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1. Introduction

Double perovskite oxides has been a fascinating research topic in
the past few decades, due to their intriguing magnetic, electrical,

dielectric, and colossal magnetoresistance
properties.[1–3] Moreover, these double
perovskites also displayed interesting prop-
erties like transition from insulating to
metallic or even half metallic.[4,5] The gen-
eral formula of double perovskite is
A2B

0
B

00
O6, where A is a divalent alkaline

earth metal and B
0
and B

00
represent transi-

tion metals. The schematic of cubic double
perovskite with a random octahedral
arrangement is shown in Figure 1a. The
interaction between two transition metals
or even the same metals with different
valence states induces new exchanges,
resulting in interesting magnetic proper-
ties.[6–8] It was reported that when the B-site
was occupied by both ferromagnetic and
nonferromagnetic metals, double perov-
skites exhibited a wide range of magnetic

behaviors such as antiferromagnetism,[9] ferromagnetism,[10]

magnetic frustration,[11] colossal magnetoresistance,[1,2] multifer-
roicity,[12] etc. Sr2FeMoO6-based double perovskites were reported
to possess colossal magnetoresistance-type half-metallic ferromag-
netic behavior with�415 K Curie temperature.[2] On the contrary,
Sr2CoMoO6 showed an insulating antiferromagnetic behavior
(TN¼ 37 K) and converted into semiconductor ferromagnetic
upon chemical reduction.[1] Moreover, some other double perov-
skites demonstrated antiferromagnetic behavior at a low tempera-
ture depending on the combination of cations.[8]

In the current investigation, efforts have been made to under-
stand the magnetic behavior of Ba-doped Sr2TiCoO6 (STC) dou-
ble perovskite, in which B-site is occupied by the ferromagnetic
Co ion and nonferromagnetic Ti ion.[13] STC double perovskite
has appeared to be an interesting material because it is a combi-
nation of SrTiO3, a band insulator,[14] and SrCoO3, a ferromag-
netic material.[15] Our group recently reported that the
thermoelectric performance of the p-type polycrystalline STC
double perovskites could be enhanced by barium doping.[13]

These ceramics exhibited a high Seebeck coefficient and low
thermal conductivity. Glass-like thermal conductivity of these
double perovskites was attributed to their low-temperature
relaxor ferroelectric behavior, following Vogel–Fulcher Law,
which was originally derived for spin glass.[16] Therefore, it is
intriguing to study the magnetic behavior of BaxSr2–xTiCoO6

(BSTC) double perovskites. Trivalent Co3þ is found to be stabi-
lized in low-spin (LS) (t2g

6), intermediate-spin (IS) (t2g
5eg

1), as
well as high-spin (HS) (t2g

4eg
2) states. If HS magnetic ions are
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Herein, the magnetic behavior of BaxSr2–xTiCoO6 (BSTC) double perovskites
synthesized by the conventional solid-state reaction route is investigated. To under-
stand the complexity of B-site cations and their distribution in different valance
states, X-ray photoelectron spectroscopy (XPS) is performed. To understand the
magnetic interactions at lower temperatures, variation of magnetization in both
zero-field-cooled and field-cooled conditions is studied in the temperature range
from 2 to 300 K. Temperature dependence of inverse susceptibility is explained by
modified Curie–Weiss law. Weak ferromagnetic and antiferromagnetic interactions
are found in BSTC compounds, causing the randomness and frustrations and leading
to a spin-glass-like behavior. To gain further insights, electron spin resonance
(ESR) measurements are also carried out in BSTC ceramics. ESR measurement
suggests the occurrence of Jahn–Teller glass analogous to the spin-glass behavior
in BSTC ceramics.
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present as neighbors of the Co ion, Co3þ tends to possess a HS
state by double exchange interaction.[15] However, in the case of
STC, as the neighboring ions are nonmagnetic Ti, trivalent Co3þ

is likely to possess t2g
6 LS state.[17] Co3þ with an LS state has no

unpaired electron and therefore behaves like diamagnetic.
However, LS of Co4þ has a single unpaired electron. Figure 1b
shows the schematic of idealized spin states of the octahedral-
oriented Co ion in both LS and HS states.

