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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.

Co2+, Co3+, and Co4+. More interestingly, Co3+ 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 Sr2−xLaxCoNbO6 (x =0–1) double perovskites

with the La substitution. The substitution of non-magnetic La3+ ions at Sr2+ site trans-

forms Co from 3+ (in x =0) to 2+ (in x =1) state, which systematically enhances the

alternating ordering of the corner shared NbO6 and CoO6 octahedra due to increase in

the valence mismatch between Co and Nb5+ ions (∆V=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 x 60.4 samples, where spin-spin correlation, as well as intercluster interac-

tion strength, decreases with x. 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 x >0.6 samples due to the dominance of Co2+–

O–Nb5+–O–Co2+ AFM superexchange interactions. Interestingly, the magnetization

measurements show the large unquenched orbital magnetic moment in the case of Co2+,

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 Co2+-

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 La0.67Sr0.33MnO3/ LaSrCoNbO6 and La2CoMnO6/ LaSrCoNbO6 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 Sr2−xLaxCoNbO6 (x = 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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2.10 (a) The schematic representation and (b) real image of the EXAFS beam-
line, BL-09 at Indus-2 synchrotron source at RRCAT, Indore in India. (c)
Three ionization chambers used to detect the flux of incident x-ray, after
transmission from the sample and that from the reference metal foil. The
sample placed after the first ionization chamber is shown in the inset.
The images are taken from Refs. [42] and [43]. . . . . . . . . . . . . . . . . 74

2.11 The schematic representation of the various components of x-ray photo-
electron spectroscopy set-up, taken from the Ref. [51]. . . . . . . . . . . . 77



List of Figures xiii

2.12 (a) The schematic diagram of the working principle of the UV-Vis-NIR
spectroscopy. (b) Real image of UV-Vis-NIR absorption spectroscopy
set-up at IIT Delhi, India. . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.13 (a) The schematic diagram for the ac impedance measurements on a pellet
sample using a LCR meter. (b) Spring loaded sample holder, (c) low-
temperature sample assembly, (d) low-temperature ac impedance and P-
E loop measurement set-up, (e) temperature controller, (f) impedance
analyzer, and (g) work station for P-E loop measurements at UGC-DAE,
Indore in India. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

2.14 (a) Block diagram of the working principle of atomic force microscopy.
Inset shows the real image of the AFM set-up at IIT Delhi, India. . . . . 85

3.1 (a–f) The Rietveld refinement of XRD data of Sr2−xLaxCoNbO6 (x =
0–1), where the observed data points, simulated curve, Bragg positions
and difference in observed and simulated data are shown by open red
circles, continuous black line, vertical green bars and continuous blue
line, respectively. Insets of panel (f) show the evolution of the superlattice
reflections (101) and (103) with La concentration. . . . . . . . . . . . . . . 98

3.2 Raman spectra of Sr2−xLaxCoNbO6 (x = 0–1) measured at room tem-
perature using 532 nm excitation wavelength. Red solid line in case of
x = 1 sample represents the Lorentzian fitting of the data points. The
curves have been vertically shifted for the clear presentation. . . . . . . . 100

3.3 (a–f) The magnetic susceptibility of x = 0–1 samples measured in both
zero field cooled (ZFC) and field cooled (FC) modes from 2 K to 320 K at
500 Oe, inset in each panel shows the magnification of the low temperature
region for the clarity of the presentation. . . . . . . . . . . . . . . . . . . . 101

3.4 Temperature dependent inverse susceptibility (a) and temperature
weighted susceptibility (χT) (b) of Sr2−xLaxCoNbO6 for x = 0–1 respec-
tively in ZFC mode from 2 K to 320 K in the presence of 500 Oe magnetic
field. Inset in (b) show the magnification of the lower temperature regime
for the clarity. (c) Comparison of the experimentally calculated effective
magnetic moment µeff (solid black circles) with that reported in the liter-
ature, and expected magnetic moment for the various spin-states of Co3+

with increase in La content (x), where Co2+ is expected and considered to
be always in HS state with composition weighted 5.62(1) µB contribution
in the magnetic moment. The error in the µeff values of the present study
is less than the size of the symbols. . . . . . . . . . . . . . . . . . . . . . . 102

3.5 Field dependent isothermal magnetization curves of Sr2−xLaxCoNbO6 for
x = 0–0.4 (a) and 0.6–1 measured at 5 K (b) and 0–1 at 30 K (c). Upper
and lower insets in (c) show the coercivity and magnetization at 70 kOe,
respectively, at 5 K (red solid circles) and 30 K (blue solid squares). . . . 105

3.6 Virgin magnetization isotherms for the x = 0 (a), 0.2 (b), 0.6 (c and
d) and 1 (e and f) samples from 0 to 70 kOe. Insets in (c) and (e) show
susceptibility at different applied magnetic fields extracted from the virgin
magnetization isotherms for the x = 0.6 and 1 samples, respectively . . . 106

