulus as the function of Eu content and (b) the x
dependence of unit cell volume obtained from refinement of Nd;—.EuxCrOs (x = 0.0-1.0)
samples.

For a clear understanding, we have also investigated the bulk modulus of these compounds.
The experimental value of bulk modulus is usually obtained by fitting a second-order Birch-
Murnagham equation of state to the pressure dependence of unit cell volume [131]. In this
work, we employed the DFT-based calculations to find the bulk modulus of the
Nd;-xEuxCrOs (x = 0.0 to 1.0) compositions, as depicted in Fig. 3-4(a). It is observed that
the bulk modulus increases with increasing Eu content, showing a maximum value of ~
202.17 GPa across x = 0.5 sample. The further increase of Eu substitution resulted in a
sharp decrease of bulk modulus up to x = 1.0 sample. The value of bulk modulus for x =
0.0 compound is comparable with the theoretical value ~ 192 GPa of cubic NdCrO3 [132]
and experimental results of other perovskites such as GdFeOs ~ 182 GPa and GdAIOs ~
191 GPa [133]. The increase of bulk modulus with Eu substitution may be due to the
decrease of the average A-site radii as the ionic radii of Eu®*(1.066 A) is comparably
smaller than Nd®*(1.109 A). The pressure effect on RCrO3 suggest the experimental value
of bulk modulus increases with decreasing ionic radii of the R-ion [112,131,134][135].
However, our result deviates from this behavior for higher Eu content and shows the least
compressibility for x = 0.5 composition. These observations are associated with the volume

or structural change. The x dependence of volume (see Fig. 3-4(b)) shows the decrease of
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volume (V) as it should be the case with Eu substitution. However, the V for x = 0.0-0.20
sample is in the range of ~ 228 A3 and it decrease to the range of 224 A3 for x = 0.70-1.0
sample. Thus, the V is not gradually decreasing with the gradual increase of Eu content, but
the maximum change near x = 0.50. Further, the x dependence of selected Raman modes
showed the similar behavior that will be discussed in upcoming section. Thus, it seems the
chemical pressure induced by Eu substitution increases for x < 0.5 and decreases for x >
0.5 samples suggesting some boundary at x = 0.5 concentration. The effect of chemical

pressure boundary is evident from the observed structural properties of present samples.

3.3.3 Room temperature Raman spectroscopy
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Fig. 3-5 (a) Raman Spectra from 100 to 600 cm™ of Ndi1xEuxCrOs (x = 0.0-1.0) samples
measured at room temperature and (b)-(c) the x dependence of phonon frequencies of
selected Raman modes.

Raman scattering spectroscopy is always a powerful and sensitive tool for detecting local
structural distortions by the evolvement of phonons. According to group theory, RCrOs
compounds belonging to the orthorhombic crystal structure with the Pnma space group

show a total of 24 Raman active phonon modes [136].

I Raman, Pnma = 7Ag + 5B1g + 7B2g + 5Bag (34)
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Raman spectra of Nd1-xEuxCrOs for x = 0.0-1.0 samples at room temperature are displayed
in Fig. 3-5(a), in which the x = 0.0 sample is consistent with the previous study [116]. For
each measured spectrum, Lorentzian functions were used to obtain the exact peak position
by decomposing the fitted curves into individual Lorentzian components. We are getting
11 prominent Raman active modes. Lattice dynamics calculations using DFPT have been
involved in assigning exact Raman modes, which are in good match with our experimental
modes and comparable with an earlier report on LaCrOs [137]. The experimental and
calculated Raman modes with their assignment for x = 0.0-1.0 samples are presented in
Table 3-2. It is clear that the substitution of Eu®* ions significantly changes the phonon
frequencies. The Raman wavenumber is related to the bond length (I) by 1/(1)*/? and
changes in the bond length of the particular atoms involved in the mode vibrations can give

changes in mode positions [109].

It is observed that the movement of Nd/Eu atoms affects the modes below 200 cm™
reflected in the shift of the Ag¢(2) mode toward low wavenumber (red shift). However, the
higher wave number shift of Bzg(1) mode and a notable decrease in Bag(1) mode intensity
is observed. It results in the merging of Bzg(1) mode to the intense Bsg(1) mode and
becomes a shoulder-like feature for x > 0.5 compositions. This can be further linked to the
absence of theoretical B2g(1) mode for the x = 1.0 sample, mentioned in Table 3-2. The
modes from 200 to 500 cm™ (except Big(1) mode) exhibit the shift towards higher
wavenumber (blue shift) due to the decrease of A-site ionic radii. We noticed the mode
B1g(1) appears for x > 0.5 (higher substituted) compositions, which is consistent with the
present calculation related to R and O motion. Above 500 cm™, the modifications in
antisymmetric stretching of O atom inside CrOg octahedra result in the red shift of Bsg(3)
mode. The phonon frequencies in Fig. 3-5(b)-(c) shows the maximum change near the x =

0.5 composition which confirm the aforementioned structural behavior.
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samples, theoretical wavenumber, and their assignment for x = 0.0 and 1.0 sample

Table 3-2 Experimental phonon modes wavenumbers of NdixEuxCrOs (x = 0.0-1.0)
calculated at 300 K.
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3.3.4 Magnetic properties

3.3.4.1 Temperature and field-dependent magnetization

The temperature dependence of magnetization (M-T) under the field cooled (FC) conditions
with an applied field of H = 100 Oe and the first derivative of magnetic susceptibility,
(dy/dT) as a function of temperature (T) for NdixEuxCrOsz (x = 0.0-1.0) samples are
shown in Fig. 3-6. We see the magnetic ordering exhibits at Ty = 225.4 K associated with
AFM ordering of Cr®* and Tsr = 37.1 K due to spin reorientation of Cr®* spins for x = 0.0

sample, which is in agreement with the previous report [111].
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Fig. 3-6 Temperature-dependent magnetization curves measured in FC mode for the
applied field of 100 Oe (b) Temperature dependence of the first derivative of susceptibility
curves having peaks at magnetic transition and (c) The variation of Ty and Tsr as the
function of Eu content for Nd1xEuxCrOsz (x = 0.0-1.0) samples.

The x dependence of Tn and Tsris plotted in Fig. 3-6(c), which shows the substantial
decrease in Tnvalues from 224.1 K (x = 0.10) to 182.5 (x = 1.0). On the other hand, the Tsr
first increases to 41.3 K (x = 0.5) and then decreases to 13.3 K (x = 0.9) such that no spin-

reorientation is observed for the x = 1.0 composition. Present x = 1.0 sample is found to be
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in agreement with the report [12]. It is expected that the contraction of lattice parameters
causes a sufficient decrease in Ty values. However, the changes observed in Tsr can be
related to the non-uniform structural behavior through Eu substitution. By the help of the
neutron diffraction of NdCrOs, it is known that the Cr* spin system exhibits the weak FM
phase (I'2) below Tn and AFM phase (I'1) below Tsr [16]. As observed from the x variation
of Tsrin Fig. 3-6(c), the lower Eu substitution (x < 0.50) slightly increases the Tsr value
because of the similar magnetic phases as the parent compound. However, the decrease of
the AFM phase up to x = 0.90 results the sharp decrease in Tsr. The samples with higher
Eu content possibly contain a mixed weak FM phase (I'2 and I's) below Ty and the AFM
phase below Tsr. We expect the strong interaction between Nd**/Eu®* and Cr®* moments
resulting in spin-reorientations up to 90 % Eu substituted samples. However, the presence
of only weak FM phase (I's) for x = 1.0 compound [15] drastically increases magnetization
and vanishes Tsgr. It is in accordance with the EuCrOs report showing no spin-reorientation

transition [124].

+M
H; i MiNaFu| i
I l l I R ] L Ti ! T ’ I L ‘l‘i
i L m,
@ L) C©
Ty r* Ty

Fig. 3-7 Schematic diagram of the moment arrangements in the temperature regions (a) T
<Tsr(b) TsR<T<T* and (c) T* < T < Tn, where Mcrand M |ng+ey indicate the FM
component of Cr¥* and PM moments of Nd**/Eu®* ions respectively.

The FC M-T curve in Fig. 3-6(a) shows that as we decrease T, first magnetization (for x <

0.5) increases to its maximum at T ~ 170 K and then drops to give a minimum around T*
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~ 90 K, below which it rises sharply to a maximum at T ~ 39 K. The magnetic behavior of
the Ndi-xEuxCrOs system below Ty can be explained in terms of the Cr sublattice and
INd+Eu| sublattice, such that their moment aligns opposite but not exactly equal in
magnitude to fully compensate each other, giving the minimum magnetization at T*. The
canting of magnetically ordered Cr3* ions results in a weak ferromagnetic moment (Mc),
whereas the paramagnetic moment of Nd**/Eu®* ions (Mna+uf) €Xperiences a negative
internal field (Hi) due to the AFM ordered Cr3* ions. The schematic diagram in Fig. 3-7
presents the coupling scheme of weak ferromagnetic Cr* moments and paramagnetic
Nd**/Eu®" moments. We observed that the Mc, due to canting of Cr** spins depends on the
chemical substitution. The strong Nd/Eu-Cr exchange interaction results in spin-
reorientation for the samples. The increase of the Mc: minimizes the reorientation of Cr3*
spins after x = 0.7 compound and finally vanishes the reorientation for x = 1.0 composition

showing the saturation of magnetization at lower temperatures.

3.3.4.2 Exchange constants

At sufficiently high temperatures (T > Tn), the magnetic susceptibility (y) follows a Curie-

Weiss law according to,

-_ ¢ _ Na ugr (3.5)
Amol = 776y T 3kp(r-0)

where C is the Curie constant, can be written in terms of the Avogadro number Na, the
Boltzmann constant kg, the effective magnetic moment e, and © is the Curie temperature.
The following relation is used to calculated effective magnetic moment values for the

samples,

(3.6)
Magt =J[(1 —X) MRq + X pE, + pE]
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where ping, e, and per indicate the spin magnetic moments of Nd**, Eu®*, and Cr®* ions,
respectively. The Curie Weiss fitting using Eq.(3.5) results in the experimental value of
effective moments pett ~ 5.73 ps (x = 0.0) to 6.21 pg (X = 1.0). These values are relatively
higher than calculated et values varying from 5.29 pg (x = 0.0) to 5.15 pg (x = 1.0). The
Hetr Values show the Cr3* in a high spin state (pcr= 3.87 ps). With substituting less magnetic
Eu® ions (Mes = 3.4 ps) on Nd-site (Ung = 3.62 pg) the decrease in the et values was
expected. However, the increase in et Values suggests the Van Vleck-contributions arising
due to Eu®* moments [14]. The increase of negative Curie-Weiss temperature © ~ -215 K
(x = 0.0) to -466 K (x = 1.0) samples shows enhanced antiferromagnetic interactions.

Further, the considerable difference (in magnitude) of Néel temperature Tn and Curie-

-9 3 0.7
J0.0
L~ 107 ~
£ —_— £
E 114 &
— I Vd/Eu ~
L WA, Jz\ o ~

L idy 4-2.1
-14 1 128

ast @ cr 535

T T T

0.0 ' 08 1.0
Eu content (x)

Fig. 3-8 The effect of Eu content on the exchange constants J; and J. for the Nd1xEuxCrOs
(x = 0.0 to 1.0) samples. Inset shows the representation of J; and J in the unit cell of the x
= 0.5 sample.

Weiss temperature © provides the two exchange constants J; and Jz for the Nd1xEuxCrOs

system described by molecular field relations [138].

1 k®—TN) L (3.7)

8S(S+1)
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_ kp(®+Ty) -1 3.8
J2 = 165(5+1) cm (3.8)

where, S = 3/2 for Cr3* spins, Ji and J. stand for the mean of two exchange constants along
the (a = ¢) and b axes for six nearest neighbors (NN), and the mean of three exchange
constants for twelve next nearest neighbors (NNN) Cr ions, respectively, as demonstrated
in the inset of Fig. 3-8. The x dependence of exchange constants in Fig. 3-8 shows the
maximum value of J; =-15.06 cm*and J; = -3.29 cm ™ for the x = 1.0 compound, which is
higher than the exchange constants of YCrO3 [107]. It is noticed that the trend of J; and J>
changes at x = 0.5, suggesting the modification of the Cr3*-Cr®" interaction. As octahedral
tilting of CrOg (explained in Fig. 3-2(b)) brings the two facing O% ions closer, which helps
the electron hopping via Cr3*—0* —0?—Cr®* path between NN and NNN Cr* ions for such

exchange interactions.

3.3.4.3 Exchange bias

Magnetization as the function of the applied field of £90 kOe at T =100 K (Tsr < T < Tn)
after cooling from the paramagnetic state with the cooling field of +10 kOe for the Nd1-
xEuxCrOs (x = 0.0-1.0) compositions is displayed in Fig. 3-9(a). From the graph, we found
a significant increase of coercive field Hc ~ 12.6 kOe and remanent magnetization Mg ~
25.3x 1072 ps/f.u. for x = 1.0 sample. This indicates the increase of weak ferromagnetic
contributions (in accordance with observed M-T behavior) for higher doped NdixEuxCrO3
samples. Furthermore, the shift of the M-H loops toward the negative applied field axis at
T =100 K in Fig. 3-9(b) is the fingerprint of the EB effect in the Nd1-xEuxCrOs system.

The shift is due to genuine EB and not corresponding to any minor loop [139] is confirmed

61|Page
TH-3216_176121015



Chapter 3: Spin-induced exchange bias, lattice modulation, and magnetostructural
imprints in Nd1xEuxCrOs

3 — k=0, 3f —x=05
(@) o2 () ' 02/ 3 ) /
..;::D /’/ ‘;‘fo ///
—~ 0.1 2 / T=100K | = // T=100K
= = =
b alb af
£ 0.0
-~ A —=07 3= x=09
-0.14 = %
EX //// e /
02 = / T=100K | 5 / T=100K
. 3/
10 £ 0 5 10 -10 -5 0 5 10
H (kO¢) H (kO€)
04 T=100K *—e
(C) ./

-400 4 /
s
-7
S -s00-
] /
T 1200

o/.

-1600 4 /

-2000®

ﬂfO 0.'2 0f4 ().lﬁ ofs 1:0
Eu Content (x)

Fig. 3-9 (a) Field dependence of magnetization (M-H) loops at 100 K of the Nd1-xEuxCrOs
(x = 0.0-1.0) system (b) the enlarged portions of exchange biased loop of x = 0.2-0.9
samples and (c) The EB field Heg as the function of Eu content at T = 100 K of the Nd-
xEUuxCrOs (x = 0.0-1.0) samples.

by the M-H measurements with the maximum field (+90 kOe) and closed loops up to +50
kOe. We know that the EB effect arises due to the exchange anisotropy at the interface of
AFM and FM moments. This additional anisotropy for the asymmetric M-H loop can be
given by the EB field Hes = (H, + H_)/2 and coercive field Hc = (H, — H_)/2, here
H, and H_ are the ascending and descending branch field values at M = 0 for the hysteresis
loop. Initially, such negative EB at 30 K for low cooling fields was reported in isostructural
NdMnO3 [71]. Also, the only negative Heg has obtained for Dy1xNdxCrOs shows the EB
effect without any magnetic reversal [118]. The dependence of Heg on Eu content at 100 K

for the x = 0.0-1.0 samples are presented in Fig. 3-9(c), which shows the Heg decreases
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with increasing x and vanishes for x > 0.5 samples. The competing AFM interaction
between the weak FM component of canted Cr3* moments (Mcr) and the paramagnetic
moment of Nd**/Eu®" ions (Mnaeu) below Ty are responsible for the EB effect. With
increasing Eu substitution, the decrease of EB field at 100 K is observed. It is in accordance
with EuCrOs report showing no EB effect around 100 K [140]. Thus, the presence of mixed
magnetic phases and lattice distortions for higher Eu substituted samples influence the Cr3*
spin canting such that the exchange anisotropy due to AFM coupled Mcr and Mna/eu

decreases, which leads to the decrease of EB field for higher Eu substituted samples.

