INDIAN
INSTITUTE OF
TECHNOLOGY

BANARAS HINDU UNIVERSITY

DECLARATION BY THE CANDIDATE

I, “Prajyoti Singh”, certify that the work embodied in this thesis is my own bona fide work and
carried out by me under the supervision of “Prof. Sandip Chatterjee” from “July 2015” to “July
20207, at the “Department of Physics”, Indian Institute of Technology (BHU), Varanasi. The
matter embodied in this thesis has not been submitted for the award of any other degree/diploma.
| declare that | have faithfully acknowledged and given credits to the research workers wherever
their works have been cited in my work in this thesis. | further declare that | have not wilfully
copied any other's work, paragraphs, text, data, results, etc., reported in journals, books,
magazines, reports dissertations, theses, etc., or available at websites and have not included them

in this thesis and have not cited as my own work.

Date: Signature of the student
Place: IIT (BHU), Varanasi (Prajyoti Singh)

CERTIFICATE BY THE SUPERVISOR

It is certified that the above statement made by the student is correct to the best of my/our

knowledge.

Supervisor Signature of Head of Department
Sandip Chatterjee
(Professor)



R INDIAN
venfiast INSTITUTE OF
TR TECHNOLOGY
o oy fawafaea BANARAS HINDU UNIVERSITY

COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: Magnetic Properties of Some Pyrochlore and Double Perovskite Systems

Name of the Student: Prajyoti Singh

Copyright Transfer

The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindu
University) Varanasi all rights under copyright that may exist in and for the above thesis
submitted for the award of the “DOCTOR OF PHILOSOPHY” .

Date: Signature of the Student
Place: IIT (BHU), Varanasi (Prajyoti Singh)

Note: However, the author may reproduce or authorize others to reproduce material
extracted verbatim from the thesis or derivative of the thesis for author's personal use

provided that the source and the Institute's copyright notice are indicated.



Acknowledgements

My PhD life would not have been the same without the guidance and supervision of my
supervisor Prof. Sandip Chatterjee, your mentorship has been a privilege. Your incredible
vision for what shapes the future of the field scientifically, your passion for pursuing and
uncovering new frontiers, and your work ethics and focus have all taught me an immense deal. |
have learned from you to keep moving forward and trying after failure, to remain open to
challenges, and to hold high standards in work. Therefore, | would like to express my deep
gratitude to Prof. Sandip Chatterjee for his valuable and constructive suggestions during the

research work. I will always remain thankful to him.

| express my gratitude to my RPEC members, Dr. Shail Upadhyay, Dr. P. K. Roy for their
valuable, inspiration and numerous insightful suggestions during the entire course of this

research.

I express my thankfulness to the Prof. Debaprasad Giri, Prof. Prabhakar Singh (Head of
Department) for providing me required facilities of the department. | also wish to thank all other
faculty members of the Department of Physics, IIT (BHU) Varanasi for motivation, unselfish

support and suggestions during the course of my Ph.D.

I am also grateful to Prof. A. K. Ghosh, Department of Physics, Banaras Hindu University

for his help which made it easy for me to work in such an inter-disciplinary subject.

| want to express my deepest grateful to my parents, and my younger brother for their

support, love and care during my Ph.D. journey.



I would also like to express my extreme gratefulness towards my senior research members
Dr. S. Kumar, Dr. K.K. Shukla, Dr. A. Singh, Dr. R. Singh, Dr. P. Gupta, Dr. S. Ghosh, Dr. A.
Pal and other lab members Mr. V.K. Gangwar, Ms. P. Maiti, Ms. M. Singh, Mohd. Alam, Mrs.
Labanya Ghosh, Mr. S. Vijay, Ms. Srishti, Mr. Rahul, Mr. Dheeraj, Ms. D. Pal, Ms. K. Anand,
Ms. Seema, and Mr. Sambhab for sharing their knowledge and creating enjoyable lab
atmosphere. | would also like to thank all research colleagues of Department of Physics, IIT
(BHU), and Special thanks to my friends Mrs. R. Bala, Mr. V.P. Yadav, Mr. D. Yadav and Ms.
R. Solanki for their awesome and pleasant company and confidence to complete my work with a

‘smile’.

| am also thankful to all the technical, non-teaching as well as office staffs of the Department

of Physics, IIT (BHU) Varanasi for their assistance when needed.

Last but not least, | wish to thank all my friends and the persons whose names have not been

included on this piece of paper for extending their cooperation directly or indirectly.

In the end, I'd like to say 'Thank you' to Almighty for giving me patience to make this endeavor

a SUCCess.