3.7 Arott plots (M2 versus H/M) for the x = 0 (a), 0.2 (b), 0.6 (c and d) and
1 (e and f) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107



List of Figures xiv

3.8 Temperature dependent magnetic entropy change at different µ0∆H val-
ues for x = 0 (a), 0.2 (b), 0.6 (c) and 1 (d) samples. Upper and lower
insets in (a) and (b) show the low temperature region of the normalized
∆S with respect to ∆S value at 55K at various µ0∆H values for the clear
presentation. Insets in (c) and (d) represent the magnetic field evolution
of the crossover temperature of ∆S curves for the x = 0.6 and 1 samples,
respectively. Red solid line indicate the fit to the data points (see the
text) and black dotted line represents the extrapolation of the fit. . . . . . 108

3.9 Temperature and magnetic field dependence of exponent n for the x = 0,
0.2, 0.6 and 1 samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.10 (a) Temperature dependent electrical resistivity of Sr2−xLaxCoNbO6 for
x = 0–0.8. (b) Arrhenius plot of ln(ρ) versus 1000/T and (c) VRH plot of
ln(ρ) versus T−1/4. Continuous black lines show the linear fitting of high
(low) temperature data and dashed red line show the extrapolation of the
linear fitting in the lower (higher) temperature regime. Inset of (b) and
(c) represent the variation in the activation energy and DOS respectively,
with La concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.1 (a) The temperature dependent specific heat curves of Sr2−xLaxCoNbO6

(x = 0–1) samples measured from 1.8 K to 300 K at zero magnetic field.
Insets (a1) and (a2) show the enlarged view of the low temperature region
up to 23 K and 7 K, respectively, (a3) shows the CP/T vs T plot of
low temperature specific heat for the x = 0–0.4 samples. (b) The best
fit of the specific heat data from 30– 300 K using the combination of
Einstein and Debye models (black solid lines). The dashed lines in the
low temperature region are the extrapolation of high temperature fit.
Each curve is vertically shifted cumulatively by 50 J/mole–K for the clear
presentaion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.2 (a) The low temperature specific heat data of the x = 0–0.4 samples
from 1.8–20 K on the semi-log scale as CP/T vs T plot. The solid black
lines represent the best fit of the data using the lattice, Schottky, and
approximated hyperfine contributions. The dashed lines show the indi-
vidual contributions in the CP(T ) for the x = 0 sample. (b) The proposed
energy level scheme as a function of x. . . . . . . . . . . . . . . . . . . . . 131

4.3 (a–c) The temperature dependent specific heat data presented as CP /T
vs T plot measured at different magnetic fields for the x = 0–0.4 samples,
respectively. The solid black lines represent the best fit with the lattice,
Schottky, and hyperfine contributions. Inset in each panel shows the field
dependent Zeeman splitting of the zero field excited doublet. . . . . . . . 132

4.4 (a–c) The low temperature specific heat data along with the lattice contri-
bution (solid line) from the harmonic lattice model fitted between 20–30 K
(marked by vertical green arrows). (d–f) The magnetic specific heat plot-
ted as Cmag/T vs T and magnetic entropy (Smag) on left and right scales,
respectively, for the x = 0–0.4 samples. . . . . . . . . . . . . . . . . . . . . 134



List of Figures xv

4.5 (a–c) The temperature dependent specific heat in the low temperature
region measured at different magnetic fields for the x = 0.6–1 samples.
Inset of (a) shows the enlarged view across the magnetic phase transition.
Insets of (b) and (c) show the H–T phase diagram extracted from the
CP(H, T) data for the x = 0.8 and 1 samples, respectively. The solid red
lines represent the best fit using the AFM decay model and dashed black
lines are the extrapolation of the fitted curves. . . . . . . . . . . . . . . . 135

4.6 (a–c) The zero-field specific heat data measured in heating and cooling
modes across the transition. (d–f) The specific heat data measured with
smaller step size and fitted (solid red lines) using the harmonic lattice
model in the region indicate by vertical green arrows and its extrapolation
down to 1.8 K. (g–i) The magnetic specific heat and magnetic entropy on
the left and right scales, respectively for the x = 0.6–1 samples. Dashed
line in (i) represents the theoretical magnetic entropy expected for the
ground state Kramers doublet of Co2+ ions in the x = 1 sample. . . . . . 137

4.7 (a–c) The magnetic specific heat data of the x = 0.6–1 samples along with
the temperature dependence of the spin wave ordering (solid red lines) in
the AFM region. (d–f) The zero field specific heat data of the x = 0.6–1
samples in the vicinity of the transition temperature along with the best
fit (solid red lines) in both AFM and PM regions using the equation 4.5. . 138