In this work, we have studied the low-temperature magnetic
behavior of BSTC (x¼ 0, 0.1, and 0.2) ceramics. To the best
of our knowledge, there are no reports on the magnetic behavior
of BSTC ceramics. The variation of magnetization with tempera-
ture has been measured in the temperature range from 2 to
300 K, and M–H hysteresis loops have been traced for x¼ 0
and 0.2 compositions at 2 K. The electron spin resonance
(ESR) measurements have been carried out from room temper-
ature to 700 K. Moreover, to understand the distribution of the
oxidation states of Co and Ti, X-ray photoelectron spectroscopy
(XPS) has been conducted at room temperature. An interesting
spin-glass behavior has been observed in BSTC ceramics.

2. Results and Discussion

2.1. Structural Analysis

Authors have already reported[13] the structural and microstruc-
tural analyses of BSTC ceramics. X-ray powder diffraction (XRD)
of these ceramics shows single-phase solid solution. Further-
more, the crystal structure of these double perovskites has been
found to be cubic with Pm3̄m space group via Rietveld refine-
ment of room-temperature XRD data, as shown in Figure 2a.
Moreover, scanning electron microscopy (SEM) of these com-
positions demonstrates the dense microstructure with no
such porosity, as shown in Figure 2b. Figure 2c–f shows the
elemental mapping of Sr, Co, Ti, and O elements conducted
by energy-dispersive X-ray spectroscopy (EDXS). It is evident
from the figure (c–f ) that all the constituent elements are
homogeneously distributed throughout the STC ceramic
sample.

Furthermore, to check the high-temperature stability of these
ceramics, we have performed thermal gravimetric analysis
(TGA), as shown in Figure 3a, for BSTC with x¼ 0 and 0.2 com-
positions in reducing atmosphere (10% H2þ Ar). As shown in
the figure, these compositions exhibit a negligible amount (<1%)
of weight loss up to 900 K, suggesting excellent stability of STC
compounds at high temperatures. This weight loss is attributed
as oxygen loss because the experimental condition was reducing.
Therefore, it can be extrapolated to calculate stoichiometric loss
in oxygen by estimating δ in BaxSr1–xTiCoO6–δ. Figure 3a also
shows the variation of δ with temperature and it is found to
be 0.24 for x¼ 0.2 sample at 1073 K. It is reasonable for perov-
skite structure to hold with this amount of stoichiometric loss. It
is to be noted that TGA was conducted in reducing atmosphere,
whereas measurements of conductivity and magnetic properties
were carried out in a vacuum condition where oxygen loss might
be very low. Also, the primary focus of the current work is
to discuss the magnetic behavior of this ceramic at a low-
temperature region below 300 K, where BSTC is expected to have
much lower oxygen vacancies. Furthermore, we have conducted
the high-temperature XRD of STC composition, as shown in
Figure 3b. It is shown from the XRD graph that these materials
demonstrate single-phase solid solution in the temperature
range from 300 to 973 K as no such extra peaks corresponding
to any secondary phase have been detected. Therefore, it can be
concluded that BSTC ceramics are quite stable even at high
temperatures.

2.2. XPS

To find out the oxidation states of Co and Ti in double perovskite,
XPS has been conducted. Figure 4 shows the high-resolution
XPS spectra for the Ba0.2Sr1.8TiCoO6 ceramic sample, demon-
strating Ti 2p and Co 3p peaks, fitted using Lorentzian–
Gaussian line shapes. The existence of the mixed valence states
of Ti4þ and Ti3þ is clearly evident from the fitting patterns of
XPS spectra of BSTC with x¼ 0.2 sample, as shown in
Figure 4a. The binding energies for Ti4þ 3p3/2;1/2 and Ti3þ

