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Abstract
We report the grain size effect of hole-doped cobaltite, La0.88Sr0.12CoO3, where average sizes
are varied from ∼35 to ∼240 nm. The bulk compound is a cluster-glass (CG) compound
composed of short range ferromagnetic (FM) clusters embedded in the spin-glass (SG) matrix
at low temperature. The short range FM clusters are still retained in the nanocrystalline
compound with average size ∼35 nm which are associated with the SG component, displaying
CG-like spin dynamics at low temperature. The exchange bias (EB) effect manifested by the
shifts in the hysteresis loop is observed due to the field cooling where EB effect is weakened
systematically with decreasing grain size. The decrease in the fraction of the FM component is
found to be correlated with the weakening of the EB effect with decreasing grain size.
Interestingly, the signature of the EB phenomenon due to the field-cooled effect is also
evidenced in the temperature as well as the time dependence of resistivity. The grain interior
phase separation scenario around the FM/SG interface region has been proposed to interpret the
experimental results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The hole-doped cobaltites, R1−xAx CoO3 (R = rare earth and
A = divalent ion) having a perovskite structure, are fascinating
for the complex magnetoelectric phase separation [1–3].
Analogous to that observed in manganites the cobaltites have
been recently shown to exhibit a delicate interplay between
charge, spin, orbital and lattice degrees of freedom where
an additional degree of freedom, viz. spin state of the Co
ion, plays a significant role. The comparable strength of
Hund’s exchange coupling and the crystal field splitting leads
to different accessible spin states, e.g. low spin, intermediate
spin and high spin of Co3+ in LaCoO3 [4–7]. As a result
of hole doping a stable intermediate-spin state of Co4+
additionally appears in La1−x SrxCoO3, which leads to the
spectacular changes in the magnetic, transport and structural
properties [1]. The complex magnetic and transport results
displaying coexistence of short range ferromagnetic (FM)
ordering and a spin-glass (SG) state at low temperature have
been proposed by Wu et al in the hole-doped cobaltites,

La1−x Srx CoO3 [1]. At a low doping, semiconducting transport
properties have been reported where FM metallic clusters
embedded in a non-FM insulating matrix were confirmed by
neutron as well as NMR results [8–11]. The low-temperature
magnetic properties of a non-FM matrix were realized in
the SG or cluster-glass (CG) state [1, 4, 12, 13]. The
coexisting FM and glassy magnetic states were proposed even
at high doping for x = 0.5 [14, 15]. With increasing
x the fraction of FM metallic clusters increases while FM
clusters coalesce together for x > 0.18, leading to an
unusual long range FM ordering associated with metallic
conductivity in the ordered state. In fact, a metal–insulator
transition was coincident with the onset of FM ordering at
x = 0.18 and conductivity behavior was interpreted in terms
of the percolation model [1]. An interesting scenario of
intragranular tunneling magnetoresistance has been reported
in La1−x SrxCoO3 where glassy magnetic behavior in the
transport properties was proposed in cobaltites close to the
percolation limit of hole doping [9, 16, 17].
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Recent reports on nanocrystalline FM and charge-ordered
manganites exhibit a variety of unusual behavior in the
magnetic and transport properties such as strong surface
effect [18, 19], retention of charge-ordered state [20–22],
enhancement of FM state and metallic conductivity [23],
suppression of phase coexistence [24], size effect on
the observed exchange bias phenomenon [25–28], etc.
Although few examples of the size effect are observed in
manganites, the investigation of the size effect has not been
explored adequately in cobaltites. Recently, size-dependent
ferromagnetism has been reported, interpreting a different
origin of ferromagnetism in nanostructured LaCoO3 [29, 30].
Herein, we investigate the grain size effect on a hole-doped
cobaltite, La0.88Sr0.12CoO3. In bulk form the coexistence of
short range FM clusters embedded in the SG-like matrix has
been realized at low temperature [1, 4, 12, 13]. Recently,
fascinating evidence of an exchange bias (EB) effect was
reported below the spin freezing temperature in the bulk
compound which was attributed to the spontaneous phase
separation in the grain interior [31–33]. EB typically manifests
itself by the shift in the magnetic hysteresis loop from the
origin when the sample has been cooled from high temperature
in a static magnetic field [34–36]. The origin of EB is typically
attributed to the pinning effect at the FM and antiferromagnetic
(AFM) interfaces in a magnetic heterostructure. However,
EB has also been observed recently in materials having
FM/SG [25, 31–33, 37, 38] and FM/ferrimagnetic [39]
interfaces other than the FM/AFM systems.

In this paper, we report the magnetic and transport
properties of nanocrystalline La0.88Sr0.12CoO3, where the
phase separation scenario in the nanocrystalline compound is
compared with the bulk counterpart. The grain size of the
compound is varied from ∼35 to ∼240 nm. Interestingly, we
observe the signature of the EB phenomenon in the magnetic as
well as transport properties where the EB effect is significantly
weakened by decreasing the average grain size. The new size-
dependent results exhibit contrasting behavior compared to the
typical manifestation of the size effect on the EB phenomenon
where the effect is weakened with increasing grain size even in
the spontaneously phase-separated compounds [25–28]. The
grain size dependence of the coexisting phase fraction has
been discussed in order to interpret the observed results. AC
susceptibility measurements on the compound with average
grain size ∼35 nm clearly indicate the CG-like state at
low temperature having slower spin dynamics than the bulk
counterpart.