Therefore, we have discussed the temperature dependence of the EB effect for x = 0.1 and
0.2 compounds in detail. The temperature variation of EB field Heg(T) along with the
coercive field Hc(T) are shown in Fig. 3-10. We obtain the Heg ~ -209 Oe (x = 0.10) and
-319 Oe (x = 0.20) around 5 K that reaches its minimum value across Tsr. After that, the
Hes(T) starts increasing sharply with increasing T and attains the maximum value of EB
field Heg ~ -1297 Oe (x =0.10) and -1322 Oe (x = 0.20) at T* ~ 90 K and 80 K, respectively.
A dissimilar trend is observed for Hc(T), showing maximum value across Tsr and the
minima around T*. To analyze the T window of having maximum Heg(T) and the
concurrent minima of Hc(T), the field ratio Hes / Hc, as the function of T is plotted in Fig.
3-10. The quantity Hes / Hc is the normalized Heg with respect to Hc that can reduce the
complications due to the consecutive changes in Hc [141]. The |Hes/ Hc|value is found to
be high ~ 1.3 at T*, indicating that the large Hc is not always necessary for getting the large
Heg value [142]. This result is different from the general observations where the large EB

effect was involved with the large coercivity, and the value of Heg / Hc is usually << 1 [7].
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Fig. 3-10 Temperature dependence of (a) EB field Heg(T), (b) coercive field He(T), and
(c) the ratio of Heg(T) and Hc(T) extracted from 10 kOe field cooled M-H loops of Nd-
xEUxCrOz (x = 0.10 and 0.20) sample, demonstrating the Tsg, T* and Th.

From the enlarged portions in Fig. 3-9(b), we observe that there is not only a horizontal
shift of exchange-biased M-H loop but also a vertical shift at H = 0 Oe. Therefore, the EB
characteristics can also be defined using the quantities remanence asymmetry Meg =
(M, + M_)/2 and magnetic coercivity Mo = (M, — M_)/2, where M, and M_ are the
remanent magnetizations i.e. magnetization values at H = 0 Oe for descending and
ascending branches of the loop, respectively. The temperature dependence of the Meg and
M¢ are plotted in Fig. 3-11. The nature of Meg(T) and Mc (T) is similar to Heg(T) and

Hc(T), which is expected from the equivalence between Meg and Heg [59]. The quantity
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Fig. 3-11 Temperature dependence of (a) remanence asymmetry Meg(T) (b) magnetic
coercivity Mc(T) and (c) the ratio of Meg(T) and Mc(T) extracted from 10 kOe field cooled

M-H loops of Nd1xEuxCrOsz (x = 0.10 and 0.20) sample.

Meg(T) as the measure of EB effect has been reported recently for the YbCrOs [74] and

LuFeo50Cro5003[9]. The ratio Meg /Mc as the function of temperature displayed the highest

ratio value ~ 1.39 at T* ~ 90 K, similar to the Hes / Hc, which confirms that the EB effect

is occurring with the low coercivity. The EB effect from the shift of field cooled M-H loops

along the H- and M- axis for Nd1xEuxCrOz (x = 0.10 and 0.20) system suggests one more

magnetic phase across T* lies between the Ty and Tsr and consistent with the schematic

spin-diagram. However, it would need further neutron studies to be confirmed. Therefore,

to find the physical significance of T*, the temperature-dependent Raman spectroscopy and

low-temperature power XRD measurements are carried out in the upcoming section.

TH-3216_176121015
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3.3.5 Structural properties at low temperatures

3.3.5.1 Temperature-dependent Raman spectroscopy
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Fig. 3-12 Raman spectra of NdixEuxCrOs (x = 0.0 and 0.10) samples from 100 to 600
cm® in the temperature range of 80 to 300K.

Moreover, the study of low-temperature Raman spectra for x < 0.5 sample is also involved
and the temperature-dependent Raman spectra are recorded in the range of 80-300 K. The
Raman spectra at a few temperatures for x = 0.0, and 0.10 samples are shown in Fig. 3-12.
We observed that no new phonon modes are emerging in the temperature range of 80-300
K, ruling out the occurrence of any structural phase transitions. Therefore, the temperature
dependence of line shape parameters of x = 0.0-0.10 samples has investigated to understand
the subtle structural distortions in terms of the interaction between lattice and spin degrees
of freedom such as spin-phonon coupling. The wavenumber of a phonon mode as a function

of temperature in magnetic materials is given by Granado et al.[11]

Aa)(T) = (Aw)latt + (Aw)ren + (Aw)anh + (Aw) s—ph (39)
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Fig. 3-13 (a)-(d)Temperature dependence of antistretching mode Bsg(3) frequencies and
(e)-(h) the corresponding linewidths of Ndi1xEuxCrOs, (x = 0.0-0.20) samples. The red
dotted lines show the fitted curves for anharmonic contribution, according to Eq. (3.10),
and solid black lines guided to the eye.

67|Page
TH-3216_176121015



Chapter 3: Spin-induced exchange bias, lattice modulation, and magnetostructural
imprints in Nd1xEuxCrOs

where, (Aw);q:¢ IS the lattice expansion due to anharmonicity or contraction due to
magnetostriction. The term (Aw),.., gives the renormalization of the electronic states that
may occur near the spin ordering temperature. The (Aw)q,n represent anharmonic
frequency shift at constant volume known as the intrinsic anharmonic effect. The last term
(Aw) s_p,p is the spin-phonon effect, caused by the modulation of the exchange integral
by lattice vibrations. The first term is attributed to the isotropic change in volume, which is
not applicable here. Also, the second term can be neglected in case of low carrier
concentration. Balkanski et al. have been proposed the purely anharmonic contribution to
the temperature-dependent phonon frequency of Raman modes can be understood by the

following relation [143],

2

wann M= 0O +A[1+ 2] +B[14+ -+ 2], (3.10)

eX—1 ey—1 (e¥-1)2

hw(0) . _ hw(0)
2kgT Y= 3kgT

where, X = and w(0), A, and B are adjustable parameters optimized for the

fitting of the experimental data above Tn.

The temperature evolution of Bsg(3) mode of the Nd1-xEuxCrOz, x = 0.0-0.20 samples are
shown in Fig. 3-13. The antisymmetric stretching mode shows a clear deviation from
anharmonicity (red dotted line) given by eq.(3.10) below Ty, indicating there might be
another factor apart from anharmonicity giving hardening of the mode for the samples
displayed in Fig. 3-13(a)-(d). Similar behavior of anti stretching mode is also observed in
GdCrOs3 [13] and HoCrO3 [109]. Such hardening may contribute to the magnetostriction
caused by the changes in the unit cell volume. Therefore, the temperature dependence of
the corresponding linewidths is plotted in Fig. 3-13(e)-(h). The linewidths are related to

phonon lifetime and unaffected by magnetostriction. The anomaly observed in linewidths
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below Tn confirms spin-phonon coupling in Nd1xEuxCrOs (x = 0-0.20) systems, which can

be explained by different magnetic interactions of Nd**/Eu®* and Cr** moments.
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Fig. 3-14 (a)-(d) The effect of temperature on Aq(6), the bending mode frequencies
Nd1-xEuxCrOs, (x = 0.0-0.20) samples. The red dotted lines are fitted curves for anharmonic
contribution, according to Eqg. (3.10), and solid black lines guided to the eye.

The temperature-dependent phonon frequencies of out of phase bending mode Aq(6) are
displayed in Fig. 3-14(a)-(d). The anomalous softening of mode frequencies below Ty is
observed for x = 0.0-0.20 samples, showing a clear spin-phonon coupling in these systems.
The softening of bending mode has been initially observed in isostructural RMnO3z [10] and
magnetic RCrOs (R= Gd, Sm) [12]. The softening could be associated with the weak
ferromagnetism due to the canting of Cr®* spins resulting in the strong spin-phonon
coupling. The mode Bag(1) corresponds to pure R-ion ( Nd**/ Eu®") vibration. The

hardening of the modes and the anomaly in the linewidths are shown in Fig. 3-15(a)-(h).
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Fig. 3-15 Temperature dependence of phonon frequencies and (e)-(h) the linewidths of
Bsg(1) mode involving the Nd**/ Eu®* ion vibrations of NdixEuxCrOs, (x = 0.0-0.20)
samples. Solid black lines guided to the eye.
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Bhadram et al. have proposed the displacement of magnetic R®* ions can induce the spin-
phonon coupling for low-frequency mode [12]. Thus, the possible movement of Nd3*/ Eu®*
ions also contributes to the spin-phonon coupling in Ndi-xEuxCrOs (x = 0.0-0.20) system.
Since the phonon coupling to Cr¥*-Cr¥*and Nd**-Cr®* magnetic exchange interactions
below Tn induces strong spin-phonon coupling. Thus the modification of these exchange
due higher Eu substitution decrease the spin-phonon coupling beyond the x = 0.20 system.
This is in accordance with reports on EuCrOs, which shows no spin-phonon coupling [12].
In addition to the spin-phonon coupling below the AFM ordering temperature (Tn), we can
notice the existence of one more anomaly near T* in the mode frequencies as well as
linewidths. It indicates that with increasing Eu content, the nature of spin-phonon is

changing in the vicinity of T*, which is well below Th.

3.3.56.2 Spin-induced lattice modulations

The experimentally observed spin-phonon coupling from the temperature-dependent
phonon modes and linewidths suggests the behavior of these modes sharply changes at
lower temperatures. Therefore, the crystal structure of the x = 0.0 system is stimulated with
the experimental lattice constants. The lattice dynamics calculation (DFPT) is employed to
relax the internal atomic positions and generate the theoretical Raman modes. In Fig.
3-16(a)-(b), the effect of magnetic ordering on the phonon frequencies is predicted for the
modes related to anti stretching CrOs octahedra Bag(3) and Nd**/ Eu* ion displacement
Bsg(1) for x = 0.0 sample at lower temperatures. The phonon modes show the first anomaly
for magnetically ordered phase below Tn, afterward, the phonon frequencies sharply
decrease to give minima across T* ~ 100 K, which further confirms the involvement of
strong spin-phonon coupling in the vicinity of Ty and T* as discussed in Fig. 3-13 and

Fig. 3-15.
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Fig. 3-16 Theoretical temperature evolution of (a) Bsg(3) and (b) Bzg(1) mode frequencies
of Nd1xEuxCrOs (x = 0.0) sample, showing the anomaly across the transitions Tsg ~ 37 K,
T*~100 K and Tn ~ 225 K.

With decreasing temperature, the increase in phonon frequencies results in the anomaly
corresponding to the spin-reorientation transition Tsr. Thus, the lattice dynamics

calculations allow us to analyze the phonon-mediated magnetic interaction not only at Tn

and T* but also at Tsg.

We have searched some of the studies for the possible origin of the additional phonon
anomaly. In YFe1xMnyOz, the magnetodielectric effect is found at Tsr, and Tn with the
ferroelectric ordering at Tc has related to the spin-phonon coupling [144]. Also, Indra et
al.[18] have reported the ferroelectricity at Tc ~ 88 K for NdCrOz using a synchrotron X-
ray diffraction and dielectric measurements. In SmCrOz and GdCrOg, the ferroelectricity
exhibits well below Tn due to local symmetry breaking [108][13]. Therefore, it is possible
that the anomaly around T* observed in our Raman results may correspond to the FE

transitions across T* in the Nd1.xEuxCrOz system.

The magnetic correlations of the phonon anomaly at T* are possible from the nature of the
M-T curve and the negative EB, showing the minima of magnetization and the high values
of Hes/ Hcand Mes/Mc across T*, as discussed in Fig. 3-6 and Fig. 3-10. We can describe
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the negative EB in Ndi:xEuxCrOs (x = 0.10) system by taking into account the exchange
anisotropy due to canted Cr3" ions resulting in the weak ferromagnetic moment (Mcr) and
the paramagnetic moment of Nd**/Eu®" ions (Mna+eu) below Tn. As we apply the external
field, Mcr aligns in the direction of the applied field, and Mnd+eu| becomes antiparallel to
Mecr but along the direction of the negative internal field H; as shown in the schematic
diagram (Fig. 3-7). For the temperature T* < T < Ty, the antiferromagnetically coupled
Cr®* and Nd**/Eu®* ions are organized in a way that gives a net positive magnetization due
to the dominance of Mcr over Ming+ey). TO bring the magnetization towards zero, an extra
negative applied field is needed, which shifts the loop to the negative field axis, resulting
in negative EB. The neutron diffraction studies on parent NdCrO3 have disclosed a sharp
transition from I'2 (Fx, Cy, G;) phase to I'1 (Ax, Gy, C;) phase at Tsr, and the ordering of
Nd** moments at T < Tsr [16]. Therefore, for the temperature Tsg < T < T*, we can expect
the high rate of change of Cr®* spin canting angle, which favors the lattice distortions arising
from the distortion of CrOs octahedra along with Nd**/Eu®* ion vibrations as discussed in
the section of Raman analysis. It can enhance the Mcr but weaken the pinning force
introduced by Mng+Eu], CaUSINgG a decrease in EB for this temperature range. At T ~ Tsg, the
system got completely distorted, resulting in nearly zero EB. Whereas for the temperature
T < Tsr, the negative EB starts building up again, attributed to the pinning mechanism of
the magnetically ordered |Nd+Eu| and Cr sublattice. Thus, the effect of lattice distortions

on the EB effect is found in the Ndi-xEuxCrOz system.
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3.3.5.3 Temperature-dependent Powder X-ray diffraction
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Fig. 3-17 (a) The XRD patterns of Nd;—xEuxCrOz (x = 0.0 and 0.2) samples in the 3-300 K
temperature range and (b) Rietveld refinement of low-temperature XRD patterns of x = 0.2
sample using Pnma space group at selected temperatures.

The structural properties of the Nd;—xEuxCrOs (x < 0.5) samples are further probed with the
powder XRD in the temperature range of 3-300 K, as depicted in Fig. 3-17(a). No
additional reflections were detected in the entire temperature range for x = 0.0 and 0.20
samples ruling out any structural phase transition. The Rietveld refinement of XRD patterns
of x = 0.2 sample at selected temperatures is presented in Fig. 3-17(b). We refine the XRD
patterns using the Pnma space group in the entire temperature range with a distribution of
Nd/Eu, Cr, O1, and O2 atoms at 4c(x, 0.25, z), 4b(0,0, 0.5), 4c(x, 0.25, z) and 8d(x, y, z)
sites. In a few rare-earth chromites, the preferred structure is noncentrosymmetric, resulting
in the polar phase to elucidate the improper ferroelectricity [36]. Nevertheless, we have
opted for a centrosymmetric structure as the Pnma space group can provide the average
structural characteristics for the magnetoelastic coupling below magnetic ordering [13].
The temperature dependence of the lattice parameters a, b, and ¢ and the unit cell volume
V of the x = 0.0 and 0.2 samples are depicted in Fig. 3-18(a)-(b). The lattice parameters
decrease with decreasing temperature, but the slight change in slope below Tn is observed.
The thermal variation of lattice parameters b(T) and ¢(T) is similar to the cell volume V (T),
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unlike the thermal variation of lattice parameters a(T), for both x = 0.0 and 0.2 samples,

respectively.
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Fig. 3-18 The lattice parameters a, b, ¢, and lattice volume V in the 3-300 K temperature
range for Nd;—EuxCrOs (b) x = 0.0 and (b) x = 0.2 compositions.