3p3/2;1/2 (Table 1) are close to the reported values in the

Figure 1. a) The schematic of the cubic structure of Sr2TiCoO6 with randomly oriented TiO6 and CoO6 octahedra. b) A schematic of the idealized
spin states on the octahedral-oriented Co-cation: LS, IS, and HS states.
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literature.[18,19] It is evident from the data shown in Table 2 that
the area % of Ti4þ is higher as compared with Ti3þ, which sug-
gests that most of Ti has a tendency to acquire þ4 valance state
instead ofþ3. To estimate the valence state of Co, the Co 2p peak
of XPS spectra has also been fitted using Lorentzian–Gaussian
line shapes, as shown in Figure 4b. Two peaks located �780
and 795 eV correspond to Co 2p3/2 and Co 2p1/2, respectively.
The binding energies of these peaks have been found to match
well with the literature.[20–22] Co has been found to possess Co3þ

and Co4þ oxidation states in our BSTC samples. Co3þ 2p3/2;1/2
and Co4þ 2p3/2;1/2 have been observed at binding energies of
780.22; 795.46 eV and 781.37; 796.56 eV, respectively. The satel-
lite peaks of 2p3/2 and 2p1/2 have been obtained at binding

energies of 786.90 and 803.28 eV, respectively, similar to the
other reports in the literature.[20–23] The area corresponding to
Co3þ and Co4þ peaks suggests 2:1 distribution of þ3 and þ4
valance states, in the ceramic double perovskites.

Due to the existence of Co3þ and Ti3þ in the B-site of double
perovskite having a formal valence of þ4, it is expected to have
an oxygen-deficient compound of Ba0.2Sr1.8TiCoO6-δ. The value
of δ for the as-synthesized double perovskite ceramic,
Ba0.2Sr1.8TiCoO6-δ, calculated using XPS data has been found
to be 0.92. Adding to the oxygen loss due to increase in temper-
atures, calculated from TGA data, the δ value can be around
1.16 at 973 K. With such a large amount of oxygen vacancies,
it may be difficult to hold the perovskite structure. However,

Figure 3. a) Weight loss (%) from TGA and stoichiometric loss in oxygen due to temperature rise (δ in BaxSr1–xTiCoO6–δ) and b) high-temperature
XRD of STC ceramic.

Figure 2. a) Rietveld refinement of XRD data (RB¼ 1.45, RF factor¼ 1.54, χ2¼ 1.41); b) SEM micrograph; EDS mapping of c) Sr, d) Co, e) Ti, and
f ) O elements of STC ceramics.
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several double perovskites were reported in the literature to
exhibit a perovskite structure despite having a large amount of
oxygen vacancies such as YBaCuFeO5þδ, PrBaCuFeO5þδ,
LuBaCuFeO5þδ, and LaBaFeCuO5þδ.

[24–27] So, it might be possi-
ble for the system to have such a high value of δ. Furthermore,
high-temperature XRD results (Figure 3b) clearly indicate that
the single-phase perovskite structure is stabilized and holds
up to at least 973 K, which the TGA result reconfirms as well.
It is to be noted here that the calculation of delta (δ)

for Ba0.2Sr1.8TiCoO6–δ may not be accurate because XPS is a
surface-sensitive technique.