Sincerely

(Prajyoti Singh)



DEDICATED
TO
MY FAMILY



Contents

(00T 4 1] 1 or= L= OSSR RP PPV PRORPRRRIN [
Declaration by the Candidate.............coveieiieiiiie e ns ii
Certificate DY the SUPEIVISOIS ......ccviiiiieie et te e b e e te e e e sraeeeenee e ii
Copyright Transfer CertifiCate..........coiiiiiiiece e ae e iii
ACKNOWIBAGEMENT ...t e e e te et e s te e te e e e sreesreeneennes iv
(0] 1 (=] 0 £ vii
LISt Of FIQUIE. . e e e e e e Xi

LSt OF T aDIC. . e e e XX

e 5] U0t PP XXii
Chapter 1 INErOQUCTION .......oviiiiiiiiieieie ettt 27-74
1.1 Magnetism : INErOQUCTION ........ciuiiiiiiiieie e 29
11,1 DHAMAGNETISIML ...ttt ettt bbbt e bbb b e 29
1.1.2  ParamagneliSMm......cooie ettt bbb bbb 30
1.1.3  FerrOMAGNETISIT .....eeiiiiieiiieiieee et bbbt 31
1.1.4  ANtTerrOmMAagNETISIM.....cce ittt bbb 31
115 FeITIMAGNETISIM. ..ottt bbbttt e b 32
1.2 Rules define the different types of magnetc ordering...............coovviiiiiiiiinnnnn.. 32
1,21 CUMB-WEISS LAW .....iiiiiiiiiieiieieiese sttt bbbt 32
1.2.2  Mean field tBOIY ....c.ooei e e 33
1.2.3  Heisenberg MOEl..........coooviiiiiiiece e e 34
1.2.4 ISING MO ...t e e e neesneeras 35
1.2.5 Landau theory of phase tranSition ...........ccccceieeiieii i 35
1.3 SPIN FIUSTFAtION ...t 36
1.3.1 Geometrical SPin FruSLration ...........cccueiiuieiieieesic e 36
1.3.1.1 Pyrochlore oxide MaterialS...........cccovueiiieiiiiiic e 40
1.3.1.1.1 Long range Ordered.........cccveiuieiiieiie i siie e te et ena e 44
1.3.1.10.2 SPIN LIQUIT .ottt ve e sra e na e 44
1.3.1.1.3 SPIN ICR...eiitt et 44
1.3.1.1.4 SPIN GlasS. . uvi ittt e e 46



1.3.2 Disorder driven SPin FrUSIIAtION .........cccueiveiiiiieiienesie e 46

1.3.2.1 Single Perovskite Material............cccouiiiieiiiieiiesieie e e 46
1.3.2.2 Double Perovskite Material ............ccocoiiiiiiiiieiice e 47

1.4 Literature survey on A;Ti,07 type Pyrochlore materials...........ccccooveviiiniiiiciiniinnns 49
1.5 Literature survey on A,CoFeOg type Double Perovskite............ccoovvieeieneniieniiins 55
1.6  Different Physical Phenomena related to our research................cocooviiiiiiiiiinn.n. 60
1.6.1 Spin relaxation or Spin freezing ProCess..........cooviiiiiii e, 60
1.6.2 Dzyaloshinsky-Moriya (DM) interaction................oooieiiiiiiiiiiiiiiiieeieee 63
1.6.3 Spin-glass/ Cluster glass phenomenology ............cccooiiiiiiiiiiiiiiii e, 64
1.6.4 Exchange Bias (EB) effeCt..........coovriniiiriii e, 67
1.6.5 Magneto-dielectric COUPIING. ... .oouiiriit e 70
1.6.6 B I =TI o Lo o (0] 0] 1 P 71
1.6.6.1 Variable Range Hopping (VRH) Model.............coooiiiiiiiie, 71
1.6.6.2 ArTheniUS TaW. ... .o 71
1.7 Motivation OF the thesSiS. ........on e e 72
Chapter 2 EXperimental PrOCEAUIE.............coviiieieeiecee st 75-97
2.1 SAMPIE SYNTNESIS. .....iiiiiiiieeieie bbb 77
2.1.1 Solid State ReaCtion ROULE. ..........oiiiii e 77
2.2  Experimental characterization techniques and their working principles .............cc.c...... 78
2.2.1  Characterization tools for structural property Study ..........ccccovveiiieiencieninenenn 79
2.2.1.1 X-Ray Diffraction (XRD) teChNIQUE ...........cccoriiriiiiiiieirieeeeee e 79
2.2.1.2 RAMAN SPECLIOSCOPY ...uveveeirerieiresieesteesie s st et sbe s e sbeesne e nseesne e e e nneenne 81
2.2.1.3 Neutron Powder Diffraction (NPD) teChnique ..........ccooeiiiiiiniicieec e 84
2.2.1.4 X-ray Photoemission Spectroscopy (XPS) teChniquUe...........ccvvveieienencieniiinins 87
2.2.1.5 X-ray Absorption Spectroscopy (XAS) teChNIQUE .........cccoovreiieiieieienc e 90
2.2.2  Characterization tools for magnetic property StUdy...........ccooevvrriiereneiencnesenns 92
2.2.2.1 Magnetic Property Measurement System (MPMS): SQUID-VSM .........c.cccovvuenne. 92
2.2.3 Characterization tools for DIeleCtric StUdY .........ccveveeeiiierieeeee e 95
2.2.3.1 DIEIECIIC @NAIYSIS .. .viiiiiiiicciie et 95



2.2.3.2 Magneto-Dielectric ANalySiS. ... ...oviirii i, 96
Chapter 3 Spin freezing and Field induced transition in (TbyxEuy),TioO7; : A Magnetic

PIOPEITY STUAY . ..ttt e 99-120
20 A 101 (oo (1 T 4 o] o USROS SPPRRN 101
3.2 EXPEIIMENT .ot bbbt 103
3.3 RESULTS AND DISCUSSION ....ooiiiiiieiii et snnae e 104