The deformations of CrOe octahedra are also possible as we go down in temperature,
therefore, the temperature dependence of the bond lengths CrO1, Cr-O2, and the bond
angles Cr-O1-Cr, Cr-O2-Cr for x = 0.0, and 0.2 systems are displayed in Fig. 3-19(a)-(h),
that shows the significant x dependence and anomalies for magnetically ordered phase. In
the 3-300 K range, the CrO1 and Cr-O2 lengths exhibit enough thermal variation, which
increases with x content. The maximum Cr-O1 length variation is about 0.04 A° for X = 0.0
(see Fig. 3-19(a)), whereas for x = 0.2 sample, its value is about 0.08 A° (see Fig. 3-19(e)).
The change in Cr-O2 length ranges from 0.04 A° (x=0.0) to 0.10 A° (x = 0.2) as shown in
Fig. 3-19(b),(f). In general, the anomalous behavior at magnetic transitions Ty and Tsg with
an additional anomaly at T* is revealed by either change in slope or sudden steps observed
from the temperature dependence of the Cr-O1 and Cr-O2 bond lengths. Further, the

thermal variation of the Cr-O1-Cr angle shows that with decreasing T, the angle decreases
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to give a minimum around Ty with the slope change at T* attaining the maximum at Tsr for

X = 0.0 (see Fig. 3-19(c)). For the x = 0.2 sample, the Cr-O1-Cr angle has the anomaly at

Tn, which becomes prominent to give minimum at T* and maximum at Tsr (see Fig.

3-19(g)). The change in Cr-O1-Cr angle increases with x content, such as its value is about

8 for x=0.0 and 17" for x = 0.2 sample. In Fig. 3-19(d), the Cr-O2-Cr angle increases as

T decreases, showing a maximum around Ty, reaching the minimum at Tsr with the slope

change at T* for x = 0.0 sample. Also, the temperature dependence of the Cr-O2-Cr angle
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for x = 0.2 sample in Fig. 3-19(h) clearly shows a peak across T* with the anomalies at Tn
and Tsr. The amplitude of the Cr-O2-Cr angle anomaly varies from 6° (x = 0.0) up to 18" (x
= 0.2). The variations observed in the present orthochromite system are relatively higher

than in the isostructural orthomanganite [145] and orthoferrites [146].

The rare-earth ions also marked changes in their bonds and positions as the temperature
decreased. The Nd/Eu-O1 length variation in Fig. 3-20(a),(d) lies between 0.14 A° (X =
0.0) to 0.24 A° (x = 0.2). Similarly, Fig. 3-20(b),(e) shows the Nd/Eu-02 length variation
of 0.10 A° for x = 0.0 and 0.27 A° for x = 0.2 sample. We found that the Nd/Eu-O bond

length variation is larger than the Cr-O bond length variations. In addition, the Nd
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Fig. 3-20 Temperature dependence of (a)-(c) Nd-O1, Nd-O2 bond length and Nd z position
for x = 0.0 sample (d)-(f) Nd/Eu-O1, Nd/Eu-O2 bond lengths, and Nd/Eu z position for x =
0.2 sample.
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displacement of 0.001 A° (x = 0.0) increases to 0.004 A° (x = 0.2) with Eu substitution as
shown in Fig. 3-20(c),(f). Overall, the anomalies mentioned in the temperature dependence
of the lattice parameters, CrOs octahedral deformations, and Nd/Eu ions position across
magnetic transitions confirm that the magnetic order and lattice are strongly coupled,
yielding the strong magnetoelastic coupling in the present compounds. However, the large
anomaly at T* seems to have a different origin. For the physical interpretation of T*, the
experimental electron density distribution is investigated using both inverse Fourier

transform and maximum entropy methods in the upcoming section.

3.3.5.4 Electron density distribution

The magnetic interactions between the Nd/Eu-Cr and Cr-Cr ions can leave an imprint on
the electron density (ED) maps as it undergoes magnetic transitions. Therefore, we attempt
to understand the atomic interaction of the Nd;—xEuxCrOs system through the ED maps
derived from the Rietveld refinement of LT-XRD patterns. The information of the ED can

be retrieved by applying inverse Fourier transform to the structure factors defined by [147],

[~2ni(hx+ky+12)] (3.11)

F
p (XY, 2) = X hil © -

where p (X, Y, 2) is the electron scattering density, Fjy; is the structure factor, h, k, and | are
the Miller indices, and V is the unit cell volume. In a few RFeOs [148] [149], the ED maps
have been used as the tool for probing magnetic interaction and spin-reorientation.
However, this is the first attempt to discuss the temperature evolution of the crystal
structure and the ED map in orthochromite. Here, Fig. 3-21 is the plot of the crystal
structure and the ED maps for the parent x = 0.0 sample. The crystal structure of x = 0.0
sample at three temperatures T = 40 K, T* = 100 K, and T = 200 K, are displayed in Fig.
3-21(a)-(c). The dashed rectangle shows the highlighted part of the structure in Fig.

3-21(a)-(c), where the Nd ions connect the two adjacent layers of the CrOs octahedra.
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Fig. 3-21 The unit cell of Nd;—EuxCrOs (x = 0.0) sample in the a-c plane for Pnma space
groupat (@) T =40 K (~ Tsr), (b) T*=100 K, (c) T =200 K (T < Tn) and (d) the 3D-ED
maps in the xz plane, y-intercept = 0.75 at T = 40 K (e) the maximum of ED as the function
of temperature of x = 0.0 sample.

It is important to note that the orientation of this highlighted structure is invariant for all
three temperatures. The 3D map of the ED for the x = 0.0 sample depicted in Fig. 3-21(d)
shows the peaks corresponding to the maximum ED ~ 45.14 e/A®at 40 K arising due to
Nd ions. This maximum of ED obtained from such ED maps at different temperatures is
plotted in Fig. 3-21(e). The temperature variations of this maximum of ED show non-
monotonic behavior. The earlier observed values of Tsgr, T* and Ty derived from the
temperature-dependent magnetization and XRD measurements are marked in Fig. 3-21(e).
We find definitely that any change in the magnetic transition/interaction is imprinted on

this ED plot.
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The crystal structure of x = 0.2 sampleat T=40 K, T*=80 K, and T = 215 K are shown in
Fig. 3-22(a)-(c). Similar to Fig. 3-21, we have highlighted the portion where Nd/Eu ions
are connected to the adjacent layers of the CrOg octahedra. We observe that the orientation
of highlighted portion for T ~ Tsrand T < Tnis the same but different for T*. This is in
contrast with the parent compound, where such reorientation of the highlighted structure is
not noticed. The 3D map of ED at 40 K for the x = 0.2 sample is illustrated in Fig. 3-22(d).
It shows that the Eu substitution on the Nd-site increases the maximum of ED to ~ 52.95
e/A°3 compared to that of the parent compound. The temperature dependence of the
maximum of the ED for x = 0.2 sample plotted in Fig. 3-22(e) indicates the clear peaks at

Tsrand Tn but a sudden jump in the ED values in T* region.

(b) T*=80K
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Fig. 3-22 The unit cell of Nd;-«EuxCrOs (x = 0.2) sample in the a-c plane for Pnma space
groupat () T=40K (~Tsgr), (b) T*=80K, (c) T =215 K (T <Tn) and (d) the 3D-ED
map in the xz plane, y-intercept = 0.75 at T = 40 K and (e) the maximum of ED as the
function of the temperature of x = 0.2 sample.
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Therefore, further investigation is carried out by employing more sophisticated XRD
charge density analysis methods, such as the Maximum Entropy Method (MEM)
[150][151]. The MEM involves the structure factors extracted from the Rietveld refinement
and is well known for its accuracy in charge density determination [152]. Hence, the
refinements and MEM computations were performed with the help of JANA2006 [153]
and Dysnomia programs [154]. The partition of the unit cell into 48x72x48 pixels was used
at each temperature. In Fig. 3-23(a)-(c), we represent the 3D MEM charge density of x =
0.2 sample for the Pnma space group using the iso-surface level of 1 e/A°3 from T = 75-85
K. The MEM analysis shows the sudden reorientation of electron density distribution

indicated by dashed rectangle.

(a) r=75K (b) T*=80K (c) T=85K

Fig. 3-23 The electron density distribution (3D) calculated by the MEM method in the unit
cell of Nd;—.EuxCrOz (x = 0.2) sample for the Pnma space group using the iso-surface level
of 1 e/A%at (@) T=75K (b) T*=80 K (c) T = 85 K and (d)-(f) the corresponding (2D)
charge density maps in (010) plane for the T = 75 K to 85 K. The contour lines are drawn
from 0 to 1 e/A 3 with intervals of 0.7 /4,
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Furthermore, a sharp decrease in electron density is observed from the 2D charge density
map around T+ depicted in Fig. 3-23(d)-(f). We infer from the reorientation of highlighted
structure (dashed rectangle) that the nonpolar Pnma space group is insufficient to explain
the crystal structure of the Nd—xEuxCrOs system across T* in detail. This result is further
corroborated by the bulk modulus predicted by the calculations for x = 0.0 and 0.2 samples
at different temperatures, as shown in Fig. 3-24. Similar to the maximum of the ED vs. T
plot, the bulk modulus vs. T plot also shows the influence of magnetic ordering at Ty and
Tsr. In the region of T+, we observed the largest bulk modulus of ~ 215.6 GPa for x = 0.2
composition. From the calculations, it is also found that the pressure acting on the unit cell

of the x = 0.2 system is quite high ~ 6.7 GPa near T~.

208 F
TSR == x=0.0

204 f /0
= 200 00
=™
< 19 » T/O‘-\O_E_O

W

wr
=
= 1921 \0 \
= " " 1 1 " f
g a0f T+
o Q\ —— x=10.2
Z 20} _ e’pﬂ

200 /?

T \
190 ?@ Sr (——
-
130 [® 1 1 Il 1 1"\ L 1
50 100 150 200 250 300

T(K)

Fig. 3-24 Theoretical bulk modulus as a function of temperature for Nd;-<EuxCrOs (a) x
= 0.0 and (b) x = 0.2 samples, showing anomalies at the Tn, T* and Tsr in the range of 3-
300 K.

This is sufficiently large to displace the atoms, as depicted in Fig. 3-20(f), where the Nd/Eu
atoms are displaced by an amount of ~ 0.004 A° at T*. Such displacement can cause an
utmost change in the Nd/Eu-O length ~ 0.27 A° around T* (see Fig. 3-20(e)). Therefore,
we attempt to look at the closely related crystal structure and MEM charge density for the

x = 0.2 sample using the Pna2; symmetry, as shown in Fig. 3-25.
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(@ T=75K (b) T*=80K (¢) T=85K

Fig. 3-25 The distribution of charge density (3D) within the unit cell of Pna2; symmetry
using the iso-surface level of 1 e/A®at (@) T=75K (b) T*=80 K (c) T = 85 K and (d)-(f)
the corresponding (2D) charge density maps in (001) plane from 75 K to 85 K of
Nd;-xEuxCrOs (x = 0.2) sample using MEM method. Contour lines of charge density are
from 0 to 1 e/A®with 0.1 e/A*® intervals.

We noticed that the highlighted 3D charge density map (dashed rectangle) does not reorient
across T* in Fig. 3-25(a)-(c). Also, the ED of Nd/Eu ions ~ 43 e/A*3to 41.13 e/Afor T
= 75 K to 85 K is obtained from the 2D-ED map shown in Fig. 3-25(d)-(f). Such
distribution of the ED indicates the stability across the temperature window of T*. Thus,
we propose the structure of the Nd;—xEuxCrOs compound cannot be explained entirely by
the nonpolar (Pnma) phase as atomic displacement arises in the vicinity of T*, which is
stabilized by the polar (Pna2;) phase, resulting in the anomalous structural and magnetic

properties in this region.
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3.4 Summary

We synthesized the single-phase Ndi1xEuxCrOs, (x = 0.0-1.0) samples by solid-state
reaction method where the Nd has been gradually replaced with Eu, and this induces a
gradual change in the chemical pressure in these samples. The room temperature X-ray
diffraction and Raman analysis confirm increased structural distortions with Eu
substitution. The microstructural analysis showed the good quality of homogenous bulk
samples. The calculated maximum bulk modulus ~ 202 GPa across x = 0.5 sample. A
significant decrease in Ty values from ~ 225.4 K (x = 0.0) to 182.5 K (x = 1.0) with Eu
substitution is observed. The Tsr exhibits for x = 0.0-0.9 samples in ~ 37.1 K to 13.3 K
temperature range. The x dependence of Ji and Jz indicates the modification of Cr-Cr
interactions. The chemical pressure boundary from the structural and magnetic behavior
across x = 0.5 is observed. The negative EB effect is obtained, and the Heg decreases from
~ -1945 Oe (x = 0.0) to -15 Oe (x = 1.0) with increasing Eu content. The non-monotonic
behavior of the EB field with maximum Hegg across T* between the Ty and Tsr is observed
for x = 0.10 and 0.20 sample. The competing AFM interaction between the weak
ferromagnetic component of canted Cr3* moments and the paramagnetic moment of Nd®*/
Eu®*ions with the lattice distortions could be responsible for the EB effect. The temperature
dependence of phonon modes related to anti-stretching and bending of CrOe octahedra and
Nd**/ Eu®* ion vibration below Ty confirms the strong spin-phonon coupling up to x = 0.20
sample. The T* found from the non-monotonicity of the EB is imprinted with the additional
phonon anomaly. The Raman results are also verified using density functional theory-based
calculations. Furthermore, the strong magnetoelastic coupling below Ty up to x = 0.2
sample was confirmed by the temperature dependence of the lattice parameters, CrOs
deformations, and Nd/Eu positions. The MEM analysis of electron density distribution
shows the centrosymmetric (Pnma) phase is insufficient to explain the crystal structure of
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the Nd;-xEuxCrOz system near T*~ 80 K in between Tnand Tsr. The structural reorientation
across T* resolves the anomalous ED jump of Nd/Eu ions for the Pnma structure and
provides a stable ED ~ 41.79 e/°A3 for the Pna2; structure. However, further microscopic
studies are needed to confirm this proposition. The work reports the lattice modulations
around T* between Tn and Tsr for the first time in pure and substituted NdCrOs by

exploring spin-phonon induced exchange bias and magneto-structural imprints.
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Chapter 4 : Interwoven spin-reorientation