4.8 (a–c) The change in the magnetic entropy (∆S) and (d–f) adiabatic tem-
perature (∆Tad) extracted from CP(H, T) data for the x = 0.6–1 samples,
respectively. The dashed curve in panel (c) represents the ∆S for ∆µ0H
= 7 T extracted from the magnetization data [M(H, T)] for the comparison.140

4.9 The temperature dependent dc susceptibility in ZFC and FC modes mea-
sured at different applied magnetic fields for the x = 0.4 sample. The
curves recorded at 102 and 103 Oe are vertically shifted by 17×10−3 and
5×10−3 emu/mole–Oe, respectively, for clarity in the presentation. . . . . 141

4.10 The field cooled thermo-remanent magnetization (TRM) of the x = 0.4
sample measured at 2 K for different waiting times (tw = 102, 103, and 104

sec) with the applied magnetic fields of 102 Oe (a), 103 Oe (b), and 104 Oe
(c). The solid lines represent the best fit of the data using the stretched
exponential behavior. The inset in each panel shows the semilogarithmic
plots of the data for tw = 103 sec and the solid red line represent the fit
using the logarithmic relaxation model. . . . . . . . . . . . . . . . . . . . 142

4.11 (a, b) The field cooled thermo-remanent magnetization (TRM) data at
2 K for different waiting times (tw = 102 sec, 103 sec, and 104 sec) with
the applied magnetic field of 103 Oe for the x =0 and 0.2 samples, respec-
tively. The solid lines indicate the best fit of the data using the stretched
exponential behavior. Insets in each panel show the semilogarithmic plots
of the data for tw=103 sec and solid red lines are the fit using the loga-
rithmic relaxation model. . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

4.12 The field cooled thermo-remanent magnetization (TRM) for the x = 1
sample measured at 2 K for tw = 100 sec with the applied magnetic field
of 1000 Oe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.13 The zero field cooled time dependent isothermal magnetization for the
x = 0.4 sample measured at 2 K (a) and 8 K (b) for different waiting
times (tw = 100, 1000, and 5000 secs) with 50 Oe magnetic field. . . . . . 145



List of Figures xvi

4.14 The zero field cooled time dependent isothermal magnetization for the
x = 0 (a) and 0.2 (b) samples measured at 2 K for different waiting times.
The insets show the logarithmic time dependence of the magnetization for
tw = 5000 sec. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.15 The temperature dependent real and imaginary part of ac susceptibility
measured at different frequencies with 5 Oe magnetic field for the x = 0
(a, b), 0.2 (c, d), and 0.4 (e, f) samples. The real part of ac susceptibility
for the x = 0.6 and 1 samples are shown in (g, h). The insets in (a, c, e)
show zoomed view across the transition along with the dashed reference
line subtracted for further analysis to be shown in Figs. 11(a–c) for the
x = 0–0.4 samples, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 148

4.16 (a–c) The temperature dependent ac susceptibility curves for the x = 0–
0.4 samples [see the insets of Figs. 4.15(a, c, e), respectively] presented
after linear reference line subtraction. The black dotted lines represent
the Gaussian fitting of the data points in the vicinity of the freezing tem-
perature (Tf ) to estimate the exact value of Tf . The arrows indicate
the shift in Tf to the higher temperature with increase in the excitation
frequency. (d–f) The dependence of spin relaxation time, τ on the freez-
ing temperature (Tf ) along with the best fit (solid black lines) using the
critical slowing down model. (g–i) The dependence of the freezing tem-
perature on the excitation frequency plotted as Tf vs 100/ln(ω0/ω) along
with the best fit (solid black lines) using the Vogel-Fulcher law. . . . . . . 150

4.17 Field dependent magnetization curves recorded at 5 K in zero field cooled
and field cooled modes for (a) x = 0 and (b) 0.2 sample. Insets show
the enlarged view of the low field region for the zero field and 20 kOe
field cooled modes to clearly demonstrate the field-dependent shift in
the MH loops. (c) Cooling field dependent exchange bias field (HEB), (d)
coercive field (HC), (e) exchange bias magnetization (MEB), and magnetic
coercivity (MC) at 5 K for x =0 and 0.2 samples. . . . . . . . . . . . . . . 153

4.18 (a) Virgin magnetization isotherms at 5 K in zero magnetic field cooled
and different field cooled states for the (a) x =0 and (b) 0.2 sample. (c)
Remanent magnetization value for the different field cooled modes, as a
function of the cooling field. . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.19 The right half of the M-H curves around zero magnetization for the (a)
x =0 and (b) 0.2 sample, consecutively recorded after cooling the sample
in 50 kOe magnetic field. The red circles represent the positive coercivity
as a function of number of recorded M-H curves for the (c, d) x =0 and
(e, f) x =0.2 samples, where the solid black lines are the best fit using (c,
e) equation 8.4 for n >2 and (d, f) equation 4.12 for n =1-12 (see text for
more details). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.20 The phase diagram of Sr2−xLaxCoNbO6 (x = 0–1), where different colors
represent the evolution of various magnetic interactions with temperature,
magnetic field, and La concentration (x). The ∆Smax(J/kg–K) values in
the vicinity of TN are shown in parentheses at ∆µ0H=5 and 9 T fields for
the x > 0.6 samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157



