INVESTIGATION OF THE STRUCTURAL,
MAGNETIC, ELECTRONIC, AND TRANSPORT
PROPERTIES OF DOUBLE PEROVSKITES
Sr2-xLaxCoNbO6

AJAY KUMAR

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI (IITD)
HAUZ KHAS, NEW DELHI

MAY 2023



INVESTIGATION OF THE STRUCTURAL,
MAGNETIC, ELECTRONIC, AND TRANSPORT

PROPERTIES OF DOUBLE PEROVSKITES
Sro_,.La,CoNbOg

A Thesis Submitted to
Indian Institute of Technology Delhi

wn partial fulfillment of the requirements for the degree of
Doctor of Philosophy

in Physics
Faculty of Science
by

AJAY KUMAR
(2016PHZ8393)

under the supervision of
Prof. Rajendra Singh Dhaka

Novel Materials and Interface Physics Laboratory
Department of Physics
Indian Institute of Technology Delhi (IITD)
Hauz Khas, New Delhi—110016, India

May 2023



DECLARATION BY THE CANDIDATE

I, Ajay Kumar, declare that the work in this thesis entitled “Investigation of the
Structural, Magnetic, FElectronic, and Transport Properties of Double Perovskites
Sro_zLa; CoNbOg”, is my own work conducted under the supervision of Prof. Rajendra
S. Dhaka and approved by student research committee (SRC) at Department of Physics,
Indian Institute of Technology Delhi, New Delhi, India.

I further declare that this work is not submitted and will not be submitted to any other
institute/university for any degree or diploma. I confirm to the norms and guidelines
given in the ethical code of conduct of the institute. Moreover, I have given appropriate
credit to all materials, theoretical analysis, data, figures, and text used from other

sources, by citing them in the text of the thesis.

Signature
Name of the candidate: Ajay Kumar
Entry Number: 2016PHZ8393
Department of Physics

Indian Institute of Technology Delhi
Hauz Khas, New Delhi — 110016, India.
Date:



CERTIFICATE OF THE SUPERVISOR

This is to certify that the thesis entitled “Investigation of the Structural, Magnetic,
Electronic, and Transport Properties of Double Perovskites Sro_,La, CoNbOg”, being
submitted by Ajay Kumar (2016PHZ8393) to the Department of Physics, Indian In-
stitute of Technology Delhi, for the award of the degree of Doctor of Philosophy is a
record of bonafide work carried out by her. He has worked under my supervision and
guidance and has fulfilled the requirements for the submission of this thesis, which in

my opinion has reached the requisite standard.

The results contained in this thesis have not been submitted, in part or full, to any other

university or institute for the award of any degree/diploma.

Signature

Prof. Rajendra S. Dhaka

Associate Professor

Department of Physics

Indian Institute of Technology Delhi

Hauz Khas, New Delhi — 110016, India.
Date:

ii



ACKNOWLEDGEMENT

First of all, I owe Almighty God for giving me constant strength and blessings during
my Ph.D. journey.

This was a life-changing experience for me, which would not have been possible without
the invaluable guidance of my supervisor Prof. Rajendra Singh Dhaka. I am extremely
grateful to him for not only giving me the opportunity to work in his group with adequate
research facilities but also for giving me the intellectual freedom to flourish my new
research ideas. I wish to acknowledge him for guiding me patiently through all these years
and for his support, cooperation, perceptive encouragement, indispensable suggestions,
and, sometimes, gentle prodding, which led to the successful completion of my thesis.
Academically maybe someone else would have also guided this way, but the real lesson
of the consistency, hard work, discipline, and punctuality he gave during this period was

indispensable and I genuinely thank him for that.