3.3.1  StADIlItY STUAY .....ocieee e 104
3.3.2  SHUCIUIAL STUAY ....veeeeieiecieee et re e e 105
3.3.3  RAMAN STUAY .....veeieeie ettt e e n e e e e ae s 106
3.3.4  DC MAgNELiC STUY......oeiieiiiiecieese ettt a e re e 108
3.3.5  AC MAgNELiC STUAY.....coeiieiiciecieece ettt e e re e 112
I o] o [od V1] o] OSSPSR 120

Chapter 4 Wasp - Waisted loop and Spin frustration in Dy,.xEu,Ti,O7 Pyrochlore....121-143

4.1 T T [N ot AT ] o TSP 123
4.2  Experimental detail ............coooiiiiiiiii 125
4.3 RESULTS AND DISCUSSION ....ooiiiiiiiciee sttt 126
4.3.1  Stability and Structural ANAIYSIS.........ccooiiiiieiiieieiese e 126
4.3.2  Raman SpectroSCOPY ANAIYSIS.......cccuiiiiirieieieie ettt 128
4.3.3  Magnetization ANAIYSIS ........cccoiiiiiiiiiieiee e 130
4.3.3.1 DCmagnetic StUAY........ooviiiii e 130
4.3.3.2 AC MAgnetiCc STUAY........oori i 137
OO0 o] 111 o] o OSSOSO 143
Chapter 5 Roles of Re-entrant Cluster glass state and Spin lattice coupling in magneto-
dielectric behavior of giant dielectric double perovskite La; gPro,CoFeQg.................. 145-163
T8 A [ 01 (oo (U T 4 o] o USROS PRSI 147
T = (o 1= 1111 | SRR 148
5.3 RESUILS .. e b e b et e et enbe e 149
5.3.1  Stability and Structure STUAY ..........cceoiieiiiiiiicce e 149
5.3.2  XAS SHUAY ..ottt ettt et ne e 150
5.3.3  MaAQNELIC STUAY ...ocvvieiieiie et 151
5.3.4  DICIeCHrIC StUAY ..cvvveiieiie et 156

iX



5.3.5  RESISHVILY STUAY ...eoiviiiieie et 157

5.3.6 Magneto-dieleCtriC STUAY .........cccouiiiiiiiiiee e 158

T SO0 o] [V [ o FO ST OSTOR PRSI 162
Chapter 6 Double glassy states and large spontaneous and conventional exchange bias effect
in La; 5Cag5CoFeOg double perovskite. ... .. ..o 165-191
6.1  INTFOTUCTION ...ttt b bbb 167
6.2  EXperimental detailS..........ccoooiiiiiiiii s 169
6.3 RESUILS AN QISCUSSION.......ciuiiiiiiieitieiesiie sttt e sreesteeeesreesbeenee s 170
6.3.1  Stability and Structure ANAIYSIS..........cooiiiiiiiiieeie e 170
6.3.2  X-ray photoelectron spectroscopy (XPS) Analysis ........ccccovvvieiiienencneniiiens 172
6.3.3  TheoretiCal ANAlYSIS ..o 175
6.3.4  Temperature dependent Neutron diffraction Analysis..........ccccoeevvveriiiieiienieennnns 177
6.3.5 MAGNELIC ANAIYSIS ... 180

R O] o 111 o] o USRS 190
Chapter 7 Conclusions and FULUIE SCOPES........ccueieriireririiiieieieee e 193-197
7.1 ConCluSion OF the tNESIS ........cviiiiiiee e nee s 195
T2 FULUIE PLANS.. .ottt et ebe et esneenteeeeaneesneense s 196

R O BN CES ottt 198-241
List Of PUDLICALIONS. ... ..t e 242-245



List of Figure

Figure 1.1 Schematic representation of spin alignment in diamagnetic and paramagnetic

materials microscopic structures at rest and in the presence of a magnetic field H................. 31

Figure 1.2 Schematic representation of spin alignment in ferromagnetic, antiferromagnetic and
Terrimagnetic MALEITALS. ........ooviie e et enee e 32
Figure 1.3 Temperature variation of inverse magnetic susceptibility for paramagnetic,
ferromagnetic and antiferromagnetic MAaterial.............cooiiiiiiiiiei s 33
Figure 1.4 (a) Variation of free energy with magnetization. (b) Variation of Magnetization as a
function of temperature. [Courtsey: Stephen Blundell, Magnetism in condensed matter; Oxford
master series in condensed MAtter PRYSICS] .....c.oovieiiriiieieee e 34
Figure 1.5 Direction of Ising spins on the vertices of 2 d triangular lattice illustrates geometrical
spin frustration in which two spins are align antiferromagnetically where as the direction of third
SPIN 1S NOT ABTINITE ...ttt bbb 37
Figure 1.6 Direction of Ising spins on the vertices of 2 d triangular lattice illustrates geometrical
spin frustration in which two spins are align antiferromagnetically where as the direction of third
SPIN 1S NOT ABTINITE ...ttt ne bbb 38
Figure 1.7 Examples of some possible geometrically frustrated magnetic lattices along with their
space groups. The top two examples are of two dimensional frustrating lattice geometries, the

bottom two examples are of two dimensional frustrating lattice geometries........................ 39