2.3. Magnetic Measurement of BSTC Double Perovskite Sample

DC magnetization for BSTC (x¼ 0, 0.1, and 0.2) ceramic sam-
ples has been measured in the temperature range from 2 to
300 K. Plots of zero field cooled (ZFC) and field cooled (FC) mag-
netization and inverse of susceptibility (1/χ) with temperature are
shown in Figure 5. In the ZFC condition, the sample was first
cooled down to 2 K in the absence of an external field and then
the temperature was raised to 300 K in the presence of the mag-
netic field, 300 Oe. On the contrary, in FC, external field (300 Oe)
was applied during both cooling and heating cycles. The net mag-
netization has shown an increasing trend with decreasing tem-
perature, as shown in Figure 5a. Two striking features evident
from the presented data are weak irreversibility between
MZFC(T ) andMFC(T ) curves and a hump inMZFC(T ) curve below
50 K around Tm, which is defined by the temperature corre-
sponding with the maximum value of magnetization in the
ZFC measurement. This hump around 50 K can be due to the
local freezing of magnetic moments. This behavior is similar
to a typical spin-glass state that emerged due to random freezing
of magnetic moments at low temperatures.[28–30] It can be
observed from the M–T plots, shown in Figure 5, that x¼ 0
and 0.1 compositions have shown almost the same value of mag-
netization, whereas x¼ 0.2 composition has demonstrated slight
increment in the net magnetization value.

Figure 5b shows the plot of inverse susceptibility (1/χ) versus
temperature (T ). It is apparent that for the entire range of
temperature, BSTC compositions do not follow the classical
Curie–Weiss law (χ ¼ C=ðT � θÞÞ, where C and θ are the
Curie constant and Weiss temperature, respectively. Instead, it
is only valid for the higher temperature range. Here, C ¼ Nμ2eff

3kB
,

where N is the number of Co ions/m3 and μeff is effective num-
bers of Bohr magneton given by μeff ¼ g½ JðJ þ 1Þ�1=2μB; J is the
spin quantum number and g is Landè g factor.[31] The slope of the
fitting gives the value of average spin (Savg) in the material.[31]

Figure 4. XPS analysis of a) Ti and b) Co for Ba0.2Sr1.8TiCoO6 ceramics.

Table 1. Binding energy and area % of titanium and cobalt for
Ba0.2Sr1.8TiCoO6.

Element State Binding energy [eV] Area [%]

Titanium Ti3þ 2p3/2 456.92 15.62

Ti3þ 2p1/2 462.60 8.12

Ti4þ 2p3/2 457.86 52.96

Ti4þ 2p1/2 463.82 23.31

Cobalt Co3þ 2p3/2 780.22 33.16

Co3þ 2p1/2 795.46 18.86

Co4þ 2p3/2 781.37 17.32

Co4þ 2p1/2 796.56 9.85

Satellite 2p3/2 786.90 11.40

Satellite 2p1/2 803.28 9.41

Table 2. Curie constant C, Weiss temperature θ, temperature-independent
contribution χ0 values obtained by fitting modified Curie–Weiss law with
the experimental DC magnetic susceptibility.

Composition C [emu Kmol�1] Θ [K] χ0 [emumol�1]

x¼ 0 0.76 �12.4 1.33�10�5

x¼ 0.1 0.74 �11.3 2.66�10�6

x¼ 0.2 1.15 �6.1 3.98� 10�6
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Now, based on XPS analysis for the x¼ 0.2 composition, it has
been predicted that 75% of Ti is present as Ti4þ, whereas rest
25% is Ti3þ. Also, 67% of Co is preset as Co3þ, whereas rest
33% is Co4þ. So, if we consider these B-sites in A2B

0
B

00
O6 double

perovskites as one mole, the material will have 0.375moles Ti4þ,
0.125moles Ti3þ, 0.335moles Co3þ, and 0.165moles Co4þ.
Now based on this information, the average spin of the system
can be expressed as

Savg ¼ 0.125� STi
3þ þ 0.375� STi

4þ þ 0.335� SCo
3þ

þ 0.165� SCo
4þ (1)

where Si is spin of ion i, STi
4þ
is always going to be zero, and STi

3þ

is always going to be 0.5 (as electronic configuration of Ti is [Ar]
3d24s2). Then, the resulting expression will be

Savg ¼ 0.0625þ 0.335� SCo
3þ þ 0.165� SCo

4þ
(2)

Now, Co ions can reside in multiple states, as shown
in Figure 1b. From the Curie–Weiss fitting of the data, as
shown in Figure 5, Savg has been estimated as 0.46. So, the final
relation between spins of Co3þ and Co4þ is given by
0.335� SCo

3þ þ 0.165� SCo
4þ ¼ 0.3975.