and exchange bias in Nd1-xPrxCrOs
4.1 Introduction

The RCrOs has witnessed huge attention due to its unique physical properties [1,83,137].
The RCrOs are mostly G-type canted antiferromagnets and exhibit weak ferromagnetism
due to Dzyaloshinskii-Moriya interaction [15][155]. Further, the spin reorientation from
magnetic symmetry to another is an intriguing phenomenon [156]. The three spin
configurations 7'1(Ax, Gy, Cz), I'2(Fx, Cy, Gz), 14(Gx, Ay, F) are found in orthochromites [16]
and the continuous or abrupt nature of spin-reorientation transition is dependent on R-ion
[89] [87]. In NdCrOs, the antiferromagnetic ordering of the Cr3* sublattice starts at Tn ~
225 K [111], and the spin-reorientation transition of the Cr®* moment occurs at Tsr ~ 35 K
[16]. Meanwhile, in PrCrOs, the antiferromagnetic ordering of the Cr3* sublattice exhibits
at Tn ~ 237 K [157]. The high Neel temperature, as compared to other RCrOs; compounds,
is appealing for room temperature applications. Furthermore, substituting Nd or Cr-site in
NdCrOs offers various interesting properties. For instance, the presence of non-magnetic
Ca?* increases the density, electrical conductivity, and thermal expansion coefficient in
Nd1-xCaxCrOs [115]. In our recent study, the low field magnetic states were found in Ce
substituted NdCrOs [158]. Other than this, the dc conductivity measurements of PrCrO3
disclose semiconductor behavior at room temperature and transition to metal at ~ 400 K
[100]. Furthermore, the Pr substitution leads to large negative magnetization below the
compensation temperature of ~ 230 K in La1xPr«CrOs solid solutions [159]. A certain
doping percentage in YbixPrkCrOs showed Yb?" and Pr** valence states and further

exchange bias effect [75].
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This literature motivated us to carry out a detailed study of the Pr substitution in NdCrOa.
Despite the fact that both Nd®** and Pr* are magnetic ions, the NdCrOs comprises sharp
spin reorientation, whereas no spin reorientation transition exists in the PrCrOs
orthochromite. Hence, the major modification of spin- reorientation is expected with Pr3*
ion substitution in NdCrOs. Moreover, the interaction between Nd** and Cr®* moments in
NdCrOs is very strong. The regulation at Nd-site with Pr doping will directly influence the
Nd3*-Cr* interaction keeping the Cr3*-Cr®" interaction less affected. In this way, studying

exchange bias in such systems would be beneficial.

In this work, we present a comprehensive understanding of the structural and magnetic
properties of Ndi«PrCrOs (0.05 < x < 0.30) single-phase samples through X-ray
diffraction, X-ray photoelectron spectroscopy, temperature, and field-dependent dc
magnetization and Raman scattering measurements. The evolution of spin-reorientation,
induction of Griffiths-like phase, and improvement of exchange bias field in correlation

with structural behavior are observed with Pr substitution in present compounds.

4.2 Experimental details

The Nd1xPrCrOs (x = 0.05, 0.10, 0.20, and 0.30) compounds were synthesized by the
standard solid-state reaction method. The stoichiometric ratio of Nd>O3 (99.9%), PrsO11
(99.9%), and Cr203 (99.6%) powders were taken and ground using an agate mortar pestle
in the acetone medium. The uniform mixture was calcined at 1000 °C for 12 h, and the
calcined powder was pressed in pellets using a hydraulic press. The final sintering was done
at 1300 °C for 24 h in an air atmosphere. The phase purity of these compounds was analyzed
by the X-ray diffractometer (Rigaku, Smart Lab) using Cu-K, radiation of the wavelength
L= 1.5406 A. Microstructural analysis was done using the field emission scanning electron
microscope (FESEM) (Zeiss, Sigma 300) and energy-dispersive X-ray (EDX). Raman

spectrometer (Horiba Jobin Yvon, LabRam HR, 514 nm) was used to collect the Raman
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spectra. The valance state of compounds was confirmed by High-resolution X-ray
photoelectron spectroscopy (XPS) with the help of an X-ray photoelectron spectrometer
(ESCALAB Xi+, Thermo Fisher). Temperature and field-dependent magnetization
measurements were carried out using the physical property measurement system (PPMS,

Quantum Design).

4.3 Results and discussions

4.3.1 Powder X-ray diffraction

The XRD patterns of the Ndi«PrCrOs (x = 0.05-0.3) samples were recorded, and the
diffraction peaks of the substituted samples were well matched with parent NdCrO3 (ICSD
card No. 01-083-0261) compound. The XRD data of the NdixPrCrOsz (x = 0.05-0.3)
samples is analyzed by the Rietveld refinement method using the FULLPROF program.

Fig. 4-1(a)-(d) demonstrates the Rietveld refinement of the x = 0.05-0.3 compositions.

(@) . o Yobe (b) o Yobe (©) Tl
o ® — Yeal
? —— Yobe-Yeal
oy & oo | Bragg Positiory =
= = =
g ] =) g
g g b
H o = 2
) & ) g
"' a = 2
= £ = { L
| | [ NN N NN T T TR T T TN T
[l TIIIIII LU LT TR TR T (N IIIIIII (RN T TR T TR I |
T T
T T T T T g T T T T T T r J . ’ .
20 3 40 5 6 70 80 20 3 40 5 60 70 80 20 30 40 50 6 70 8
26 (degree) 26(degree) 26 (degree)

—~
(="
~

© Yobe

Intensity (a.u.)

[ illllll LA LR R LRI

1

20 30 40 50 60 70 80
26 (degree)

Fig. 4-1 Rietveld refinement of XRD data for Nd1.xPrxCrOz (a) x = 0.05 (b) x = 0.10 (c) x
=0.20 and (d) x = 0.30 samples and (e) The crystal structure of the x = 0.20 sample.
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Here, the XRD patterns are fitted well to the orthorhombic structure (Pnma space group),
confirming the single-phase nature of all the samples. Furthermore, the Fig. 4-1(e)
represents the distorted perovskite crystal structure of the x = 0.2 compound, which clearly
shows the Pr3* substitution at the Nd-site and six O% ions (apical oxygen O1 and equatorial

oxygen O2) around Cr3* ion form the CrOg octahedra.

Table 4-1 The lattice parameters a, b, and c, cell volume (V), bond lengths Cr-O1, Cr-02,
and bond angles Cr-O1-Cr, Cr-O2-Cr from Rietveld refinement of Ndi.«PrxCrOz (x = 0-
0.3) samples. The tolerance factor (t), orthorhombic strain (Sac), and cell distortion factor
(d) are obtained from crystallographic parameters.

x=0.0 x=0.05 x=0.10 x=0.20 x=0.30
a (A) 5.4821(1) 5.4814(1) 5.4805(3) 54795(2) | 5.4786(4)
b (A) 7.6896(3) 7.6903(2) 7.6904(1) 7.6924(1) | 7.6971(2)
c(A) 5.4184(2) 5.4201(4) 54195(2) | 5.42213) | 5.4279(1)
V(A% 228.41(6) 228.44(5) 228.45(4) 228.55(7) | 228.89(5)
Cr-01 (A) 1.963(3) 1.972(1) 1.981(2) 1.988(4) 1.994(3)
Cr-02 (A) 1.999(4) 2.013(3) 2.055(1) 2.025(1) 2.009(3)
Cr-O1-Cr(°) | 156.57(1) 154.18(8) 15223(4) | 150.57(7) | 149.56(5)
Cr-02-Cr(°) | 156.30(4) 156.19(2) 156.43(1) 157.183) | 157.07(3)

t 0.8838 0.8841 0.8844 0.8850 0.8856

Sec 0.0117 0.0113 0.0111 0.0105 0.0093

d 23.96 22.32 22.03 19.49 15.30

The lattice parameters and cell volume for x = 0.0-0.3 samples obtained from the refinement
are mentioned in Here, the XRD patterns are fitted well to the orthorhombic structure
(Pnma space group), confirming the single-phase nature of all the samples. Furthermore,
the Fig. 4-1(e) represents the distorted perovskite crystal structure of the x = 0.2 compound,
which clearly shows the Pr3* substitution at the Nd-site and six O% ions (apical oxygen O1

and equatorial oxygen 02) around Cr®* ion form the CrOg octahedra.

Table 4-1, where the x = 0.0 sample agrees with the report [112]. With Pr doping, the lattice

parameter a decreases and b, ¢, volume V increases which are attributed to the increase in
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average A-site ionic radius with the substitution of larger Pr3* (1.126 A) ions at Nd®* (1.109
A) site, resulting in the lattice expansion. The corresponding changes in Cr-O bond length
and Cr-O-Cr bond angles with Pr substitution are observed (see Table 4-1). The
substitution of larger ions can decrease the distortion in the lattice, which is analyzed by
different factors and listed in Here, the XRD patterns are fitted well to the orthorhombic
structure (Pnma space group), confirming the single-phase nature of all the samples.
Furthermore, the Fig. 4-1(e) represents the distorted perovskite crystal structure of the x =
0.2 compound, which clearly shows the Pr®* substitution at the Nd-site and six O% ions

(apical oxygen O1 and equatorial oxygen 02) around Cr®* ion form the CrOg octahedra.

Table 4-1ltis found that the Goldschmidt's tolerance factor t = (r|yg+pr| + 75)/N2(re, +
o) and the orthorhombic strain, s = 2(a-c)/(a+c) decreases with Pr substitution.

Furthermore, the cell distortion factor (d) is estimated using the relation,

a 2 p 2 c Z 4.1
. (ﬁ‘az’)’f(rap)*(ﬁ‘“p) (4.1)
d=10 —
ap
(E+2+3) e |
where, a, = N stands for the average cubic lattice parameter. A noticeable

decrease in d values ~ 23.96 ppm (x = 0.0) to 15.30 ppm (x = 1.0) is observed with Pr
substitution, which indicates less deviation of cell edges from the ideal cubic perovskite

structure.
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4.3.2 Microstructural analysis

0.518 pm x=0.10

0.4 0.8
Grain size (um)

12

0.204 pm x=0.20

02 04
Grain size (um)

0.197 pm

02
Grain size (um)

EDS lay.end Image 5

S 5

Fig. 4-2 FESEM micrograph of Nd1.xPr«CrOs (a) x = 0.10 (b) x = 0.20 and (c) x = 0.30
samples along with their grain size distribution (d) EDX mapping of x = 0.20 sample and
(e) EDX mapping of x = 0.30 sample in a smaller area of 5x5 um?

In Fig. 4-2(a)-(c), the FESEM micrographs of the Nd1xPr«CrOs (x = 0.1, 0.2, and 0.3)
samples display uniform grain formation. The average grain size of the samples was found
using the linear intercept method (Image-J software). The grain size distribution for x =
0.1-0.3 samples shows the value of the average grain size varies from ~ 0.518 um to 0.197
um. With increasing Pr concentration, the average grain size decreases, which might be
related to the decrease of grain surface energy [160]. Furthermore, the EDX mapping
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displayed in Fig. 4-2(d) for the x = 0.20 sample shows the presence of O, Cr, Nd, and Pr
elements. Fig. 4-2(e) represents the EDX mapping of the x = 0.30 sample in a smaller 5x5

um? area, showing uniform elemental distribution without segregation in Pr-rich samples.

4.3.3 X-ray photoelectron spectroscopy
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Fig. 4-3 XPS spectra of (a)-(b) the core level Pr 3d spectra (c)-(d) the Cr 2p spectra, and
(e)-(f) the O 1s spectra of x = 0.10 and 0.30 compounds.

High-resolution XPS data are used to find the valency of constituent ions. Here, Fig.
4-3(a)-(b) shows the Pr 3d spectra for x = 0.10 and 0.3 composition. The spin-orbit resolved
peaks of Pr 3ds2 ~ 933.4 eV and Pr 3ds, ~ 953.5 eV (x = 0.30) confirm the Pr3* (J = 4) ions
[161]. The deconvoluted peaks at 929.2 eV indicate the Pr3*ion in the product [162]. In
addition, Fig. 4-3(c)-(d) shows the XPS spectra of Cr 2p and O 1s for substituted samples.
The binding energies ~ 576.3 eV and ~ 586.1 eV (x = 0.30) indicate the Cr3* (S = 3/2) ion
due to the splitting of 2p level into 2pz» and 2p1 peaks [163]. Moreover, the O 1s XPS
spectra in Fig. 4-3(e)-(f) are resolved at binding energies ~ 529.5 eV and 531.5 eV (x =

0.30), describing the lattice oxygen.
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4.3.4 UV-Vis spectroscopy
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Fig. 4-4 (a) UV-Vis DRS spectrum of Nd1xPrxCrOs (x = 0.0-0.3) samples in the range of
250 to 850 nm. (b) Estimation of bandgap Eq from Tauc plots for each sample.

The optical behavior of the samples is investigated by the UV-Vis diffuse reflectance
spectroscopy technique. The UV-Vis spectrum of the samples is analyzed by optical
absorption, i.e., Kubelka-Munk (KM) function F(R), which can be expressed as F(R) = (1-
R)?/2R, where R is the diffuse reflectance of the sample. From F(R) versus wavelength plot
in Fig. 4-4(a), we see a multiband electronic structure consisting of the filled O 2p band
and partially filled Cr 3d® and Nd 4f* orbitals. The broad absorption band located around
250-390 nm is attributed to bandgap Eq4 of the material due to O 2p to Cr 3d transitions.
The other two intense absorption bands at about 463 nm and 593 nm correspond to the Axg
to “Tig and *Ayg to *Toq transition. The two weak transitions at 748 nm and 804 nm
correspond to the *Axg to 2T1g and *Asg to %Eq transitions. These transitions are related to
the octahedral crystal field splitting of Cr®* d-orbitals that allow the corresponding d(Cr)-

d(Cr) transitions.

The optical energy band gap can be calculated from the Tauc relation F(R)hv = B(hv —
Eg)". The value of n depends on the direct (n = 1/2) or indirect (n = 2) band gap of the
material. The Tauc plot of (F(R).hv)? versus (hv) is used to determine the direct band gap
(Eg) as shown in Fig. 4-4(b), which shows the samples have the bandgap Eq = 3.23 eV (x
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= 0.0) and 3.29 eV (x = 0.3) lies in the visible region. We have also utilized the Density
functional theory (DFT) with the quantum ESPRESSO suite to calculate the fermi energy
of the system. The obtained fermi energy values are Er ~ 14.41 eV (x = 0.3). The
substitution of Pr on the Nd-site may influence the Cr-O overlap integral, which can also
modify the structural distortion via the distortion of the CrOe octahedra, resulting in a

change in the optical bandgap and fermi energy.

4.3.5 Raman spectroscopy

Raman spectroscopy is an important tool for identifying subtle structural distortions. The
group theory suggests 24 Raman active modes for RCrOz compounds as given by the

relation, I' = 7Ag + 5B1g + 7B2g + 5B3q [46].

Intensity (a.u.)

——
100 200 300 400 500 600
Raman shift (cm™)

Fig. 4-5 Room temperature Raman spectra acquired for the Ndi-«xPr«CrOz (x = 0.0-0.3)
samples in the 100 to 600 cm™ wavenumber range.