Figure 1.8 Shows the Conventional unit cell of the corner-sharing tetrahedral A,B,07 pyrochlore

structure With A% and B SUDIAIICES.) .......oveeeeeeeeeeeeeeeeeee et s e, 40

Xi



Figure 1.9 Shows the Conventional unit cell of A,B,O; pyrochlore structure with the
arrangement Of O AN O 10N ..ot bbb 41
Figure 1.10 Shows the pyrochlore lattice posses alternating kagome and triangular planar layers
stacked along [111] dir€CHION [A]. .eveoiiieiiiiiei e 42
Figure 1.11 Shows the structural stability map for A;B,07 Pyrochlore.[4] ..o 43
Figure 1.12 Showing the ‘two-in, two-out’ arrangement as A) In water ice between oxygen (large
circle) and Hydrogen atom (black sphere). B) Ice rule follow in a single tetrahedral C) The cubic
unit cell of spin ice pyrochlore lattice in which white sphere directs to spins into a ‘downward’
towards tetrahedra, while black sphere directs to spins ‘upwards’ towards tetrahedral [12]...... 45
Figure 1.13 Show the crystal structure of ABX3 perovsKite............oooiviiiiiiiiiniiiiiinann.n. 47
Figure 1.14 Describe the Double Perovskite unit cell structure formed by two perovskite unit

cell. In this figure, blue sphere denotes A-site ion, violet sphere denotes B-site ion and yellow

SPNEre PreSENTS B'-SIt8 10M. . ...\ttt 48
Figure 1.15 Shows the ground state spin configuration achieved for Er,Ti,O7 [32]................ 49
Figure 1.16 Showing the all in-all out spin arrangement in SMyTi207....oiiiiiiiiiiiin 54

Figure 1.17 The frequency varying real and imaginary part of y. x and xs occur at lowest and
highest frequencies respectively. Inset of fig.1.17 demonstrate the phasor diagram of x. Here, v
ISthe phase dIfference. ... ..o e 62
Figure 1.18 Shows the DM interaction between two neighboring spins..................c.oveeen... 63

Figure 1.19 Depicts the spin arrangement in ferromagnetic, antiferromagnetic and spin glass

]2 65
Figure 1.20 Depicts the arrangement of spins in spin glass state and cluster glass state........... 66
Figure 1.21 Represents the symmetric and asymmetric hysteresis loop in M-H curve............. 67

xii



Figure 1.22 Shows the schematic explanation of exchange Bias effect.............................. 69
Figure 1.23 Shows the Inp versus (1/T)%? curve with VRH fit (blue colour)..................... 71

Figure 1.24 (a) Shows the Inp versus (1/T) curve with Arrhenius fit (green colour). (b) Shows the

activation energy and the band gap between valence and conduction bands........................ 72
Figure 2.1 Flow chart showing the steps of solid state reaction method.............................. 78
Figure 2.2 Schematic diagram of Bragg’s 1aw..........ccocoiiiiiiiiiiiiiscie e 80
Figure 2.3 Picture of Rigaku-MiniFlex-11 DESKTOP powder X-ray diffractometer. ................. 81
Figure 2.4 Energy level diagram of Rayleigh scattering and Raman Scattering. ..............ccoco..... 83
Figure 2.5 Renishaw Micro Raman SPeCIrOMELEr ...........cuoiiiiirieieie et 84

Figure 2.6 Setup of PD-2 (Powder Diffractometer-2) located at Bhabha Atomic Research,
1Y/ 0T g o= IR 1T L R 87

Figure 2.7 (a) Shows the photoelectric effect. (b) Depicts the schematic representation of XPS set

] o PSPPSR PP 89
Figure 2.8 Transition between the core levels which rise to XAS €dges .......cccccevvrerencieniennnnn. 91
Figure 2.9 Block diagram of XAS beam line consists of various Components ..............cc.ccoeeee. 92
Figure 2.10 Quantum Design MPMS 3 MagnetomMeLer ..........coevererireneniseseeeeee e 95
Figure 2.11 Magneto-dielectric measurement SEt UP..........oueuineerenineerenineerenieaneneanenansn 97

Figure 3.1 Powder x-ray diffraction pattern for the (Th;«xEux),TioO7 samples. Inset (i) Diffraction
peak (222) of (Thi-xEux).Ti,O7; samples. Inset (ii) Rietveld refinement for the Th;oEu; ¢Ti2O;
T 1001 ][ SRRSO PPR PP PRSP 106
Figure 3.2 (a) Raman Spectra of the (Th1.xEux),Ti,O7 samples at 300 K. (b) Variation of all four