2. Experimental details

The polycrystalline compound, La0.88Sr0.12CoO3, was pre-
pared by the sol–gel technique using citrate precursor which
was described in our previous report [40]. The as-synthesized
gel was initially dried and then heated at 873, 1073 and
1273 K. Average sizes of the compounds are found to be
∼35, ∼135 and ∼240 nm, respectively. The sizes of the
particles were confirmed by transmission electron microscopy
(TEM) using a microscope, JEOL JEM-2010, and scanning
electron microscopy (SEM) using a JEOL FESEM microscope

Figure 1. SEM image of (a) S240, (b) S135 and (c) S35. HRTEM
image of S35 is shown in (d).

(JSM-6700F). SEM images of the samples having average
sizes ∼240, ∼135 and ∼35 nm are shown in figures 1(a), (b)
and (c), respectively. Henceforth, we address the samples
as S35, S135 and S240 having average grain sizes 35, 135
and 240 nm, respectively. A high resolution TEM (HRTEM)
image of S35 is shown in figure 1(d). A single lattice fringe
with spacing 0.19 nm is displayed in the figure where the
spacing matches exactly with the spacing of the (220) plane
estimated from the x-ray diffraction pattern. The single phase
of the crystal structure was confirmed by a powder x-ray
diffractometer (Seifert XRD 3000P) using Cu Kα radiation.
The powder x-ray diffraction patterns are shown in figure 2
which could be indexed by the rhombohedral (R3c) structure.
The lattice parameters are estimated to be a = 5.382(7) Å,
5.399(4) Å and 5.393(1) Å with α = 60.44(9), 60.66(6)
and 60.66(2) for S35, S135 and S240, respectively, which
indicate that lattice constant as well as the volume of the
unit cell remains almost unchanged for S135 and S240
while the volume of the unit cell decreases to ∼1% for
S35 compared to S240. The resistivity was measured using
the standard van der Pauw technique. Magnetoresistance
(MR) was measured using a superconducting magnet system
(Cryogenic Ltd., UK). DC magnetization was measured using
a commercial superconducting quantum interference device
(SQUID) magnetometer (MPMS, evercool). In the case of the
zero-field-cooled (ZFC) mode the sample was cooled down to
the desired temperature in zero field while for the field-cooled
(FC) mode the sample was cooled in a static magnetic field.

3. Experimental results and discussions

3.1. Low-field dc magnetization and ac susceptibility

The ZFC–FC effect of magnetization measured at 200 Oe
for S35, S135 and S240 is shown in figure 3. A peak is
observed in the ZFC magnetization around ∼55 K (Tp) with
a large field-cooled effect while FC and ZFC magnetization
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Figure 2. X-ray diffraction patterns of S35, S135 and S240. Peaks
are indexed by different planes of the rhombohedral structure.

deviates from each other below ∼170 K (Tirr) for S240. The
values of Tp and Tirr are in excellent agreement with the
phase diagram proposed by Wu et al [1]. The peak at Tp

is rounded off and shifted towards higher temperature with
decreasing grain size. The value of Tp and Tirr are ∼65 K
and ∼220 K, respectively, for S135. The value of Tirr is
nearly the same for S135 and S35. The features at Tp and
Tirr are absent for S35. Instead, a broadened peak (Tf) around
∼140 K is observed in the ZFC magnetization. Temperature
variation of ZFC magnetization for S35 is clearly distinct
from the results of S135 and S240. The ZFC magnetization
for S135 and S240 seems to be consistent with the reported
results where Tp behaves like an SG transition temperature [1].
In order to characterize the peak around ∼140 K for S35,
temperature variation of ac susceptibility measurements was
carried out at five different frequencies ( f ), viz. 0.12, 1, 10,
100 and 500 Hz, with an ac field = 3 Oe which are shown
in figure 4. Tf in χ ′(T ) and χ ′′(T ) increases with f . The
value of �Tf/Tf�(log ω) primarily characterizes the origin of
Tf, where ω = 2π f is the angular frequency. We estimate that
the value of �Tf/Tf�(log ω) obtained from χ ′ is ≈ 0.03 which
lies in between the ranges for metallic SG (0.005–0.01) and
insulating SG (0.06–0.08) compounds [41]. The f dependence
of Tf was tested using the phenomenological Vogel–Fulcher
(VF) law:

τ = τ0 exp[Ea/kB(Tf − TVF)] (1)

where τ , Ea and TVF are the inverse of the measuring
frequency, activation energy and VF temperature, respec-
tively [41]. The best fit of Tf from χ ′ is shown in the
inset of figure 4 (left axis). The parameters obtained are
Ea/kB = 140 K and TVF = 22 K. The value of τ0 is ∼10−6

s, which is much slower than the value (∼10−9) of typical
SG compounds [41]. The other approach to test the glassy
magnetic behavior is the standard theory of dynamical scaling
near the phase transition at Tf. The conventional result of
dynamical scaling relates the critical relaxation time (τ ′) to the
correlation length (ζ ) as [41]

τ ′ = τ ′
0ζ

−zν (2)

Figure 3. Temperature dependence of the FC–ZFC effect of
magnetization for (a) S240, (b) S135 and (c) S35.