To begin with, let us assume Co3þ is present in a LS state, i.e.,
SCo

3þ ¼ 0. This will lead to the situation where SCo
4þ ¼ 2.4,

which is very close to the spin state of Co4þ in high spin
(2.5). But majority of Ti is present as the nonmagnetic Ti4þ state,
and it is highly unlikely for Co to attain a high spin configuration
when surrounded by a nonmagnetic ion.[17] Now, let us suppose

Co4þacquires a LS state, i.e., SCo
4þ ¼ 1=2. This will lead to the

situation where SCo
4þ ¼ 0.95, which is close to 1. This means that

Co3þ will tend to reside in the IS state. All the other combina-
tions will never satisfy the aforementioned equation. Therefore,
the most likely scenario is Co3þ (t2g

5eg
1) having an IS state,

whereas Co4þ (t2g
5eg

0) has an LS state.
Furthermore, the deviation from Curie–Weiss law has been

explained using modified Curie–Weiss law,[32] expressed by
χ ¼ χ0 þ C=ðT � θÞ, where, χ0 represents a term reflecting the
Pauli susceptibility. Figure 6 shows the fitting of the modified
Curie–Weiss law for BSTC with x¼ 0, 0.1, and 0.2, and the fitting
parameters are shown in Table 2. Negative values of Weiss
temperature θ have been obtained for all the samples, which have
been reported in the literature as the signature of antiferromag-
netic-type coupling.[33]

Such antiferromagnetic coupling can be understood by con-
sidering the oxidation state of cobalt. XPS analysis suggested
the presence of þ3 and þ4 oxidation states for Co. Generally,
cobalt stabilizes in a LS state at a low temperature when it is sur-
rounded by a nonmagnetic element (Ti) present in the material.
In the LS state, Co4þ possesses one unpaired electron, which
would give rise to antiferromagnetic-type coupling, due to the
superexchange interaction between spin Co4þ–O–Co4þ.[34] Also,
there is antiferromagnetic-type coupling due to Co3þ–O–Co3þ

superexchange.[34] However, the presence of a weak ferromag-
netic interaction due to the double-exchange interaction
between Co3þ–O–Co4þ[34] cannot be denied completely espe-
cially because the ratio of Co3þ and Co4þ in this composition
has been estimated as 2:1 in XPS analysis. Thus, in the present

Figure 5. The temperature variation of the a) magnetization (M) and b) inverse susceptibility (1/χ) fitted with Curie–Weiss law for BSTC (x¼ 0, 0.1,
and 0.2) ceramic samples.
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case, it can be hypothesized that, overall, antiferromagnetic-type
coupling dominates over weak ferromagnetic coupling in the
STC system. According to Goodenough–Kanamori rules,[35]

the superexchange interaction is antiferromagnetic where the
electron transfers between overlapping orbitals that are each half
filled. However, interaction is ferromagnetic, when electron

transfers from a half-filled to an empty orbital or from a filled
to a half-filled orbital. The presence of antiferromagnetic and fer-
romagnetism in the system causes randomness and frustration
between the spins, triggering spin-glass transition. Thus, BSTC
ceramics exhibit locally coupled antiferromagnetic and weak
ferromagnetic behavior, resulting in a spin-glass-like state.

The M–H curve for BSTC (x¼ 0 and 0.2) at 2 K shows a
nonlinear behavior, as shown in Figure 7. The figure shows that
M–H has nonzero remnant magnetization and a coercive field,
although the values are very small. The M–H curve shows no
saturation even at the high magnetic field (70 kOe), supporting
the hypothesis for the presence of spin-glass-type behavior in
BSTC samples.[36]