active phonon modes as a function of X in (Th;xEux)2Ti,07 samples .. ... 108

Xiii



Figure 3.3 (a) The temperature dependent magnetization (ZFC) of the (Thi<Euy).Ti,O; samples.
(b) M(H) at 2 K for all TETO samples. Inset: Variation of effective magnetic moments with Eu
content (x) derived from Curie-Weiss Law at high temperature for TETO sample. (c) The
inverse DC susceptibility of (Th;.xEux)2Ti,O7 samples. (d) High Temperature Series Expansion
fit for (Th1-xEux)2Ti,O7 (x = 0.90, 0.95, 1.0) samples. Inset: Curie—Weiss fit for (Th;xEux),Ti>O7
(X =0, 0.25, 0.50) SAMPIES......oeiiiiiiiiieiieie ettt b et sre et e e 112
Figure 3.4 (a): 3 (T) of Th,Ti,O; ( f =300, 500, 700 Hz) and YTTO ( f = 500 Hz) at zero applied
DC field. Inset (i)  (T) of Tb,Ti;O7. Inset (ii) ¥ (T) of TTO and YTTO compounds at H = 0 Oe
(500 Hz). (b) y (f) at different temperatures for Th,Ti,O7. Inset: Normalized y as a function of
f/fpeac and fitted theoretically (red) by Casimir du pre relations at and near the transition
temMpPerature fOr THoTio07. oottt et esre et 113
Figure 3.5. (a) y(T) of all TETO compounds measured at H = 0 Oe (f = 500 Hz). Inset: y (T) of
ETO at H=0 Oe. (b) y (T) of all TETO compounds measured at H = 0 Oe (f = 500 Hz). Inset:
Y (T) OF ETO AL H T 0 08 ..ot ses s 115
Figure 3.6 5 (T) (upper panel) and y (T) (lower panel) of TETO compounds at applied field of 10
kOe. (a) x = 0.0, (b) x = 0.5, (c) x = 0.95, (d) x = 1.0. The inset in every upper panel: dy (T)/dT

with T. Marked by arrow are: Single ion spin freezing peak (T;) and Single moment saturation
Figure 3.7(a) The Arrhenius Fit of (Ts) peak for compounds (ThixEuy),TiO7 (x = 0.25, 0.50,

0.90, 0.95). Inset: Arrhenius Fit of Tb,Ti,O;. (b) Variation of field induced transition

temperature T~ with Eu content () for TETO SAMPIES.........ccveververeereeeriereeeeeeeeseessee s 119

Xiv



Figure 4.1 The lattice constant (Cubic Structure) of Dy,.xEu,Ti,O7 as a function of x value. Inset
(1): X-ray powder diffraction pattern for the Dy, EuxTi,O; samples. Inset (ii): Rietveld
refinement for the Dy; oEU1 0 Ti207 SAMPIE.....c.eiiiiiiee e 128
Figure 4.2. Raman spectra of the Dy,xEu,Ti,O; samples at 300 K. Inset: Variation of four active
phonon modes as a function of x in Dy,.<EuxTi,O; samples along with the straight horizontal
dashed 1iNes FOr FEFEIENCE. ..o 129
Figure 4.3. The temperature dependent DC magnetic susceptibility (ZFC) with standard Curie-
Weiss fit of the x = 0.0, 0.5, 1.0 samples. Inset (i): The temperature dependent DC magnetic
susceptibility (ZFC) with standard Curie-Weiss fit of the x = 1.5, 1.8, 1.9 samples. Inset (ii):
vs. T curve of x = 2.0 sample with standard CW fit. (b): Inverse DC susceptibility vs. T curve of
Dy,.xEuxTi,07 compounds with inverse CW fit at (100-300 K). (c): High temperature series
expansion fit for Dy, «EuxTi,07 (x = 1.5, 1.8, 1.9, 2.0) samples. (d): Variation of derived CW
temperature with x value of Dy,.xEuxTi,O7 series from (2-20 K) CW fit. Inset: Variation of
calculated effective magnetic moments with Eu content (x) derived from inverse CW fit at high
temperature (100-300 K) for DETO SAMPIES.. ....ooviiiiiiiiiiiiiieieiee e 131
Figure 4.4 Zoom part of M-H curve for x = 1.5, 1.8, 1.9 samples at 2 K. Inset: M-H curves at 2
K for all DETO samples. (b): Variation of d8M/dH? curve with applied H at 2 K for x = 1.5
sample. {Zoom part of 4.4(b)} - d°5M/dH? curve with applied H (0.4-1.0 T) at 2 K for x = 1.5
sample. Inset: 6M between ascending and descending portions of M-H curve for x = 1.5 sample.
{Zoom part of inset 4.4(b)}- 6M of M-H curve for x = 1.5 sample from 0.25-0.75 T. (c):
Variation of d°5M/dH? curve with applied H at 2 K for x = 1.8, 1.9 samples. Inset: M between

ascending and descending portions of M-H curves for x = 1.8, 1.9 samples. (d): Descending first

XV



quadrant M-H curve for x = 15, 1.8, 19 samples with LA fit above 1

Figure 4.5 x(T) of x = 0.0, 0.5, 1.0 for f = 500 Hz at zero applied DC field. Inset (i): 3 (T) of x =
1.5, 1.8, 1.9 for f = 500 Hz at zero applied DC field. Inset (ii): X'(T) of x = 2.0 for f = 500 Hz at
zero applied DC field. (b): y (T) of x = 0.0, 0.5, 1.0 for f = 500 Hz at zero applied DC field. Inset
(): % (T) of x = 1.5, 1.8, 1.9 for f = 500 Hz at zero applied DC field. Inset (ii): 3 (T) of x = 2.0 for
=500 Hz at zero applied DC field. ..o e 138
Figure 4.6 %(T) (upper panel) and y (T) (lower panel) of Dy,..Eu,Ti,O; compounds at applied
field of 2 T. (2): Dy15EU05Ti207, (b): Dy1.0EU10Ti,07, (C): DyosEU15Ti207, (d): Dyo2Eu; 8Ti,07,
(e): Dyg1Euy¢Ti,O7. Marked by arrow are: Single ion spin freezing peak of Dy*" ions (T;) and
Single ion spin freezing peak of EU® 10N (T)...vvvvenneeeeeeeee e, 140
Figure 4.7 The Arrhenius Fit of (Tf) peak for (x = 0.5, 1.0, 1.5, 1.8, 1.9) compounds and
Arrhenius Fit of (Ts) peak for (x = 1.5, 1.8, 1.9) compounds.(b): Variation of derived E, values of