List of Figures xvii

5.1 (a) The normalized Nb K-edge XANES spectra of Sr2−xLaxCoNbO6 (x =
0–1) samples where 1, 2, 3 represent the main absorption features, and
enlarged view of features 2 and 3 are shown in the insets. (b) The first
derivative of the experimental absorption spectra of the Nb K-edge along
the simulated spectrum for the x = 0 and 1 samples and their correspond-
ing Nbabs d-LDOS in the XANES region. The red dashed ellipse highlight
the presence of pre-edge feature in both experimental and simulated spec-
tra, and sharp Nbabs d-LDOS at this energy. All the experimental spectra
have been vertically shifted by fix 0.025 units for the clarity. (c) The com-
parison of first order derivative of the simulated absorption coefficient of
Nb K-edge for dipole, and dipole plus quadrupole transitions for the x =
0 sample. (d, e) The experimental and simulated Nb K-edge absorption
spectra along the calculated p-LDOS of absorbing Nb atoms for x = 0
and 1 samples. The experimental spectra have been vertically shifted
by 0.3 units for the clarity. The black dashed line represent the Fermi
level and red dashed lines indicate the shift in the Nbabs p-LDOS peak
corresponding to the feature 3 (shaded region). . . . . . . . . . . . . . . . 171

5.2 (a) The simulated Nb K-edge XANES spectra for the x = 0 sample
by varying the number of first nearest Sr atoms. Insets (a1) and (a2)
represent the enlarged view of the spectra in different energy regimes.
(b) The Nbabs p-LDOS corresponding to the XANES spectra presented
in (a), and the inset shows the enlarged view of the highlighted region.
(c) The comparison of simulated Nb K-edge spectra of the x = 0 sample
for all first neighbor A-site atoms as Sr and La (on the left axis) and
corresponding Nbabs p-LDOS (on the right axis), and the inset shows the
enlarged view of the highlighted region. (d) The Nb K-edge spectra for
the x =1 sample with all eight first neighbor A-site atoms as eight Sr, four
each of La and Sr as well as eight La. The insets (d1) and (d2) represent
the enlarged view of the highlighted region and the corresponding Nbabs

p-LDOS, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

5.3 (a) The normalized Co K-edge XANES spectra of Sr2−xLaxCoNbO6 (x =
0–1) samples. The alphabets A–G represent the absorption features re-
sulting from various electronic transitions (see text for the detail). The
red arrow indicate the shift in the rising edge towards the lower energy
with the La substitution. The solid black arrow and dashed red line rep-
resent the shift and invariance in the white line for x60.4 and x >0.6
samples, respectively. Inset shows the enlarged view of the A and B (ar-
row) pre-edge features for the clarity. (b) The average oxidation state of
Co (open circles) on left axis and oxygen concentration (open triangles)
on the right axis, as a function of x. Dashed red and blue lines represent
the ideal behavior for the full transformation of Co from 3+ to 2+ valence
state (considering the linear relationship between shift in edge position
and oxidation state) and six oxygen atoms per formula unit, respectively.
(c) The Co K-edge XANES spectra for the intermediate compositions,
i.e., x = 0.2–0.8 samples, where the solid black lines represent the Co
valence state weighted linear combination of the x = 0 (Co3.0+) and x =
1 (Co2.25+) spectra. Each spectrum is vertically shifted cumulatively by
0.5 units for the clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177



List of Figures xviii

5.4 (a) The normalized Sr K-edge XANES spectra of Sr2−xLaxCoNbO6 (x =
0–1) samples. The inset (a1) shows the first derivative of the absorption
coefficient, where the vertical dashed line represents the invariance in the
rising edge position. These curves are vertically shifted for better pre-
sentation. The inset (a2) presents the enlarged view of feature II, where
arrow shows the shift in the peak position with x. (b) The normalized
Sr K- (on top and right axis) and La L3-edge (on bottom and left axis)
spectra for the x = 1 sample in 150 eV range in the vicinity of the white
line. The dashed line represents the presence of the absorption feature II
at the same position with respect to the white line in both the spectra. . . 181

5.5 (a) The magnitude of the Fourier transformed k3χ(k) spectra for
Sr2−xLaxCoNbO6 (x = 0–1) in 0–6 Å spectral range, derived from the
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