To describe the unsaturated hysteresis loop of BSTC, we have
considered two contributions, i.e., paramagnetic and ferromag-
netic, defined as M¼M1þM2. The paramagnetic contribution
can be written as M1¼ Constant/T�H. However, ferromag-
netic contribution M2 determines the nature of the hysteresis
loops. Geiler et al.[37] proposed the following equation to
determine the threshold field for saturated magnetization to
describe the nonlinear hysteresis loop from ferromagnetic
contribution

M2ðHÞ ¼ 2
π
MSat tan�1

�
H �HC

HT

�
(3)

where MSat is saturated magnetization, H is the external
magnetic field, HC is the coercive field, and HT is a threshold
field that has to be overcome to saturate the sample magnetically.
The experimental curve is well fitted with Equation (1), as shown
in Figure 8. The results of the fitted data of the experimental
curves are shown in Table 3. It is shown in the table that
BSTC (x¼ 0.2) shows a close value ofHT with the measured field
as compared with pure STC, which requires a much higher
magnetic field to obtain the saturation magnetization.

2.4. ESR Measurements of STC

To further understand the magnetic behavior of STC, ESR
measurement has been carried out in the temperature range

Figure 6. Modified Curie–Weiss law fitting for BSTC (x¼ 0, 0.1, and 0.2)
ceramic samples.

Figure 7. Magnetization versus magnetic field curve for BaxSr1–xTiCoO6 with a) x¼ 0 and b) x¼ 0.2.
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of 290–700 K at the magnetic field B≤ 1.4 T. Typical ESR spectra
for the STC sample recorded at different temperatures are shown
in Figure 9. Different parameters like resonance field (Hr) and
linewidth (ΔH) have been obtained from fitting experimental
lines. Figure 9a shows the temperature dependence of the ESR
spectrum for pure STC samples. We have found that the ESR line
can be adequately described by the sum of two components taken
in Lorentzian form without any contribution of dispersion into

absorption. As the absorption line is relatively broad at high tem-
peratures (of the same order as the resonance field), two circular
components of the exciting linearly polarized microwave field
have to be taken into account. ESR lines have been therefore
fitted to the following formula[38] in the conventional form.

dP
dH

¼ d
dH

�
ΔH þ αðH �H0Þ
ΔH2 þ ðH �H0Þ2

þ ΔH � αðH þH0Þ
ΔH2 þ ðH þH0Þ2

�
(4)

where P is the power absorbed,H stands for a magnetic field,Hr

is the resonance field, and ΔH represents the linewidth. The fit-
ted curves have been found to be in excellent agreement with
the experimental data. ESR lines consist of a superposition of
two resonance modes, i.e., ferromagnetic and paramagnetic.
Figure 9b shows the calculated ferromagnetic and paramagnetic
contributions at some representative temperatures.

Figure 8. Magnetization versus magnetic field curve fitted with Equation (1) for BaxSr1–xTiCoO6 with a) x¼ 0 and b) x¼ 0.2.

Table 3. The results of the fitted data of the experimental curves such as
MSat, HC, and HT.

Composition MSat [emu g�1] HC [kOe] HT [kOe]

x¼ 0 5.62 1.99 128.388

x¼ 0.2 3.81 1.42 71.991

Figure 9. a) Temperature evolution of ESR line and b) the fitted ESR lines from the superposition of the calculated paramagnetic (PM) and
ferromagnetic (FM) contributions for Sr2TiCoO6.
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Figure 10 shows the temperature dependence of the reso-
nance field (Hr) and linewidth (ΔH) for STC samples. The para-
magnetic line has been found to be almost temperature
independent, whereas the ferromagnetic line has shown an
increasing trend beyond 500 K, suggesting some kind of phase
transitions in the system. Internal magnetic fields are supposed
to be added to the external magnetic field. As a result, the ferro-
magnetic resonance line has been observed in a smaller mag-
netic field. It is believed that ferromagnetic contribution
comes from the clusters of ferromagnetic ions in the samples.