I am thankful to my Student’s Research Committee (SRC) members at the Indian
Institute of Technology Delhi, Prof. Pankaj Srivastava, Prof. Santanu Ghosh, and Prof.
Samaresh Das for their useful guidance and suggestions throughout my Ph.D. I would
like to thank Dr. B. Schwarz and Prof. H. Ehrenberg at KIT, Germany, for the specific
heat and magnetic measurements and the useful discussions on the same. I acknowledge
Dr. S. N. Jha, Dr. R. J. Choudhary, Dr. D. M. Phase, Ravi Kumar, and R. K. Sah
at the Indus-2 of RRCAT synchrotron facility in Indore, India, for help and support
during the XAS measurements. 1 gratefully acknowledge Prof. J. J. Rehr for the useful
discussions during the XANES simulations and for providing me with the FEFF code
for the same. I also thank Prof. Clemens Ulrich at UNSW, Sydney, Australia, for
providing the temperature-dependent Raman spectroscopy measurement set-up. I also
acknowledge Dr. Anil Jain and Prof. S. M. Yusuf at BARC, India, for the neutron
diffraction measurements and the useful discussion during the data analysis. I sincerely
thank S. Bhardwaj for his help during the dielectric measurements at UGC-DAE, Indore,
India. I also thank Dr. A. Pandey and S. Dalal at SSPL, DRDO, India, for the HR-
XRD. I thank Prof. M. Miryala, Prof. K. Ueno, and Prof. M. Murakami at SIT, Japan,

for the XPS measurements.

I gratefully acknowledge University Grants Commission (UGC) for providing me the
fellowship through IIT Delhi to carry out this research work. This work is financially
supported by SERB-DST through Early Career Research (ECR) Award to R.S.D with
Project Reference No. ECR/2015/000159). I also thank BRNS for the high-temperature
furnace used for the sample preparation, procured from the grant of DAE Young Sci-

entist Research Award to R.S.D with Project Sanction No. 34/20/12/2015/BRNS. The

iii



v

specific heat measurements were performed under INSA-DFG program, Fellowship No.
Int/DFG/2019 under the international exchange of scientists program between India
and Germany. I also greatly acknowledge the CRS (Project No. CSR-ICISUM-36/CRS-
319/2019-20/1371) for collaborative research work. The powder neutron diffraction
measurements were performed under CRS Project No. UDCSR/MUM/AO/CRS-M-
270/ 2017/567. The Raman spectroscopy measurements at UNSW, Australia were
supported by the Department of Science & Technology (DST), India through Indo-
Australia early and mid-career researchers (EMCR) fellowship to RSD, administered
by INSA (sanction order no. IA/INDO-AUST/F-19/2017/1887). I acknowledge the
Department of Physics, IIT Delhi, for providing the XRD, Raman Spectrometer (UFO
scheme), PPMS EVERCOOL-II, and SQUID facilities. I also acknowledge the central
and Nanoscale Research Facility at II'T Delhi for providing the AFM, stylus profilometer,

UV-Vis-NIR, and Raman spectroscopy to successfully conduct my research work.

I cannot just end by thanking my past and present labmates: Dr. Mahesh Chandra, Dr.
Priyanka, Rishabh Shukla, Dr. Vishal Maurya, Dr. Vikas Narayan Thakur, Mahantesh
Khetri, Gurudutt Gupt, Simran Sapra, Jayashree Pati, Jayjit Mukherjee, Manish Ku-
mar Singh, Meenal Agarwal, Madhav, Priyanka Yadav, Ramcharan Meena and Anurag
Sharma, who became my second family in these years. I would like to thank all of them
for all those long scientific discussions, valuable suggestions, light moments, and their
cooperation during my ups and downs in this journey. I want to particularly thank
Dr. Mahesh Chandra who motivated me during the initial phase of my Ph.D. when I
was losing interest in this field. I also gratefully acknowledge my friends at IIT Delhi:
Arvind Singh Jethi, Gulshan Kumar, Priyanka Sharma, Govind Kumar, Vineet Bar-
wal, Preetam Singh, and Ram Singh Yadav for all the fun moments we shared, which
specifically helped me in working efficiently in the lab. I also extend my thank to my
friends beyond II'T Delhi: Vinod Kumar, Ritu Ranolia, Sudarshan Shekhawat, Sachin
Verma, Anamika Aggarwal, Satvinder Bamania, and Jayender Singh who encouraged
me to pursue my research interest. Finally, I would like to convey my warm gratitude to-
wards my family members: Dayanand (Father), Krishna Devi (Mother), Deepak Kumar
(Brother), Mukesh Yadav (Sister), and my extended family members for their continu-
ous love, support, and encouragement. I owe my gratitude to all my near and dear ones