Fig. 4-5 shows the room temperature Raman spectra of NdixPrCrOz (x = 0.0-0.3)
composition where 11 Raman active modes are detected. Table 4-2 consists of the phonon
frequencies of these samples obtained by fitting the Lorentzian function. The Raman modes
(below 200 cm™) related to R-ion vibration exhibit a slight shift to low wavenumber, which

can be attributed to the average A-site ionic radii increase through Pr substitution. Further,
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the modes from 200 to 500 cm™ mark the low wave number shift and the mode above 500
cm™t exhibits the high wave number shift. These changes may be related to the change in

A-site atomic mass and CrOg octahedral distortion with Pr substitution.

Table 4-2 The Raman mode frequencies of the Nd1xPrxCrOs (x = 0.0-0.3) samples at room

temperature.
Symmetry X = X = X = X= |x = Assignment
0.30 0.20 0.10 0.05 |0.0

A2) 1434 | 1441 | 1430 | 1433 |144.2 R(2)
B,,(1) 151.8 | 1525 | 153.1 | 153.0 | 153.8 R(Y)
B,(1) 169.7 | 170.8 | 170.8 | 170.9 |172.2 R(X)
Ag(3) 198.1 | 198.6 | 199.2 | 198.8 | 199.7 CrQq in phase rotation (y)
B,,(2) 212.7 | 2141 | 2139 | 2150 | 216 R(z), 01(2)
A4) 289.8 | 290.5 | 290.3 | 290.9 | 291.8 01(x), R(-X)

A,(5) 3359 | 336.4 | 337.4 | 337.0 | 338.6 | CrO, out of phase rotation (x)

B.,(2) 373.7 | 3747 | 3743 | 375.7 | 376.1 | CrO, out of phase rotation (y)

Bzg(S) 4344 | 4358 | 438.0 | 437.0 |438.2 | CrO,out of phase rotation (z)

A,6) 453.6 | 4545 | 455.1 | 4555 | 456.2 CrQ, out of phase bending

Bsg(3) 580.0 | 579.2 | 579.1 | 579.1 | 578.9 CrO, anti stretching

Moreover, the study of low-temperature Raman spectra for x = 0.10 and 0.30 samples is
also involved in the investigation of the lattice distortions in correlation with the magnetic
behavior of the Nd1xPr«CrOsz system. The phonon frequency as the function of temperature

for purely anharmonic phonon-phonon scattering is given by the equation [36],

- 2 3 3 4.2
vanM=0@+A[1+ ] eB[14 2+ 2] (4D
here, x = heo(0) Y = b and (0), A, and B are adjustable parameters for fitting the
2kgT 3kgT

experimental data above Tn.
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Fig. 4-6 Effect of temperature on (a)-(b) antisymmetric stretching mode frequency Bazg(3)
and (c)-(d) corresponding linewidth of Nd1xPrxCrOz (x = 0.10, 0.30) composition. The

dotted lines (red) represent fitted curves for anharmonicity by Eq.4.2 and solid lines (black)
guide to the eye.

Further, the temperature variation of the mode Bzy(3) related to antisymmetric stretching
of CrOs octahedra for x = 0.10 and 0.30 samples in Fig. 4-6 Effect of temperature on (a)-
(b) antisymmetric stretching mode frequency Bszg(3) and (c)-(d) corresponding linewidth of
Nd1.xPrxCrOs (x = 0.10, 0.30) composition. The dotted lines (red) represent fitted curves
for anharmonicity by Eq.4.2 and solid lines (black) guide to the eye. Fig. 4-6(a)-(b) exhibit
hardening with the deviation from an anharmonic contribution below Tn. The report shows
similar anti-stretching mode behavior in a few orthochromites with magnetic R-ion
[13][109]. Further, the corresponding linewidths also decrease with T shown in Fig. 4-6(c)-
(d), giving the anomaly at Ty and the peak at T* for both modes. This anomalous behavior
of phonon frequencies caused by phonon modulation of exchange integral [11] is attributed
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to a spin-phonon coupling that changes phonon lifetime and corresponds to the anomaly in
linewidths. Thus, different Nd®*/ Eu®*" -Cr®* and Cr3*- Cr®* interactions below Ty induce the

spin-phonon coupling in these samples.
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Fig. 4-7 Temperature dependence of phonon mode A¢(6) for bending of CrOe octahedra
of Nd1xPrxCrOs (a) x = 0.10 and (b) x = 0.30 compound. The dotted lines (red) represent
fitted curves for anharmonicity by Eq.4.2, and solid lines (black) guide to the eye.

Fig. 4-7(a)-(b) represents the thermal variation of phonon frequencies of Ag(6) mode
related to the out of phase bending of CrOe octahedra. The clear sign of spin-phonon
coupling is observed for x = 0.10 and 0.30 samples through anomalous softening of the
Raman mode below Ty. Initially, such softening of the mode was observed in RMnQO3z [10]

and few RCrOs [12], which is associated with weak ferromagnetism of Cr3* spins, causing

spin-phonon coupling.
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4.3.6 Temperature and field-dependent magnetic properties
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Fig. 4-8 Temperature dependence of magnetization for field cooled condition under 100
Oe applied field for Ndi-«PrxCrOs (x = 0.0-0.3) compositions.

Fig. 4-8 demonstrates the M-T curves of the Nd1.xPr«CrOsz (x = 0.0-0.30) samples in field
cooled (FC) mode under the applied field of 100 Oe. We noticed the substitution of Pr3*
gives rise to interesting magnetic behavior. The FC magnetization first decreases for x =
0.05 to 0.10 substitution, and further increases of Pr content up to x = 0.30 provide higher
magnetization ~ 0.02 ps/f.u. as compared to pristine compound. The report suggests the
coupling between Nd®*" and Cr* in NdCrOs is very strong [87], and the Pr3* substitution
can play an important role by influencing this coupling. Therefore, the temperature
dependence of FC magnetization under different applied fields of 100 Oe, 1 kOe and 10
kOe for x = 0.0-0.30 samples are analyzed as shown in Fig. 4-9(a)-(e). The inset of Fig.
4-9(a) shows the derivative of magnetic susceptibility (dy/dT) vs. temperature curve, where
the first peak near Tn ~ 225.4 attributes to the antiferromagnetic ordering and the second
peak near Tsr ~ 37.1 K represents spin-reorientation transition for x = 0.0 sample in
accordance with reports [111][17]. At lower temperatures ~ 11 K, the Nd** ordering may
be induced by the Cr®* sublattice [16]. The incorporation of Pr slightly increases Tn up to
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227.5 K for x = 0.3 sample, which is related to the lattice expansion with Pr doping. The
magnetization curves for x = 0.05 and x = 0.10 samples in Fig. 4-9(b)-(c) show the decrease

in magnetization below Tn followed by the decrease in the Tsr up to ~ 33.6 K.
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Fig. 4-9 Temperature dependence of FC magnetization under different applied magnetic
field of 100 Oe, 1 kOe and 10 kOe for Nd1«xPr«CrOs (a) x = 0.0 and left inset shows M-T
curve under 50 kOe (b) x = 0.05 (¢) x = 0.10 (d) x = 0.20 and (e) x = 0.30 samples. The
right inset of (a)-(e) shows the derivative of magnetic susceptibility vs. temperature exhibit
peaks at Tn and Tsr for the corresponding samples.

For the parent compound, the Cr®* moments exhibit the weak ferromagnetic I'2(Fx, Cy, G,)
phase at high temperatures and the antiferromagnetic T'1(Ax, Gy, C;) phase at low
temperatures [16]. It is possible that the Pr substitution (x = 0.05 to 0.10) decreases both
phases resulting decrease in magnetization and reorientation of Cr* spins. The further
increase of x = 0.20 to 0.30 sharply increases the magnetization, but the Tsr starts vanishing
after x = 0.2 as shown in Fig. 4-9(d)-(e). Consequently, no spin reorientation is observed
for the x = 0.3 sample due to the presence of only weak ferromagnetic (I'2) phase. Thus, a
maximum 30% Pr substitution may significantly enhance the Cr3*-Cr®* superexchange

interactions but dilute the Nd**-Cr3* superexchange interactions, which leads to no spin-
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reorientation for the Ndo.7Pro.3CrOs system. These results are in accordance with the PrCrO3
reports, which shows no spin-reorientation transition in this compound [157]. Further, the
ordering of rare-earth sublattice in the antiferromagnetic arrangement may be possible due
to Nd/Pr spins around 15 K [164]. The temperature dependence of magnetization under
different applied fields reveals the spin reorientation of Cr* spins possesses strong
magnetic field dependence. We found Tsr is suppressed under the 10 kOe magnetic field
for higher Pr substitution. But the strong coupling of Nd** and Cr®* moments maintains the
Tsr in X < 0.10 samples even under the field of 10 kOe, which requires a high field of 50

kOe to vanish Tsr (See inset of Fig. 4-9(a)).

Thus, the increase of Pr3* substitution improves Cr*-Cr3* interactions and softens Nd**-
Cr3* interactions in Nd1-<PrxCrOs samples, resulting in no spin-reorientation for maximum
Pr content. The observed variation of Tsr in these systems is in accordance with the end
composition of the series PrCrOs which exhibits no spin-reorientation of Cr* moments
[157]. Such behavior of present samples seems to be opposite to other orthochromites

where Tsr was induced by Pr doping [165].

Furthermore, the inverse susceptibility (1/y) vs. temperature (T) plots for x = 0.0-0.30
samples derived from 100 Oe magnetization measurements are shown in Fig. 4-10(a).
From these curves, it is observed that the linear fitting in the paramagnetic region (T > Tn)
for all the samples follows Curie-Weiss (CW) law. However, the 1/x begins to deviate from
linear behavior and drops downward at the characteristic temperature (Tg) for the
substituted samples, as shown in Fig. 4-10(b)-(c). Such magnetic behavior in disordered
magnets is a signature of Griffith’s phase (GP), which was characterized by the formation
of finite-size ferromagnetic clusters within the paramagnetic matrix above Curie
temperature [166,167]. The Pr-based doped manganites are known to exhibit GP singularity

[168,169], however, it has also been reported in doped orthochromites recently [170,171].
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The downward deviation of 1/y vanishes with an increasing magnetic field, as depicted in
Fig. 4-10(b)-(c), which is the sign of GP singularity. In the GP region, the low field

magnetic susceptibility follows the power law behavior [169],

XN « (T—TEH™ (4.3)

where, TE is the critical temperature of random FM. The 1 (0 < A < 1) is the susceptibility

exponent, which describes the degree of deviation from CW behavior.
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Fig. 4-10 (a) The inverse magnetic susceptibility (1/y) vs. temperature (T) of Nd1xPrxCrOs
(x = 0.0-0.30) samples at the 100 Oe field and the inset shows the CW analysis for x = 0.0
sample. The 1/y vs T plots at different applied magnetic fields of 100 Oe, 1kOe and 10 kOe
for (b) x = 0.10 (c) x = 0.30 samples showing the deviation from CW law at low field and
(d) Log-log plot of inverse susceptibility as a function of temperature following Eq.4.3,
where the red line is linear fit in the PM and GP regime.

Fig. 4-10(d) shows the plot of y~* vs (T /T& — 1) on log scale for x = 0.3 sample and the
A is obtained by the straight line fit in the GP regime. We found the value of 1 is ~ 0.688
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for x = 0.30, which signifies the GP possibly induced by Pr substitution. In the high-
temperature region, the A ~ 0.07 shows the system enters to complete the PM phase. Thus,

Fig. 4-11 shows the proposed magnetic phase diagram of the Nd1«PrxCrOz samples.
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Fig. 4-11 The evolution of different phases through magnetic phase diagram of
Nd1xPrxCrOz samples.

Magnetization as the function of the field after cooling from the paramagnetic state with
the cooling field of 10 kOe for x = 0.0-0.30 samples at 5 K is plotted in Fig. 4-12(a). The
enlarged portion of the hysteresis loop for x = 0.05-0.30 samples in Fig. 4-12(b)-(e)
demonstrate the significant increase in the coercive field (Hc) ~ 1224 Oe (x = 0.05) to 6186
Oe (x = 0.30) as the indication of increased weak ferromagnetic contributions with
increasing Pr doping (see Fig. 4-12(f)). In addition, the shift of the M-H loops toward the
negative field axis signs the negative exchange bias (EB) effect. The exchange anisotropy
at the ferromagnetic/antiferromagnetic interfaces describes the EB effect, and the analysis
of the coercive field and EB field were carried out using Hc = (H+ - H.)/2 and Heg= (H+ +
H.)/2 where H+ and H- are the right and left coercive field values. Here, Fig. 4-12(g)
illustrates the variation of Heg as the function of Pr content at 5 K. We found that the value
of Hes increases from ~ -418.5 Oe to -1285.8 Oe for x = 0.05 to 0.30 Pr substitution. The
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variation of Heg at 5 K is similar to the variation of the cell distortion factor (d) obtained
from XRD analysis (see Fig. 4-12(h)), which shows the maximum EB field for x = 0.3

sample having minimum cell distortion.
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Fig. 4-12 (a) The M-H loops measured at T=5 K (T < Tsr) for Nd1xPr«CrOs (x = 0.0-
0.30) samples. The enlarged portion of the loops for (b) x = 0.05 (¢) x = 0.10 (d) x = 0.20
and (f) x = 0.30 samples. The variation of (g) the coercive field Hc, (h) the exchange bias
field Hes and (i) the cell distortion factor with Pr substitution.

Furthermore, we have plotted the FC M-H loops for x = 0.0-0.30 samples in Fig. 4-13(a)
at the T = 100 K which is above Tsr and below Tn. The enlarged portion of the M-H loop
for x = 0.05-0.30 samples at 100 K in Fig. 4-13(b)-(e) shows the prominent left shift and
significant negative EB for each sample. Similar to 5K, the coercive field (Hc) increases ~

378 Oe (x = 0.05) to 1494.94 Oe (x = 0.30) at 100 K with increasing substitution (see Fig.
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4-13(f)). However, the variation of Heg as the function of Pr content at 100 K depicted in
Fig. 4-13(g) is different from that of 5K. Here, the EB field first decreases from -1942.4
Oe (x=0.0) to -746.4 Oe (x = 0.10) and then increases up to -1368.2 Oe (x = 0.30) with the
increase of Pr substitution. It is important to note the trend of the EB field at 100 K is

analogous to the variation of Cr-O2 bond length, as shown in Fig. 4-13(h).
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Fig. 4-13 (a) The M-H loops at T= 100 K (T > Tsg) for Nd1xPr«CrOz (x = 0.0-0.30)
samples. The enlarged portion of the loops for (b) x = 0.05 (c) x = 0.10 (d) x = 0.20 and
(f) x = 0.30 samples. The variation of (g) the coercive field Hc, (h) the exchange bias field
Hes and (i) the Cr-O2 bond length with Pr substitution.

The clear correspondence is obtained from the anomalous Raman behavior near 100 K for

the modes related to anti-stretching and bending of CrOg octahedra in Fig. 4-6 and Fig.
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4-7 validates the role of coupled structural features for the occurrence of EB effect in the
present system. Furthermore, Fig. 4-14(a)-(b) shows the temperature dependence of
coercive field Hc(T) and the EB field Hes(T) extracted from FC M-H loops of Nd1xPryCrO3
(x = 0.30) sample. The Hc increases monotonically below Tn and attains a minimum value
near 5 K. However, the non-monotonic behavior of the EB field shows significant Heg in
the temperature region below Tn with a maximum value of ~-1991.8 Oe. The EB in present
samples is explained in terms of the weak ferromagnetism of canted Cr®* moments and
rare-earth paramagnetic moment and their competing AFM interaction. The large Heg at
lower temperatures is attributed to the vanishing nature of Tsr, which can be related to less

change of the Cr®* spin canting angle.
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Fig. 4-14 Temperature dependence of (a) the coercive field Hc(T) and (b) the exchange
bias field Heg(T) extracted from FC M-H loops of Nd1-«PrkCrOs (x = 0.30) sample.