Ts and T, peaks with x value of Dy,.xEu,Ti,07.(c): Variation of T¢ and T peaks with x value of

Dyz_xEUXTi207 ............................................................................................... 141
Figure 5.1. The XRD pattern along with the Rietveld refinement of LPCFO at 300K ............ 150
Figure 5.2. XAS spectra of (a) Co edge (b) Fe edge recorded at 300K.....................eveneen, 151

Figure 5.3. (a) The temperature dependent ZFC and FC Curve of LPCFO at different magnetic
fields. (b) The isothermal (M-H) curves of LPCFO at different temperatures. Inset: dM/dT as a
TUNCLION OF tEMPEIALUIE.. .. .eiiiii et e st e e reesree s 152
Figure 5.4. The temperature dependent real y' (T) (a) and imaginary ¥" (T) (b) part of AC

susceptibility of LPCFO at zero field. (¢) Dynamic Scaling fit of log f Vs log (T+/Tsc -1). Inset :

XVi



Vogel-Fulcher fit of In f Vs 1/(T+T,) curve. (d): TRM data at 25 K fitted with KWW equation.

Figure 5.5 (a) Temperature dependent dielectric constant (e') of LPCFO. Inset: Arrhenius fit of
dielectric relaxation of LPCFO. (b) Temperature dependent dielectric tangent loss (tané) of
LPCFO. Inset: a comparative plot of tand(T) and imaginary part of dielectric function €"(T) at
10 KHZ FrEOUBNCY. ...ttt ettt ettt e st et e e e e st e s reeae e st e e beebeaneesnaeneeenee e 156
Figure 5.6 (a) Temperature dependent resistivity p(T) curve of LPCFO at zero magnetic field.
(b) 3-d VRH fit of p(T) at 120 — 190 K temperature range. (c) SPH fit of p(T) at 240 — 300 K
EEMPEIALUIE FANGE. .. eiiiiiii it s ra s 158
Figure 5.7 (a): Magneto dielectric (%) as a function of magnetic field for LPCFO at different
temperatures. Inset: Raw pictorial diagram of Magneto dielectric (%) Vs. temperature at 1.3 T
magnetic field. (b) Raman scattering intensity of LPCFO at different temperatures (80-330 K) as
a function of Raman shift. (c) Temperature dependence of the phonon positions of two typical
modes (Aq and Bg) observed for LPCFO. Brown vertical dotted lines represent anomalies. (d)
Temperature dependence of the Raman line widths (FWHM) of Ay and By modes. Blue dotted

line shows the different slopes. Brown vertical dotted lines represent anomalies................. 160

Figure 6.1 (a) The XRD pattern along with the Rietveld refinement of LCCFO at 300 K. (b) The

Crystal structure of LCCFO sample using VESTA ... ..o, 172

Figure 6.2 (a): The full XPS surface scan survey of LCCFO sample. Deconvoluted XPS Spectra

of LCCFO (b) La 3d level, (c) Ca 2p level, (d) Co 2p level, (e) Fe 2p level and (f) Ols level.

XVii



Figure 6.3. (a) : TDOS of LCCFO system. (b): Spin resolved PDOS for La-f, Ca-d, Co-d, Fe-d,
and O-p orbitals inset (i) PDOS of Co-d state. (ii) PDOS of Fe-d state...........ccccoeovevrnrerrriennnes 176
Figure 6.4. (a): Rietveld refined neutron diffraction patterns at various temperatures of LCCFO
system. The oval marked area indicates the purely magnetic (011) Bragg peak. (b): Magnetic
structure of LCCFO from 6 K NPD data. ..........ocouiuiuieiiiiii e 178
Figure 6.5 (a) : ZFC and FC curve of LCCFO sample at 100 Oe magnetic field. Inset :
Temperature dependence of dM/dT for FC data at 100 Oe magnetic field. (b) Temperature
dependence of the magnetization under ZFC protocol at H = 100 Oe, 1000 Oe and 10000 Oe. (c):
Power-law fitting to the log-log plot of “1/x Vs ((T-TcR)/TcR) at 100 Oe ZFC data. Inset : Inverse
susceptibility Vs temperature curve at 1000 Oe magnetic field with Curie-Weiss law fit. (d):
M(H) curves of LCCFO at different temperature. ...........cccocvieeiieie e 183
Figure 6.6 Temperature dependence of the AC susceptibility of LCCFO at zero magnetic field.
(a)Upper panel : The real part ' and lower panel : The imaginary part " from T = 140-180 K.
(b)Upper panel : The real part y' and lower panel : The imaginary part " from T = 2-50 K. T
and Tsare the cluster glass temperature. (c) Dynamic Scaling fit of log f Vs log (T#Tsc -1) curve.
Inset : Vogel-fulcher fit In f Vs 1/(T¢+T,) data in the Ty RCG region. (d) Dynamic Scaling fit of
log f Vs log (T#Tsc -1) curve. Inset : Vogel-fulcher fit of In f Vs 1/(T+T,) data in the Ts RCG
170 10 0 186
Figure 6.7 (a) ZFC M(H) isotherms in the range +70 kOe at 5 K. (b) The M(H) isotherms
measured at 5 K after cooling the sample under +50 kOe (green curve) and —50 kOe (orange
curve). (c): ZFC M(H) isotherms in the range £ 20 kOe at 10 K, 20 K, 30 K and 40 K. Inset :
ZFC M(H) isotherms in the range + 20 kOe at 50 K (d): ZFC M(H) isotherms in the range + 20

kOe at 60 K, 70 K, 80 K, 90 K and 100 K. (e): Variation of Hgg (left Y —axis) and Hc (right Y-