who helped me in this journey.
I heartily dedicate this thesis to my parents.

Ajay Kumar



ABSTRACT

Understanding the various functional properties of the materials is necessary to engi-
neer suitable candidates for different technological applications such as energy storage
devices, memory devices, superconductors, solar cells, etc. In this context, the perovskite
oxides provide the most suitable platform due to their robust crystal structure, which
can be perturbed in a controlled manner using external parameters like temperature,
mechanical pressure, chemical pressure, magnetic field, substrate-induced strain in the
thin films, etc. Particularly, the cobalt-based perovkite oxides show intriguing physical
properties due to the small energy difference between the various valence states of Co viz.
Co?t, Co®*, and Co**. More interestingly, Co®t in the perovskite matrix (octahedral
environment) can exist in the various spin-states, depending on the relative strength of
the Hund’s exchange energy and the crystal field splitting, which can be systematically
tuned for the desired applications. Thus, a coherent understanding of the influence of
the various valence and spin state transitions on the structural, electronic, transport,
and magnetic properties of Co-based perovskite is the need for hours. Furthermore, the
degree of B-site ordering in the case of double perovskite oxides can alter the nearest
as well as next-nearest neighbor interactions and hence provide an additional degree of

freedom to tune these properties.

The main focus of this thesis is to understand the evolution of the structural, magnetic,
transport, and electronic properties of Sra_,La,;CoNbOg (x =0-1) double perovskites
with the La substitution. The substitution of non-magnetic La?* ions at Sr?* site trans-
forms Co from 3+ (in # =0) to 2+ (in = =1) state, which systematically enhances the
alternating ordering of the corner shared NbOg and CoOg octahedra due to increase in
the valence mismatch between Co and Nb®* ions (AV=2—3). The disordered structure
in the lower La substituted samples provide the additional Co-O—-Co exchange paths
along with the Co—-O-Nb—O-Co channels in the ordered configuration and hence the
resulting competing exchange interactions give rise to the low-temperature cluster glass
behavior in « <0.4 samples, where spin-spin correlation, as well as intercluster interac-
tion strength, decreases with xz. However, a sharp antiferromagnetic (AFM) transition
with a systematic enhancement in the Néel temperature has been observed with further
increase in the La substitution for the z >0.6 samples due to the dominance of Co2t-
O-Nb>*t-0O-Co?t AFM superexchange interactions. Interestingly, the magnetization
measurements show the large unquenched orbital magnetic moment in the case of Co?™,
which indicates the degenerate orbital states in the La-rich samples. This is further
supported by the specific heat measurements, which evident the presence of free Co?*-

like Kramers doublet ground state in the x =1 sample. Further, the detailed electronic
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and local structure of these samples has been investigated using x-ray absorption spec-
troscopy (XAS) and neutron diffraction measurements. Both the measurements show a
decrease in the local distortion around B-site (Co and Nb) and an increase around A-site
(La and Sr) cations with the La substitution. A strong correlation between the degree of
octahedral distortion and the intensity of the white line feature in the XANES spectra
of the transition metals has been established and the possible reasons for the same are
discussed. Moreover, all these samples show the giant dielectric constant in the low fre-
quency and the high-temperature regime, which is attributed to the grain boundaries/
interfacial polarization of the charge carriers and the on-set of the electronic conduction,
respectively. The combined dielectric and polarization measurements on these samples
indicate their possible use as a high dielectric material in the various microelectronic

and charge storage devices.