From the magnetization measurements, we can expect Cr®* spins to be in weak
ferromagnetic condition for x = 0.30 sample with reduced distortions which maintains the
EB effect at lower T. Such behavior of Pr3* (J = 4) substitution in NdCrOs is different from
the Eu* (J = 0) substitution where the EB field vanishes in the Tsr region [172]. These
results indicate the spin reorientation and EB effect are significantly influenced by Pr

substitutions.
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4.4 Summary

We synthesized single-phase Nd1-«Pr«CrOs (x = 0.05-0.30) samples with an orthorhombic
structure. The Rietveld refinement and Raman analysis show the unit cell expansion and
reduced structural distortions with increasing Pr concentration. The EDX and FESEM
images display the homogenous polycrystalline samples with smaller grain sizes due to Pr
doping. The UV-Vis spectroscopy reveals the semiconductor behavior of the samples. The
XPS analysis confirmed the presence of Pr ions in desired (3+) valance states. The dc
magnetization measurements show higher magnetization and the increase in Tn up to ~
227.5 K. Furthermore, the Pr doping increases the weak ferromagnetic phase by diluting
antisymmetric Nd/Pr and Cr interactions, which gradually decreases the Tsr up to ~31.8 K
and finally attributes to no spin-reorientation in x = 0.30 sample. In addition, the Griffiths-
like phase is observed in x = 0.05-0.30 samples due to the presence of short-range weak
ferromagnetic clusters above Tn. The shift of M-H loops evidences the exchange bias effect
for all samples. For the temperatures below Tsgr, the significant increase of coercive field ~
6186 Oe and EB field ~ -1285.8 Oe is marked with Pr substitution. The maximum EB field
of ~-1991.8 Oe is noted for x = 0.3 sample for T = 150 K. Importantly, in the temperature
region above Tsg, the behavior EB field of x = 0.0-0.30 samples is matched with the trend
of the Cr-O2 bond length. The anomalous softening of the CrOes bending mode and
hardening of the anti-stretching mode indicate spin-phonon coupling. The present finding
shows the coupling of structural and magnetic parameters in Nd1xPrxCrOz compounds to
optimize multifunctional properties near liquid nitrogen temperature for various

applications.
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Chapter 5 : Exploration of low-field

magnetic states in Ndi-xCexCrOs
5.1 Introduction

In particular, the interplay of two different magnetic sublattices in RCrO3 emerges the
appealing multiferroicity, spin reorientation, magnetization switching, magnetocaloric
effect, and improper electric polarization [2][177][178][88], which has stimulated
significant attention in recent years. In these materials, the AFM ordering of Cr3* (S = 3/2)
spins occur below Ty with weak ferromagnetism [15] along the a or c unit cell axis
depending upon the R ion. An intriguing phenomenon in RCrOs is the spin reorientation
transition (Tsr), where the direction of moments changes from one crystal axis to another
[161] and has found importance for topological spintronics in other materials [26]. Among
the RCrO3 compounds, both NdCrOz and CeCrO3z possess magnetic R-ion (J = 9/2 and 5/2)
with larger Tn ~ 220 K and 260 K values suited for practical uses. In addition, a prominent
Tsr at ~ 35 K exhibits in NdCrO3 due to the evolution of weak ferromagnetic Cr* spins
[111]. On the other hand, the CeCrOz shows a magnetic compensation at ~ 133 K where
the magnetization becomes zero due to antiparallel coupled Cr¥* and Ce®* spins [2]. In
general, the substitution on A or B sites can change the distinctive properties of RCrOs,
which mainly originate from the cross-talk of 4f and 3d electrons [106]. For instance, the
presence of nonmagnetic La®* increases the energy level splitting of Cr®* and Nd** indicated
by low-temperature Schottky anomaly in Nd-xLaxCrOz [173]. Moreover, the spin-phonon
induced EB has been found recently in Nd@-«EuxCrOs via thermal variation of Raman
modes [172]. Further, the magnetic Pr3* ion triggers the spin reorientation followed by
magnetization reversal and EB in the Y 1.xPr«CrOs [165]. The literature suggests the EB
effect exhibiting no moment reversal is less studied in orthochromites. Furthermore,
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substantial changes in the magnetic coercivity and linear field dependence of magnetization
were observed in La;xCexCrOs [174]. However, the evidence of ordered Ce** moments
around 100 K using an extra peak in neutron diffraction data [128] is still a contentious
topic. In addition, the redox-active Ce [175] promotes oxygen vacancy, enhancing the
functionality of perovskite-type multiferroics by radically changing magnetic exchange
interactions [176]. Such elusive behavior of these systems prompted us to study the Ce
substitution in NdCrOs, which is still unexplored. It is anticipated that the spin reorientation
of the Nd-xCexCrOs will be similarly rich, accounting for the modified R-Cr interactions
and new magnetic states. As the Ce-based interaction can lead to the uncommon hysteresis
below Neel temperature, it would be interesting to perturb the Nd site with Ce ions and

observe its influence on EB-like features.

In this work, a systematic study based on XRD, Raman, XPS, and dc magnetization was
performed to investigate the structure, valance state, and magnetic properties of
NdzxCexCrOs (x = 0.05-0.175) samples. The process to obtain the two different

magnetization states for the same external field in different directions is discussed.

5.2 Experimental Section

The samples of Nd1xCexCrOs (x = 0.05, 0.075, 0.10, 0.15, and 0.175) were made by the
standard solid-state reaction route in polycrystalline form. The stoichiometric amount of
Nd203 (99.9%), CeO2 (99.9%), and Cr203 (99.6%) powders was well ground in an agate
mortar pestle for several hours and pressed into pellets using a hydraulic press. The pellets
were calcined at 1000 °C for 12 h, reground, and finally sintered at 1300 °C for 36 h in air.
The structural analysis of the samples was done using the X-ray diffractometer (Rigaku,
Smart Lab) with Cu-K, radiation (A = 1.5406 A). For surface morphology, dispersive
energy X-ray (EDX) (Sigma) and the field emission scanning electron microscope

(FESEM) (Zeiss, Sigma 300) were used. The Raman spectra were collected using Raman
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spectrometer (Horiba Jobin Yvon, LabRam HR) with a 514 nm wavelength. High-
resolution X-ray photoelectron spectroscopy (XPS) was utilized to find the valance state of
compositions by using an X-ray photoelectron spectrometer (ESCALAB Xi+, Thermo
Fisher). Magnetization measurements in the 3-300 K temperature range were carried out

with the help of the physical property measurement system (PPMS 9T, Quantum Design).
5.3 Results and discussions

5.3.1 X-ray diffraction (Rietveld refinement and Maximum Entropy Method)
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Fig. 5-1 The Rietveld refinement fitting of XRD data of the Nd;-CexCrOz (a) x = 0.05 (b)
X =0.10 and (c) x = 0.175 compositions.

The Ndw-xCexCrOz (x = 0.05-0.175) samples were characterized with respect to phase
purity by powder XRD. The peaks for each sample were indexed with distorted perovskite
structure and matched with the parent compound. The analysis of XRD data shows the
formation of single-phase samples up to x = 0.175 substitution, as the further increase of
Ce resulted in the CeO2 secondary phase. Reports suggest that the preparation of Ce-doped
RCrOs using a solid-state reaction route is challenging due to the phase separation of CeO>
driven by Ce®* oxidation [174][128]. However, this is the first attempt to synthesize the Ce-
substituted NdCrOz polycrystalline samples. The XRD data of all the samples were
Rietveld refined by the orthorhombic symmetry (space group: Pnma). A representative
Rietveld refined pattern of x = 0.05, 0.10, and 0.175 samples are plotted in Fig. 5-1, which
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shows the good agreement between the calculated and observed patterns by ? values. The
crystallographic parameters as the function of Ce content obtained from Rietveld
refinement are listed in Table 5-1. We found that the lattice parameters a, b, and ¢ and
hence the cell volume V increases with x compared to the undoped compound [112] due to
the substitution of Nd3*(1.109 A°) site with Ce3*(1.143 A°) ion having a larger ionic radius.
Furthermore, the orthorhombic strain in the a-c plane (Sac) for all the samples is estimated
using the relation Ssc = 2(a-c)/(a+c). We noticed the decrease in Sac upon x variation, which
accounts for the overall lattice expansion of NdCrOz with Ce doping. The observed
variations in octahedral Cr-O1 bond length and Cr-O1-Cr bond angle for the samples are
listed in Table 5-1. The refined atomic positions and site occupancies of Nd/Ce, Cr, O1,
and O2 atoms are also mentioned, which shows that Ce occupies the Nd site. However, the
decrease in refined O1 occupancy of ~ 1% (x = 0.05) to 4.8% (x = 0.175) may result from
the O vacancy [177]. For the understanding of present compounds, we utilized the
maximum entropy method (MEM), and the electron charge density distribution was

determined using MEM.

The structure studies of several compounds have been effectively carried out using
combined Rietveld refinement and MEM analysis [154]. The accuracy of the MEM lies in
the fact that the charge density maps produced by the MEM are always consistent with the
observed structural factor and least biased to the unobserved structure factors [178]. The
MEM calculations were performed in 48x72x48 pixels per orthorhombic lattice employing

the computer program Dysnomia [154].
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Table 5-1 The lattice parameters a, b, and c, cell volume (V), orthorhombic strain (Sac),
Cr-O1-Cr bond angle, Cr-O1 bond length, position coordinates, site occupancies obtained
from Rietveld refinement and the electron charge density at the Cr-O1 bond mid and at
central O1 atom obtained from MEM analysis.

Parameters x=10.05 x=0.075| x=0.10 x=0.15 | x=0.175
a(A) 5.4832(1) 5.4834(1) 5.4836(2) | 5.4840(2) | 5.4842(1)
b (A) 7.6932(2) 7.6963(3) | 7.6975(4) | 7.6999(3) | 7.7004(2)
c(A) 5.4217(2) 5.4252(4) 5.4241(1) | 5.4298(2) | 5.4303(1)
V(A% 228.70(5) 228.95(6) | 228.95(7) | 229.28(7) | 229.32(6)
Sac (107) 11.282 10.679 10.911 9.934 9.874
Cr-O1-Cr (°) 150.68(6) 151.08(5) 150.83(7) | 151.81(7) | 152.54(6)
Cr-01 (A) 1.977(3) 1.978(3) 1.979(4) | 1.981(4) | 1.982(3)
Nd/Ce x 0.0404(1) | 0.0402(1) | 0.0399(1) | 0.0396(1) | 0.0394(1)
z 0.0089(3) | 0.0090(3) | 0.0091(3) | 0.0092(2) | 0.0094(3)
Occupancy(Nd) | 0.475 0.462 0.449 0.425 0.412
Occupancy(Ce) 0.024 0.035 0.049 0.073 0.087
Cr Occupancy 0.500 0.502 0.500 0.501 0.501
o1 x 0.488(2) | 0.488(1) 0.488(2) 0.489(1) | 0.492(1)
b4 -0.093(2) | -0.092(2) | -0.091(2) | -0.088(2) | -0.086(2)
Occupancy 0.495 0.493 0.490 0.481 0.476
02 x 0.292(2) | 0.291(1) 0.295(1) 0.301(2) | 0.301(1)
y 0.038(1) | 0.038(1) 0.036(2) 0.033(1) | 0.031(1)
b4 -0.282(2) | -0.280(2) | -0.280(2) | -0.278(2) | -0.277(2)
Occupancy 1.004 1.001 1.003 1.002 1.001
Charge Cr-O1 (eA*?) 0.71 0.74 0.75 0.83 0.87
density 01 (eA) 24.7 24.4 223 21.9 20.2

Note: Space group: Pnma. Atomic positions: Nd/Ce, 4c (x, 0.25, z); Cr, 4b (0, 0, 0.5); O1,
4c (x, 0.25, z); and O2, 8d (x, Y, 2).

113|Page
TH-3216_176121015



Chapter 5: Exploration of low field magnetic states in Nd;-.CexCrOs

AN

g Y
g5
| |

(b)

Fig. 5-2 The MEM charge density map of Nd:xCexCrOs (a) x = 0.05 and (b) 0.175 samples
at the iso surface level of 1 eA%3, The charge density distribution of (c) x = 0.05 and (d) x
= 0.175 samples for the (100) section. The contour range is from 0 to 1 eA°3 with 0.1 eA”
% intervals.

The density maps in Fig. 5-2(a)(b) demonstrate the electron clouds extending out from the
respective Nd atoms (with Ce substitution shown by yellow color), Cr atoms (on the
octahedral site), and O atoms (of two type, namely, O1 and O2) for x = 0.05 and 0.175
compounds. The increased Ce substitution results in the detachment of O electron clouds
from Nd/Ce-O and CrOe bonding (Fig. 5-2 (b)). In Fig. 5-2(c)-(d), the electron density
distribution for (100) plane of x = 0.05 and 0.175 samples display the possible Cr-O1
covalent feature. It is observed that the localized ordering of charges [177] toward the Cr-
O1-Cr bonding direction increases with Ce concentration in the NdO matrix. The values of
electron charge density around the Cr-O1 bond midpoint are estimated and written in Table
5-1. The observed charge density of ~ 0.653(4) e/A® for the parent compound is comparable

with the charge density of ~ 0.6 e/A® of Mn-O covalent bonding [150]. It is noticed that
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the Cr-O1 charge density increases from ~ 0.711(4) e/A3 for x = 0.05 to 0.878(3) e/A* for
x=0.175 sample, which indicates a small improvement of the Cr-O1 covalent nature. Table
5-1 also shows the decrease in the electron density at the central O1 atoms from ~ 24.73(3)
e/A% (x = 0.05) to 20.20(3) e/A3 (x = 0.175). This value is in accordance with oxygen
vacancies in a few oxides [179]. Therefore, the less occupied O1 sites may cause oxygen
vacancies and slightly enhance the Cr-O1 covalent bonding for Nd;—xCexCrOs

compositions.

5.3.2 Microstructural analysis

Fig. 5-3 FESEM images of the Nd1.xCexCrOs (a) x = 0.05 and (b) x = 0.15 composition
(c) Average grain size as the function of Ce concentration and the inset shows the grain
size distribution of x = 0.15 sample (d) EDX spectrum and (e) elemental mapping of x =
0.15 composition showing the presence of Nd, Ce, Cr, and O elements.

The FESEM micrographs in Fig. 5-3(a)-(b) elucidate the surface morphology of the
Nd1.xCexCrOs (x = 0.05, 0.15) samples with uniform grain growth. The average grain size
is estimated by Image-J software (linear intercept method), and its value ranges from 0.345
um for X = 0.05 to 0.299 um for x = 0.175 composition. It is observed from Fig. 5-3(c) that

the substitution of Ce causes a smaller grain size than the undoped one, which may arise
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from the reduced surface energy of the grains [160]. In Fig. 5-3(d)-(e), the EDX spectrum

and mapping for x = 0.15 compound detect the O, Cr, Nd, and Ce elements with uniform

distribution.