Xviii



axis) with the temperature (10 — 90 K). (f): Variation of Mggg (left Y —axis) and Mc (right Y-

axis) with the temperature (10 — 90 K). ..o 189

XiX



List of Table

Table 1.1 Shows the crystallographic positions of cubic A;B,0¢0O' Pyrochlore oxide having

FA3M SPACE groUP SYMMETIY. ... ... e, 41

Table 1.2 Shows the characteristics of different A,Co/Mn/NiOg type double perovskite

E U (TP 58

Table 3.1 The ionic radius ratio of TETO Series COMPOUNTS. .........ccererireririreienese e 105
Table 3.2 Lattice parameters obtained from rietveld refinement of all TETO compositions with
SPACE GrOUP FO-3IM. ...ttt ettt nb e 105
Table 3.3 Curie—Weiss temperature, theoretical and calculated magnetic moment of (x = 0.00,
0.25, 0.50) samples obtained from Curie—Weiss fit (25-300 K)..........ccooeririmriminnenencsese 109
Table 3.4 Theoretical and calculated magnetic moment of (x = 0.90, 0.95) samples obtained
from Curie—Weiss (150-300 K) Fit.......cccuriiiiiiiiiise e 110
Table 3.5 Curie—Weiss temperature, classical exchange energy, dipolar interaction energy and
calculated magnetic moment of (x = 0.90, 0.95, 1.0) samples obtained from the fitting of the

High Temperature Series EXpansion [2-5 K].....o.oviiiiiiii e 111

Table 4.1 The ionic radius ratio of DETO series COmMPOUNGS...........ccccvevveieeieeiiesieseese e 127
Table 4.2 Extracted Curie-Weiss temperature, classical exchange energy, dipolar interaction
energy and calculated magnetic moment of (x = 1.5, 1.8, 1.9, 2.0) samples by high temperature
series exXpansion Fit [2-5 K] ..o 132
Table 4.3 Extracted anisotropy constant (K;) values of x = 1.5, 1.8, 1.9 samples.................... 137
Table 6.1 Structural parameters obtained by Rietveld profile refinement of the powder XRD

pattern for La; 5CagsCoFeOg at 300K. ( Monoclinic —P21/n)......cooiiiiiii, 171

XX



Table 6.2 The magnetic moment values of Co and Fe sublattices evaluated by NPD data at

AIffErent tEMPEIALUIES ...\t et 180

Table 6.3 Fitted parameters obtained by dynamic scaling law and Vogel fulcher fit at T, and Ts

LS 0] T 20 = 185

XXi



Preface

Spin frustration or competing interactions between the interacting degree of freedom is one
of the eternal and enlightened research area in condensed matter world. Geometrical Spin
frustrated systems in which magnetic moments reside on corner sharing tetrahedra show multiple
degenerate ground states. In such frustration mechanism, the systems do not maintain lowest
energy state and switch to different magnetic ground states. Triangular lattice, kagome lattice
and pyrochlore lattice are the name of some lattices which shows geometrical spin frustration.
Particular, Pyrochlore material exhibits exotic physical and magnetic properties even at very low
temperature. Generally, pyrochlore materials exhibit form A;B,0; type empherical formula in
which A-site ion is rare earth elements and B-site elements are 3d transition elements. Among
the Pyrochlore materials, Rare earth titanates (R,Ti,O;) reveal different types of magnetic phases
like Th,Ti,O7 as spin liquid, Dy,Ti,O; as spin ice, Gd,Ti,O7 as long range ordered systems,
Eu,Ti,O7 as X-Y antiferromagnetically ordered systems and much more. Enrich in physics and

utilization in real world make these materials important among geometrically frustrated systems.

Along with geometrical spin frustration, disorder driven spin frustration seeks unusual
attention in recent times. When the disorder presents in a system causes the spin frustration
among the structure, known as disorder driven spin frustration. The single perovskite and double
perovskite which illustrates spin frustration due to presence of disorderness comes in the class of
multifunctional materials. The double perovskite materials have an A;BB'Og type empirical
formula i.e. ABO3;.AB'O3. One unit cell of double perovskite material consists of two unit cells
of single perovskite materials. In this empirical formula A-site is generally alkaline or rare earth
element and B and B'-site ions are 3d, 4d, 5d transition elements. The correlation between

electrical and magnetic ordering at room temperature makes these materials more efficient and
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applicable in many devices such as memory devices, magnetic sensors, magnetic recording
media etc. Eventually, numerous dynamic properties and magnetic processes like presence of
high temperature magnetic ordering, exchange-bias, spin glass/cluster glass, Griffith like phase,
high dielectric constant with low loss tangent, large magneto-dielectric frame the double
perovskite systems more efficient and promising. Although, A,Co/Mn/NiOg type double
perovskite materials have been widely investigated. Still, there is a large scope to flourish the
characteristics of La,CoFeO ¢ type double perovskite compounds. Moreover, Rare earth element
and hole doping at La site is one of the best way to intensify such alluring and unusual properties

and prepared them into use of different practical applications.