The inelastic light scattering (Raman spectroscopy) shows the anomalous renormaliza-
tion of the self-energy parameters (frequency and line width) of the Raman modes below
around 60 K in case of the x = 1 sample, which is attributed to the spin-phonon cou-
pling, indicating the presence of short-range magnetic correlations in the sample deep
into the paramagnetic region. This spin-phonon coupling also causes a small but no-
table change in the bond distances and the corresponding Debye-Walles factors around
Co atoms below ~70-100 K for the x =1 sample. Finally, we report the structural, elec-
tronic, and transport properties of the thin films of the x =0 sample, epitaxially grown
on the various substrates ranging from tensile to the different degrees of the compres-
sive strain using pulsed laser deposition. A systematic enhancement (reduction) in the
electronic conductivity has been observed with an increase in the compressive (tensile)
strain due to a change in the covalency character and oxygen non-stoichiometry in the
thin film sample. Moreover, the complex exchange coupling at the FM-AFM interface
of Lag¢7Sr0.33Mn0O3/ LaSrCoNbOg and LayCoMnOg/ LaSrCoNbOg heterostructures,
epitaxially grown on the SrTiO3(100) substrate, have been also briefly reported.

Overall, a systematic correlation between the structural, magnetic, electronic, and trans-
port properties of Sry_,La, CoNbOg (z = 0-1) double perovskites have been established
using the x-ray and neutron diffraction, magnetization, specific heat, x-ray absorption,
dielectric, and Raman spectroscopy measurements. The correlation between the various
valence and spin-states of Co with the underlined physical properties is expected to pro-
vide a pathway for a better understanding of the different functional properties of the
Co-based perovskite oxides. Further, the systematic investigation of the nature of Co-O
bonding and various low-lying energy states in these samples can be useful to engineer
suitable candidates for solid oxide fuel cells, memory devices, microelectronics, energy

storage devices, etc.
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JUHUT, W SUHRUT, IRBSFeR, TR Id 311 & o Iugad SHigaR] &l Sofif R
B o foT ST 71 39 eu & WiswwTze RSy U Aolgd fohed e T &
BRI T ITGad Hl U Hd &, o W dTIHH, T a1, e gaa,
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gRacH! & WHTG &1 GETTd T 39 T &1 ATaRISHdl & | 39d SHATal, I RIXDHISC
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ST SHHT: STARUT T3/ SIARATeT YRTESAl & BRI [9Yd 3R SAde-d Jagd &
URY & YR Y a1 9a1 g1 39 A R S aRfaggd 3R YROM AT & SUR
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(a) The normalized Sr K-edge XANES spectra of Sro_,La, CoNbOg (z =
0-1) samples. The inset (al) shows the first derivative of the absorption
coefficient, where the vertical dashed line represents the invariance in the
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(a) The magnitude of the Fourier transformed k®y(k) spectra for
Sry_,La,CoNbOg (z = 0-1) in 0-6 A spectral range, derived from the
EXAFS spectra of Co K-edge. (b) The evolution of the intensity of the
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(a) The magnitude of the Fourier transformed k3x (k) spectra of Sr K-edge
for Sry_,La,CoNbOg (z = 0-1) samples. (b) The enlarged view of the
normalized Sr K-edge EXAFS spectra for the = 0 sample, which shows
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Inset shows the dy/dT versus T plot of the FC curve. (f) MH curves at
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FC modes. Inset shows the enlarged view between £5.5 kOe. . . . . . . .
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grown on Si(100) substrate. (c) Temperature-dependent resistivity mea-
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(100) substrate. Inset shows the four probe geometry for the resistivity
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low and high-temperature regimes (red dashed lines), respectively.

(a) Temperature-dependent in-plane magnetic susceptibility curves mea-
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