5.3.3 Raman analysis

The subtle changes of the NdCrOz lattice due to the Ce substitutions are examined through
Raman spectroscopy. The Raman spectra of Nd(1-x)CexCrOz (x = 0.05-0.175) compounds at
room temperature are shown in Fig. 5-4.. We know the group theory describes the 24
phonon modes of orthorhombic RCrOz with four formulas per unit cell as, I' = 7Ag + 5B1g
+ 7B2g + 5B3g [46]. Thus, the eleven Raman active modes similar to the pristine sample and
an additional hump are detected for Ce substitution, as depicted in Fig. 5-4. The available
literature shows Raman behavior of Ce-based rare-earth chromites is limited. Hence, it is

important to discuss Raman behavior of the present system in detail.
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Fig. 5-4 Raman spectra acquired from the Nd1xCexCrOs (x = 0.05-0.175) compositions.

The variation of wavenumber with Ce concentration for the modes having significant
Raman shift is depicted in Fig. 5-5(a). We found that the mode frequencies (values are
written for x = 0.05 sample) Ag(2) ~ 142.9 cm™, Bag(1) ~ 152.2 cm™ and Bzg(1) ~ 169.9
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cm* related to Nd/Ce -ion (2)(y)(x) vibrations show the small shift toward low wavenumber
(red shift) with increasing x. However, the noticeable redshift of ~ 5 cm™ is marked for the
doublet of symmetry Aq(3) at ~ 200 cm™ associated with in-phase CrOs (y) rotation and
B2g(2) at 213.4 cm! related with Nd/Ce-O(z) vibration, displayed in Fig. 5-5(a). We can
expect such behavior of Raman modes related to the increase of A-site ionic radii
introduced by Ce substitution. Other less intense modes Ag(4) ~ 289.5 cm™ related to
Nd/Ce-O(x) vibration, Ag(5) ~ 334.8 cm™ (see Fig. 5-5(a)) and Big(2) ~ 372.8 cm?
associated with out of phase (x)(y) CrOeg rotation also exhibit the red shift. Similarly, the
doublet bands near Bz¢(3) ~ 435.8 cm™ (see Fig. 5-5(a)) and Ag(6) ~ 454.5 cm
corresponding to tilting and bending of CrOs octahedra shift to low wavenumber with
increasing x. Only one phonon mode Bsg(3) ~ 577.6 cm™ related with the anti-stretching of
CrOs octahedra shift ~ 1.5 cm™ to high wavenumber (blue shift) with increasing Ce

percentage, which is plotted in Fig. 5-5(a).
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Fig. 5-5 The wavenumbers as a function of Ce content of selected phonon modes and (b)
Fitting of Raman spectra of Nd;-CexCrOsz (x = 0.05 to 0.175) compositions in 490 to 590
cm~twavenumber range illustrating additional hump as compared to the undoped sample.

These changes are attributed to the change of CrOg octahedral distortion by substituting Nd
with Ce ion. The profile fitting in Fig. 5-5(b) displays the broad hump centered around

537.4 cm™ (x = 0.05) to 534.2 cm™ (x = 0.175).
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It is noticed that the hump does not correspond to the phonon modes of orthorhombic
RCrOs (R = Nd, Ce) compounds [46]. Therefore, to assign it, we first checked the phonon
frequencies of CeO using the DFPT calculations by the Quantum espresso package [127].
The calculations confirm only one Raman active mode Foq ~ 421.5 cm, comparable with
the experimental value ~ 464.5 cm™ and other reported results [180], eliminating the
possibility of a secondary CeO> phase. Moreover, the Raman spectra of Ce-based oxides
reveal an additional band around 540-600 cm ! related to oxygen vacancies through charge
compensating defects [181][182]. Hence, the hump is assigned as the vibrational band
related to the oxygen vacancies. The readjustment of the Ce oxidation number may induce
oxygen vacancy in substituted samples, which will be probed with XPS measurement in

the upcoming section.

5.3.4 XPS analysis
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Fig. 5-6 The XPS results of Nd;-.CexCrOs for (a)-(c) The core-level Ce 3d of x = 0.05,
0.10 and 0.15 (d) The core-level Cr 2p spectra of x = 0.05 and (e)-(f) The O 1s spectra of
x = 0.05 and 0.15 samples.

The XPS data of the present compositions were also recorded to verify the valence states
of Nd/Ce and Cr ions, which might affect the magnetic behavior of the Nd1-xCexCrO3
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system. Here, Fig. 5-6(a)-(c) displays the high-resolution Ce 3d spectra for substituted (x
=0.05, 0.10, and 0.15) samples. The existence of Ce** (J = 5/2) ion is confirmed with the
spin-orbit resolved Ce3ds/, peaks at 881.7, 885.3 eV, and Ce3dz/. peak at 903.1eV binding
energies for x = 0.05 sample. In addition, the deconvoluted Ce3ds/, peak at 898.9 eV and
extra peak at 917.7 eV indicate the presence of Ce** (J = 0) ion [183] for the x = 0.05
sample. The calculated percentage of Ce®* and Ce** ions by quantitative analysis [184] are
listed in Table 5-2. Interestingly, we found that the Ce3*/Ce** ratio is nearly 2:1, which is
constant while increasing Ce content. The Ce®*" and Ce** switching occurs during the oxido-
reduction process, where the Ce®* ions bind to the defect and contributes to Ce*" ions

[185][186].

Table 5-2 The Ce ions percentage in 3+, 4+ oxidation states for the Nd1.xCexCrOsz (x =
0.05, 0.10, and 0.15) compositions.

% of ions X=5% x =10 % x=15%
Ced* 3.17 6.66 9.64
Ce** 1.66 3.72 5.06

Fig. 5-6(d) displays the core level Cr 2p binding energy spectra of the x = 0.05 compound.
The spin-orbit splitting of the 2p level into 2ps/> peak situated at ~ 576.1 eV and 2p1» peak
at ~ 585.7 eV binding energies confirm the Cr3* (S = 3/2) ion agrees with the report [163].
The Cr2ps2 and Cr2p12 levels were resolved into the peak at ~ 578.2 eV and 588.5 eV
related to the multiplet of Cr®* 2ps. and small shake-up contribution [163][162],

respectively. Similar results were observed for the other samples.

Furthermore, the O 1s XPS spectra for the x = 0.05 and 0.15 samples are shown in Fig.
5-6(e)-(f) and deconvoluted into three peaks. The binding energy peaks (values are written
for x = 0.15) at ~ 529.7 eV and 531.6 eV characterize the lattice oxygen (O1)> and (02)*
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ions, and the resolved peak at 531.1 eV corresponds to the oxygen vacancies. [187].
Further, the area under the peaks in Fig. 5-6(e)-(f) reveals the oxygen vacancies of ~ 2.20
% for x = 0.05 and ~ 6.18 % for x = 0.15 compound. We find the oxygen vacancies through
XPS are in accordance with MEM and Raman analysis. Thus, both Ce®*" and Ce** ions
occupy the Nd** site, and the oxygen vacancies maintain the charge neutrality within

Nd:—xCexCrOs compositions.

5.3.5 Magnetic characterization

Fig. 5-7(a) shows the temperature dependence of magnetization of the Nd;—xCexCrOsz (x =
0.05-0.175) samples for the applied field of 100 Oe in field cooled (FC) mode. We observed

a decrease in the magnetization below magnetic ordering with increasing Ce substitution.
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Fig. 5-7 (a) FC magnetization vs. temperature under an applied magnetic field of 100 Oe
of Nd;-.CexCrOz (x = 0.05-0.175) samples (b) The value of Ty and Tsras the function of Ce
content where insets show extended dy/dT vs. T curves of present samples (c) Temperature
variation of the magnetic susceptibility times temperature (xT) using 100 Oe FC
magnetization curves, demonstrating the magnetic phases and (d) Inverse susceptibility vs.
temperature curves and the solid red lines are fit to the Curie-Weiss law for selected
samples.
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The derivative of magnetic susceptibility (dy/dT) in the inset of Fig. 5-7(b) determines the
AFM ordering temperature (Tn) and spin-reorientation transition temperature (Tsr). Fig.
5-7(b) shows the increase in Tn ~ 229.9 K and Tsr ~ 40.2 K as compared to pure sample
[111] and ascribed to the increased structural parameters with Ce substitution. We have
plotted the magnetic susceptibility multiplied by temperature (y7) as the function of
temperature [188] of x = 0.0-0.175 samples in Fig. 5-7(c). The yTvs. T graph demonstrates
the weak ferromagnetic I'2(Fx,Cy,G;) phase below Tnand the AFM I'1(Ax,Gy,C;) phase [16]
below Tsr by the shaded areas in Fig. 5-7(c). It is found that the reorientation of canted
Cr** moments from I'; to I'1 phase exhibits for each composition. However, the strength of
spin reorientation significantly reduces due to the decreased I'1 phase. This can be related
to the weaken Nd-Cr magnetic exchange interactions with the increase of Ce concentration.
The detailed analysis of Tsras the function of the applied magnetic field will be discussed

later.

For quantitative interpretation of magnetization data, the temperature dependence of dc

magnetic susceptibility data above Tn were fitted to the Curie-Weiss law,

C (5.1)

where, C and 6 are the Curie constant and Curie temperature respectively. The temperature
dependence of inverse susceptibility and the fitting for x = 0.05 and 0.15 samples in
paramagnetic region is shown in Fig. 5-7(d). The 1/y vs T data fitted well to the Curie-
Weiss law above long-range ordering and deviates from this behavior below Ty due to weak
ferromagnets arising from canted Cr®* antiferromagnetism. The fitted value of the C is used

for the calculation of the effective paramagnetic moment (Uefr) by using the relation,

121 |Page
TH-3216_176121015



Chapter 5: Exploration of low field magnetic states in Nd;-.CexCrOs

3K, C (5.2)

Herr = Ny U)ZB

where, Kg, Na and pg are the Boltzmann constant, Avogadro number and Bohr magneton
respectively. Alternatively, the theoretical value of e for the samples is calculated using

the relation,

Merr = \/ [ —x) pRa + xHE, + HE] 3

We observed that the pefs ~ 5.167 pg (X = 0.05) to 5.098 pg (x = 0.175) were less than the
corresponding ugff ~5.267 pg (x = 0.05) t0 5.188 pp (x = 0.175) values. The decrease of
Heff With increasing x is related to substituting Ce®" ion (2.54 pg) on the Nd®* site (3.62 g).
However, the slight difference between e and ugff values can be due to the certain
amount of non-magnetic Ce** ions (J = 0) along with magnetic Ce®** ions (J = 5/2). We
found a good agreement between Left ~ 5.15 pg and u’gff ~5.17 pB (x = 0.15) using relative
percentage of Ce®" and Ce** ions from XPS analysis. The Curie temperature (8) obtained
from the Curie-Weiss law fitting increases from ~ -161.5 K (x = 0.05) to -201.2 K (x =

0.175), showing the predominance of antiferromagnetic interactions.

Fig. 5-8(a) represents the magnetization hysteresis (M-H) loops of x = 0.05-0.175 samples.
The M-H loops were measured after cooling the samples from 300 K to 100 K in FC
condition with a field of 50 kOe. These loops were found to be linear for the T < Tnwhere
the canted AFM ordering of Cr3* spins related to antisymmetric Dzyaloshinsky-Moriya
interaction is present [54]. The enlarged isotherms in Fig. 5-8(b)-(e) depict the unusual
closure of the M-H loop and its shifting along the negative field axis, evidencing the EB

effect. The literature suggests a linear field dependency of magnetization without any
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Fig. 5-8 (a) Field dependence of magnetization (M-H) of Nd;-.CexCrOz (x = 0.05-0.175)
samples in -90 to +90 kOe field sweep at 100 K (b)-(e) Expanded view of exchange biased
M-H loops of x = 0.0, 0.05, 0.10, and 0.15 samples and (f) The variation of EB field (Heg)
and coercive field (Hc) with Ce content.

hysteresis only for the higher Ce substitution in LaCrOz, however, no EB effect was seen
in these compounds [174]. The EB field and the coercive field were obtained using the
relation Heg = (H+ + H-)/2 and Hc = (H+ — H-)/2 where H+ and H- are the ascending and
descending branch field value across M = 0. From Fig. 5-8(f), we observed the Heg ~ -
1942 Oe for x = 0.0 sample at the Hc ~ 470 Oe. However, for x = 0.075-0.175 samples the
Heg decreases monotonically to a value ~ -653 Oe. Only for the x = 0.05 sample, the Heg
decreases slightly from the parent compound to a value ~ -1890 Oe with a sharp decrease
of Hc ~ 55 Oe. This sharp decrease of coercivity merges the M-H loop for Ce substituted
samples, as shown in Fig. 5-8(c)-(e). The correlations between EB and magnetization
reversal are established in various single-phase compounds [165][7][189]. However, the
small Ce substitution causing the EB through shifted paramagnetic type loop seems

uncommon.
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Fig. 5-9 The Magnetic susceptibility as the function of temperature, measured in ZFC
mode (yzrc) (solid line) and FC mode (xrc) (scatter line) at the magnetic field of (a) H =
+500 Oe and (b) H = -500 Oe for the Nd;—CexCrOs (x = 0.05, 0.10 and 0.15) samples.
The arrow indicates the yzrc direction for the positive and negative fields, respectively.

Hence, to find the possible correlations, we studied the temperature dependence of
magnetic susceptibility under zero field cooled condition (yzgc) and field cooled condition
(xrc) at H =500 Oe for x = 0.05, 0.10 and 0.15 samples shown in Fig. 5-9(a). The large
bifurcation between ZFC and FC magnetization below Ty results in the positive ygc at all
temperatures. However, the negative yzgc in Fig. 5-9(a) sign the negative magnetization
(see arrows) for the samples. The negative magnetization occurs in I'2 state within the 100
K to 223 K T-range, where the G; spin component aligns opposite to the applied field. The
negative magnetization with diamagnetism-like characteristics is observed for the ZFC
condition under low fields in polycrystalline HoCrO3z [190] and PrCri—xCuxO3 [191]
orthochromite. However, these reports do not show any negative susceptibility to
distinguish diamagnetism. Therefore, for further understanding of the ZFC and FC
susceptibility, the above measurements have been repeated under the magnetic field of -
500 Oe and depicted in Fig. 5-9(b). From these curves, we found that the y;pc flips to
positive values (see arrows), while the ygc remains the same for all the samples. We

observed the sign change of yzgc for the same applied field of the magnitude of 500 Oe.
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Such sign change in magnetic susceptibility is unexpected and beyond the diamagnetism-

like description of negative magnetization.
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Fig. 5-10 Temperature dependence of magnetic susceptibility measured in ZFC mode
(xzrc) under the applied field of (a) £250 Oe (b) £500 Oe (c) £750 Oe (d) £1000 Oe (e)
+1500 Oe (f) £2800 Oe and (g) £3500 Oe for the Nd;-CexCrOsz (x = 0.0, 0.05 and 0.15)
compositions. Here, y+ (solid line in blue shades) is the ZFC susceptibility under the
positive applied magnetic field, and y- (solid line in red shades) is the ZFC susceptibility
under the negative applied magnetic field.