A sudden increase in linewidth has been noted at about
650 K for the STC sample, which implies the possibility of a
transition. Interestingly, at the same temperature (650 K), we
have observed[13] semiconductor (dσ/dT> 0) to metal (dσ/dT< 0)
transition in the temperature-dependent electrical conductivity
graph, as shown in Figure 10c. Linewidth is related to relaxation
rate, which results from the balance of the broadening (dipolar)
and narrowing (isotropic exchange) effects for strongly interact-
ing spins.[39] The larger linewidth is an indication of the smaller
degree of exchange narrowing that can be described as
Jahn–Teller ion behavior. Spin-glass behavior in STC is thought
to be arisen because of uneven distribution of cobalt with multi-
ple valence states in the sample. Jahn–Teller ions of cobalt
(Co3þ, Co4þ) have different concentrations in different environ-
ments due to uneven distribution in the sample, making it
difficult to identify a pattern. Analogous to spin glass where
octahedral axis is randomly oriented, “Jahn–Teller glass” is pos-
sible[40,41] to occur in this system. The reorientation of the long
axis of octahedron may be responsible for possible tunneling and
thermal transitions from one minimum to another.[42] The
existence of a composite spin-glass state (Jahn–Teller glass) is
therefore proposed in STC, and the dynamic Jahn–Teller effect
may be the possible mechanism behind the observed semicon-
ductor (dσ/dT> 0) to metal (dσ/dT< 0) transition in electrical
conductivity behavior.

3. Conclusions

In summary, BSTC double perovskite oxides have been prepared
via the solid-state reaction method. XPS measurement shows the

presence of multivalent oxidation states of Co and Ti cations
as Co3þ, Co4þ, Ti3þ, and Ti4þ. The Co3þ (t2g

5eg
1) cations are pre-

dicted to reside in the IS state, whereas Co4þ (t2g
5eg

0) is predicted
to acquire an LS state. These BSTC double perovskites exhibit
locally coupled antiferromagnetism and weak ferromagnetism,
resulting in spin-glass-like behavior in the low-temperature mag-
netic measurement. ESR measurements further suggest the
occurrence of Jahn–Teller glass analogous to the spin-glass
behavior in STC ceramics, which has been attributed as the
reason behind semiconductor-to-metal transition observed in
temperature-dependent electrical conductivity behavior.

4. Experimental Section
Polycrystalline samples of BSTC ceramics were prepared via the con-

ventional solid-state mixing route. SrCO3 (Sigma-Aldrich ≥99.9%),
Co3O4 (Sigma-Aldrich> 99.5%), and TiO2 (Sigma-Aldrich 99.5%) were
used as starting materials. Stoichiometric amounts of raw materials were
mixed using ball mill with zirconia balls. Powders were calcined in air at
1273 K for 10 h. Calcined powders were again ball milled in a planetary
micromill (Fritsch, PULVERISETTE 7 premium Line, Germany) in an alco-
hol medium using zirconia grinding balls. Cylindrical samples (dimension
�1.5�13mm) were prepared using a uniaxial press. Compacted samples
were then sintered in air at 1473 K for 12 h. XPS spectrum was conducted
by PHI 5000 Versaprobe II using nonmonochromatic Al Kα radiation that
was used as an excitation source (hν¼ 1486.6 eV). Pressure inside the
spectrometer was around 10�7 Pa. The magnetic properties of double
perovskite samples were measured by using Quantum Design MPMS 3
(Indian Institute of Technology BHU, India). The temperature-dependent
magnetic moment of ceramic samples was measured in the temperature
range from 2 to 300 K under 300 Oe applied magnetic field in both
field-cooled (FC) and zero-field-cooled (ZFC) conditions. Furthermore,
field-dependent isothermal magnetization was measured at 2 K between
þ70 and �70 kOe. ESR measurements were conducted on a Varian E-12
spectrometer ( f¼ 9.4 GHz) in the temperature range of 290–700 K at the
magnetic field B≤ 1.4 T. The spectrometer was equipped with a flow
nitrogen cryostat (Oxford Instruments) operating in the temperature
range of 290–700 K.
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