Therefore, our research work is focused to enhance the ravishing properties of rare earth
titanates and La,CoFeOg type double perovskite materials. In present thesis, the structural,
magnetic, transport and magneto-dielectric properties of spin frustrated systems have been
investigated. As to provide systematic discussion, this thesis has been classified into seven

chapters. Outline of each seven chapter is given below-

Chapter 1, In chapter 1, the introduction of magnetism along with different models which
classifies the different type of magnetic ordering has been explained. With this, the theory and
concepts of spin frustration with their related materials has also been discussed. Two types of
spin frustration i.e. geometrical spin frustration and disorder driven spin frustration are addressed
in this chapter. Brief introduction of Pyrochlore material, their different magnetic phases,
physics of perovskite and double perovskite materials with their literature review have been
elaborated in this chapter. Here, we have also discussed various important magnetic

phenomenons like spin relaxation process, exchange-bias phenomenon, spin glass/cluster glass,
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Dzyaloshinsky-Moriya (D-M) interaction etc. Moreover, different electrical transport models for

conductivity are also discussed like variable range hopping model, Arrhenius model.

Chapter 2, This chapter contains the synthesis process involved in our research work. The basic
principles and mechanism of different characterization tools which we have employed in our
research work is also explained in this chapter. X-ray diffraction, Raman spectroscopy, neutron
diffraction, X-ray absorption spectroscopy, X-ray photoemission spectroscope techniques has
been described the structure, phase and electronic state identity. The description of Quantum
Design MPMS magnetometer has been given for magnetic analysis. Dielectric and magneto

dielectric analysis is also included in this chapter.

Chapter 3, This chapter investigated the structural and magnetic properties of (Th,xEux),Ti,O;
pyrochlore compounds. All the ordered samples have cubic crystal structure with Fd—3m space
group. High series expansion fit on temperature dependent DC magnetic data reveals the
presence of dipolar and exchange interactions in Eu rich samples. Spin liquid Tb,Ti,O;
compound shows a partial spin freezing at ~ 33 K in presence of zero magnetic field. This partial
spin freezing of Th,Ti,O; compound is single ion spin freezing in nature. The AC magnetic
susceptibility data observed this partial single ion spin freezing for all compounds. A single
moment saturated field induced transition is observed for all compounds at low temperature in

presence of 10 kOe magnetic field.

Chapter 4, This chapter presented the systematic structural, raman and magnetic study of Dy,.
«EUxTi2,07 pyrochlore materials. A systematic shift in all phonon modes with higher Eu content
in Dy,.EuyTi,O7 observed in Raman spectra confirms the successful substitution of Dy** ion by

Eu®* ions. High concentration of Eu induces the exchange interactions between atoms and alters
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the crystal-field interactions in Dy,«EusTi,O7. Rich Eu content samples (x= 1.5, 1.8 and 1.9)
show the existence of wasp-waisted hysteresis loop which is explained on the basis of dipolar
field, anisotropy exchange interaction and spin frustration present in the samples. Interestingly,
AC susceptibility shows two single ion spin freezing transitions corresponding to Dy** and Eu**

ions respectively in Eu rich samples only.

Chapter 5, This chapter deals with the effect of spin frustration due to disorder present in
La; gPro2CoFeOg double perovskite sample. The compound was investigated by the X-ray
diffraction, X-ray absorption spectroscopy, magnetic, dielectric (zero-field and in-field) and
Raman spectroscopy techniques. The same oxidation state (+3) for Co and Fe ion is identified
through XAS spectra. Above room temperature magnetic ordering with existence of re-entrant
cluster glass state is analyzed by magnetic data. This Double perovskite sample is also renowned
for magneto-dielectric coupling (MDC) which is observed in two temperature regions (25-80 K
and 125-275 K). Presence of cluster glass at low temperature and spin lattice interaction at high
temperature are the possible explanation of magneto-dielectric coupling. The resistivity
measurement reveals its semiconducting nature which was explained by different conduction
models. Eventually, huge dielectric constant and the low tangent loss make La; gPro,CoFeOg

sample promising candidate from the application point of view.

Chapter 6, This chapter includes the , X-ray diffraction, X-ray photoemission spectroscopy
(XPS), Neutron diffraction, magnetization measurements and density function theory
calculations of double perovskite La;sCapsCoFeOg sample. A ferrimagnetic transition is
observed at Tc ~ 167 K. The ferrimagnetic ground state is also confirmed by DFT and neutron
powder diffraction. The presence of anti-site disorder (ASD) has also been demonstrated. Double

re-entrant cluster glass transitions (T;~ 11 K and Ts~35 K) were observed which has been
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attributed to the ASD effect. Both conventional and spontaneous exchange bias are observed in
this double perovskite system. The observed values of large Hsgg ~ 2.106 kOe and giant Heeg ~
1.56 T at 5 K might be due to the coexistence of long range magnetic ordering and glassy state.
The presence of double glassy states, large exchange bias effect and different magnetic phases
make this system a potential candidate for spintronics applications.

Chapter 7, This chapter keeps the details of conclusion of our research work presented in this

thesis. The brief glimpse of future research work has also added in this chapter.
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