Therefore, it is crucial to examine the ZFC magnetic susceptibility at the same magnitude
of positive and negative magnetic fields. For this, we measured the magnetic susceptibility

under two conditions (1) the ZFC susceptibility at the positive applied magnetic field ()
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and (2) the ZFC susceptibility at the negative applied magnetic field (y_). The plots of y.
vs. T for the applied field of +250 to +3500 Oe for x = 0.0-0.15 samples are shown by the
blue curves in Fig. 5-10(a)-(g). The plots of y_ vs. T for the applied of -250 to -3500 Oe
are shown by the red curves in the same Fig. 5-10(a)-(g). These measurements show an
interesting thermomagnetic history. Here, the y, vs. T curves follow the different trend than
x—Vs. Tones. The y_in Fig. 5-10(a)-(g) show the increase below Tnand exhibits the spin
reorientation transition across Tsr. This behavior of y_ is similar to the temperature
dependence of FC magnetization explained in Fig. 5-7(a). However, the y, at 250 Oe and
500 Oe in Fig. 5-10(a)-(b) decreases below Ty attaining the minimum value near Tsr and
afterward it increases with lowering temperatures. From Fig. 5-10(c), we noticed that the
x+ changes its form at 750 Oe and shows a negligible reorientation of Cr3* spins. For the
fields > 1000 Oe in Fig. 5-10(d)-(f), the deviation of y, from y_ gradually decreases due
to the re-establishment of Tsr. It indicates the spin reorientation of the present system is
soft in nature. Finally, the overlapping of y, and y_ occurs at 3500 Oe in Fig. 5-10(g),

where the thermo-magnetization history of x = 0.0-0.15 samples vanishes.
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Fig. 5-11 Magnetic field dependence of Zeeman energy for the Nd;-.CexCrOsz (x = 0.0,
0.05, and 0.15) samples.
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For further understanding, we have calculated the Zeeman energy (-AMH) using the
magnetization values obtained from Fig. 5-10(a)-(g). In Fig. 5-11, we have shown the
change in Zeeman energy as the function of the applied field for x = 0.0-0.15 samples at
150 K. The Zeeman energy of the samples increases with increasing magnetic field and
becomes maximum at 2800 Oe, and afterward, it sharply decreases at 3500 Oe. We know
the negative EB field is related to the additional Zeeman energy needed to overcome the

internal coupling and align the spins along the magnetic field direction.
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Fig. 5-12 The Temperature dependence of EB field (Hes) for Nd;-.CexCrOs (a) x = 0.05
and (b) 0.15 samples. Temperature dependence of ZFC magnetic susceptibility difference

C -)/2
normalized by FC susceptibility foc for (c) x = 0.05 and (d) 0.15 samples under the
applied field of 250 Oe to 3500 Oe.

Therefore, the EB field as the function of temperature for x = 0.05 and 0.15 samples are
analyzed in Fig. 5-12(a)-(b). From these plots, we marked a maximum Hgg ~ -2809 Oe

for x = 0.05 and -2260 Oe for x = 0.15 samples at 150 K. Fig. 5-11 confirms both the
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Chapter 5: Exploration of low field magnetic states in Nd;-.CexCrOs

samples exhibit the maximum Zeeman energy at the magnetic field of 2800 Oe at that
temperature. Thus, the maximum Heg is comparable with the magnetic field emerging
maximum Zeeman energy. It shows a correspondence between the Zeeman energy and the

EB.

Furthermore, we calculated the ZFC susceptibility difference using y, and y_ values from

Fig. 5-10(a)-(g) and normalized it by the FC susceptibility at the same field. In Fig.
5-12(c)-(d), we have shown the temperature dependence of the ratio [W} for x =
F

0.05 and 0.15 compounds. Interestingly, this ratio reveals the amount of the pinned Cr3*
spins below Tn. We found that a maximum ~ 26% and 24% pinning occurs for x = 0.05
and 0.15 samples. This means 1 spin out of 4 Cr®* spins are unable to rotate and align to
give the required magnetic structure for that direction of the magnetic field. Hence, it is not

unusual to find that the maximum Zeeman energy for the doped samples is of a similar
magnitude. The temperature variation of Heg and [(X*;ﬂ] in Fig. 5-12(a)-(d) shows the
FC

maximum Heg lying in the region of maximum pinning of Cr3* spins for both samples. This

validates a common EB feature.

We know that at low temperatures (below Tsg) the Cr3* spins are in complete AFM
I'1(Ax,Gy,C;) phase. Our measurements depict the thermomagnetic history can maximally
affect one-fourth of the Cr3* spins. This means that 1 spin out of 4 Cr spins is unable to
rotate. Here, the Cr3* spins interact with the Nd** spins by the superexchange interactions.
The asymmetric placement of the Nd atom in the distorted perovskite structure may cause
an unequal influence on the neighboring Cr atoms. Because of the shift of the Nd atoms
along the a-axis, the Cr atoms interacting with Nd atoms along this axis are mostly affected.
It may be possible that the partial quenching of the Cr®* spins happen in such a way that the
magnitude of one Cr spin is frozen. Thus, it can generate a ferromagnetic component. This
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Chapter 5: Exploration of low field magnetic states in Nd;-.CexCrOs

results in a metastable magnetic state, which requires some energy to attain a stable spin
configuration. It has been reported that oxygen vacancies restore the missing magnetic
superexchange interactions, allowing unexpected magnetic states to stabilize [176]. With
the Ce substitution, the oxygen vacancies are introduced in such a way that few of the
mutual interactions via the O1 site are broken. This possibly allows the Cr3* spins to return
to the influence of the Nd®* spins through the superexchange interaction and leads to the
reduction of the EB. However, further microscopic measurements are required to confirm

this proposition.
5.4 Summary

We synthesized single-phase orthorhombic Nd;—xCexCrOz (x = 0.05-0.175) compounds.
Structural analysis suggests an enhanced covalency of Cr-O1 bonds with Ce substitution.
The XPS analysis confirms a constant ~ 2:1 ratio of Ce®*:Ce*" ions and charge
neutralization through oxygen vacancies. The dc magnetization reveals the increase of Ty
and Tsrup to ~ 229.9 K and 40.2 K and specifies soft spin-reorientation attributed to diluted
superexchange interactions with Ce incorporation. The EB effect through an unusual
closure of the M-H loop is noticed for x = 0.05-0.175 samples in a different way to Eu®*
and Pr®* substituted samples. We demonstrate for the first time that the magnitude of the
magnetization is different for the same applied field in positive and negative directions,
indicating the existence of two different magnetic states. The difference between these two
magnetic states possibly arises from the pinning of Cr3* spins, which requires an additional
Zeeman energy for it to rotate. Such that a maximum Heg ~ -2809 Oe is found to be

comparable with the magnetic field of 2800 Oe, emerging maximum Zeeman energy.
Importantly, the ratio [m;ﬂ] obtained from normalized magnetic susceptibility reveals
FC

~ 25% pinned Cr* spins and corroborates EB feature similar to Hes. In these materials, the
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Chapter 5: Exploration of low field magnetic states in Nd;-.CexCrOs

pinned Cr3 spins give rise to different magnetic states, which modify with the oxygen
vacancies. However, the possible relations between unconventional EB and magnetic states
need further exploration. The present work shows the two different states of magnetization
at fields of the same magnitude as an alternative method to detect the sign change in small

magnetic fields.
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Chapter 6 : Conclusions

The results obtained from the present work for this thesis can be summarized as follows:
Three distinct substitutions, namely Eu, Pr, and Ce, were introduced at Nd-site in NdCrO:s.
Detailed investigations were carried out to analyze the structural and magnetic properties
of (i) NdixEuxCrOs (up to 100 % Eu substitution), (ii) Ndi-xPr«CrOs (up to 30 % Pr
substitution), and (iii) Nd1xCexCrO3z (up to 17.5 % Ce substitution) compounds. This
chapter presents a summary of the key findings of the thesis and provides some future

guidelines.

We prepared single-phase Ndi1xEuxCrOs (x = 0.0-1.0) polycrystalline samples, where the
gradual substitution of Nd** by Eu®* resulted in a gradual change in the chemical pressure
within these samples. The room temperature X-ray diffraction and Raman spectroscopy
confirmed unit cell contraction and increased structural distortions due to Eu substitution.
The microstructural analysis revealed the good quality of homogenous bulk samples.
Notably, the substitution of Eu led to a decrease in Tn values, from ~ 225.4 K (x = 0.0) to
182.5 K (x = 1.0). The presence of Tsg from ~ 37.1 K for x = 0.0 to 13.3 K for x = 0.90
sample is observed. The x dependence of J1 and J. indicated modifications in the Cr-Cr
interactions. Overall, the observations of the structural and magnetic behavior across x =
0.5 suggest a chemical pressure boundary. We observed a negative exchange bias (EB)
effect, and a decrease in the EB field (Heg) from ~ -1945 Oe (x = 0.0) to -15 Oe (x = 1.0)
is observed. Importantly, a non-monotonic behavior of the EB field with a maximum Hes
in range of ~ -1300 Oe was observed around T* ~ 90 K and 80 K between Tn and Tsr for x
= 0.10-0.20 samples. This behavior can be attributed to the competing antiferromagnetic
interaction between the weak ferromagnetic component of canted Cr®* moments and the

paramagnetic moment of Nd**/Eu®* ions, along with lattice distortions, contributing to the
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EB effect. The temperature dependence of phonon modes associated with the anti-
stretching and bending of CrOg octahedra, as well as the vibration of Nd**/Eu®* ions below
Tn, confirms the strong spin-phonon coupling up to the x = 0.20 sample. The non-
monotonicity of the EB effect is correlated with an additional phonon anomaly near T*.
The Raman results were further supported by density functional theory-based calculations.
Moreover, the temperature-dependent lattice parameters, CrOes deformations, and Nd/Eu
positions confirmed strong magnetoelastic coupling below Tn up to x = 0.20 sample.
Analysis of the electron density distribution using the maximum entropy method revealed
that the centrosymmetric (Pnma) phase alone was inadequate to explain the crystal
structure of the Nd1.xEuxCrOs system near T*~ 80 K in between Ty and Tsr. Interestingly,
we observed a structural reorientation across T* that resolved the anomalous electron
density jump of Nd/Eu ions within the Pnma structure, resulting in a stable electron density
of ~ 41.79 /A3 for the Pna2; structure. However, further microscopic investigations are
necessary to validate this proposition. This study provides novel insights into lattice
modulations around T* between Ty and Tsr in NdCrOs-based compounds, elucidating the

spin-phonon-induced exchange bias and magneto-structural imprints for the first time.

With such interesting results of Eu substitution in NdCrOs, we have chosen the magnetic
rare-earth element Pr3* with a larger ion size in contrast with the Eu* ion. We prepared
Nd1xPrCrOs (x = 0.0-0.30) samples with perovskite-type structure. The Rietveld
refinement and Raman analysis indicate that the samples exhibit unit cell expansion and
reduced structural distortions as the concentration of Pr increases. By examining the EDX
and FESEM micrograph, we observed that the Pr doping results in polycrystalline samples
with smaller grain sizes. The semiconductor behavior of the samples was confirmed
through UV-Vis spectroscopy. XPS analysis confirmed the presence of Pr ions in the

desired (3+) valence states. The dc magnetization measurements demonstrated higher
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magnetization than the parent compound and an increase in Ty ~ 227.5 K (x = 0.30).
Further, the Pr substitution increases the weak ferromagnetic phase by diluting the
antisymmetric Nd/Pr and Cr interactions. This gradual dilution causes a decrease in the Tsr
up to ~ 31.8 K and ultimately eliminates the spin-reorientation in the x = 0.30 sample.
Importantly, we observed the emergence of a Griffiths phase in the substituted samples,
attributed to the existence of short-range weak ferromagnetic clusters above Tn. The shift
in the M-H loops provided evidence of the EB effect for all samples. In comparison to the
Eu substitution, we have achieved a higher value of the EB field for Pr substitution. For
temperatures below Tsg, a significant increase in the coercive field Hc ~ 6186 Oe and EB
field Hes ~ -1285.8 Oe was observed with Pr substitution. The x = 0.3 sample exhibited the
maximum Heg ~ -1991.8 Oe at T = 150 K. Interestingly, for the temperatures above Tsr,
the behavior of the EB field of the x = 0.0-0.30 samples correlated with the trend observed
in the Cr-O2 bond length. Further, the anomalous softening of the CrOs bending mode and
the hardening of the anti-stretching mode confirmed spin-phonon coupling. The magnetic
phase diagram of the samples exhibits various magnetic phases as a function of Pr content.
These findings highlight the interplay of spin reorientation and EB in NdixPrxCrOs

compounds.

Compared with the two previous substitutions, this work selects the redox-active rare earth
Ce ion as our final substitute, allowing a mixed Ce valency at the Nd site. We successfully
synthesized single-phase Nd1.xCexCrOz (x = 0.0-0.175) compounds and studied systematic
structural and magnetic properties for the first time. XPS analysis provides evidence of a
consistent ratio between Ce3* and Ce*' ions, approximately 2:1, and reveal charge
neutralization through oxygen vacancies. Examining the electron density profile shows that
the introduction of Ce enhances the covalency of Cr-O1 bonds. Magnetization
measurements demonstrate that Ty and Tsr increase to ~ 229.9 K and 40.2 K, respectively,
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while also revealing a soft spin reorientation resulting from diluted superexchange
interactions upon incorporating Ce. The presence of Ce substitution leads to an unusual
closure of the M-H loop manifesting exchange bias (EB) effect. We demonstrate for the
first time the distinct magnetization magnitudes under the same applied magnetic field in
the positive and negative directions, implying the presence of two distinct magnetic states.
The difference between these states may be attributed to the pinning of Cr3* spins, which
requires an additional Zeeman energy for it to rotate. For example, the maximum EB field
Hes is ~ -2809 Oe is found to be comparable with the magnetic field of 2800 Oe inducing
maximum Zeeman energy. Importantly, the normalized magnetic susceptibility ratio

[(X+—X—)/2

" ] provides the presence of ~ 25% pinned Cr3* spins and corroborates EB feature
FC

similar to Hes. In these materials, the pinned Cr®* spins contribute to distinct magnetic
states that are influenced by the presence of oxygen vacancies. However, the underlying
relationships between the unconventional EB and magnetic states require further
investigation. This study demonstrates that, at fields of the same magnitude, the detection
of two different magnetization states offers an alternative approach for identifying sign

changes in small magnetic fields.

This thesis has resulted in the discovery of the spin-phonon induced exchange bias effect,
structural-reorientations, and different magnetic states in Nd:1-xRxCrOs (R = Eu, Pr, and Ce)
compounds. It also indicates that the magnetic transition can be coupled to the crystalline

lattice modulations in similar systems.

Such interesting findings of perovskite-type rare earth substituted NdCrO3z samples enhance
the multifunctionality of the system. There are some remarks and potential extensions of
the current thesis work. For instance, the exploration of the Griffith phase in the case of Pr
substituted samples is required. Whereas in the case of Ce substitution, the exact nature of

magnetic states and their correlation with exchange bias can be explored. Further, Neutron
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diffraction and synchrotron X-ray diffraction are recommended to confirm these
proportions. In the present thesis, we have systematically examined the NdCrOs-based

materials in polycrystalline form. This can be a starting point for preparing single crystals

and thin films for future investigations.
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