Figure 4. Temperature variation of real, χ ′ (left axis), and imaginary,
χ ′′ (right axis), part of ac susceptibility at different frequencies ( f )
for S35. Arrows indicate the increasing direction of f . The inset
exhibits the fit using the Vogel–Fulcher law and dynamical scaling.

where ζ = (Tf − T0)/T0, τ ′
0 is the microscopic flipping time,

z is the dynamic exponent, ν is the spin-correlation length
exponent and T0 corresponds to the dc value of Tf for f → 0.
The best fit is shown in the inset of figure 4 (right axis). The
value of T0 is 140 K, obtained from χ ′(T ) which is equal
to the temperature at which the peak is observed in the dc
magnetization. The values of zν and τ ′

0 are 4.4 and ∼10−9 s,
respectively. We note that the value of zν lies in the range 4–
12 whereas τ ′

0 is much slower than the range 10−12–10−14 s
for classical SG compounds [41]. Note that the values of
τ ′

0 are typically found to be slower for the CG compound
and nanoparticles exhibiting superspin-glass behavior than
the classical SG compounds. The values of τ ′

0 of CG
systems are ∼10−10 s for La0.95Sr0.05CoO3 [12], ∼10−9 s for
LaMn0.7Fe0.3O3 [42] and ∼10−11 s for CeNi0.5Cu0.5 [43]. The
slower values of the τ ′

0 have also been reported for interacting
nanoparticles of α-Fe2O3∼10−9 s [44], ∼10−11 s [45] and
∼10−12 s [46]. In the case of amorphous Fe2O3 the value
of τ ′

0 was reported to be ∼10−11 s [47]. The much slower
values of τ ′

0 were also reported for diluted multilayer systems
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Figure 5. Time (t) dependence of magnetization (M) in (a) 10 Oe
and (b) zero field which were cooled in ZFC and FC (10 Oe) modes,
respectively, for S35. Inset of (b) shows the plot of W (t) against t at
80 K. The solid lines exhibit the fit by power law decay,
W (t) = At−n . All experimental protocols are described in the text.

[Co80Fe20/Al2O3] in the range between ∼10−7 to 10−6 s,
where τ ′

0 was decreased with the increase in dilution [48].
The time (t) dependence of magnetization was recorded

at 80 K for S35 in two different experimental protocols. The
sample was cooled down to 80 K from 250 K in zero (ZFC
mode: cooling field, Hcool = 0) and 10 Oe (FC mode:
Hcool = 10 Oe) and t evolution of magnetization was recorded
at 80 K in 10 Oe and zero field, respectively. Time dependences
measured in zero and 10 Oe field are shown in figures 5(a)
and (b), respectively. Various functional forms have been
proposed to describe the magnetization as a function of t . One
of the most popular relations is the stretched exponential:

M(t) = M0 − Mr exp[−(t/τdc)
β] (3)

where M0 and Mr are involved with the FM and exponential
components, respectively. For classical SG systems M0 is
treated as 0 in equation (3) whereas a non-zero value of M0 has
been used for coexisting FM and SG components [13, 42, 49].
The relaxation process involves the activation against a single
anisotropy barrier for β = 1 whereas β in the range, 0 <

β < 1 stands for the relaxation involved with the activation
against the distribution of anisotropy barriers, typically found
for SG compounds. Here, the term M0 was required to fit the
relaxation dynamics in both cases. The continuous curves in
figures 5(a) and (b) exhibit satisfactory fits which yield the
values of relaxation time (τdc) ≈ 3869 s and 4670 s with β ≈
0.46 and 0.33, respectively. We further note that the values of
the ratio Mr/M0 are ≈ 0.15 and ≈ 0.28 obtained from the fits
displayed in figures 5(a) and (b), respectively. A considerable
increase of Mr/M0 suggests a change in phase fraction due to

Figure 6. (a) Magnetic hysteresis loops at 5 K for S35, S135 and
S240. Inset exhibits the central part of the loops. Arrows indicate the
direction of decreasing grain size. (b) The shift in the central part of
the hysteresis loop due to the field cooling is shown for S240.

the field-cooled effect where the glassy magnetic component
increases and the FM component decreases as a result of field
cooling.

The decay of the remanent magnetization with t in
figure 5(b) was further fitted by the power law decay as
W (t) = At−n after the lapse of a crossover time, t0, where
W (t) is defined as −(d/dt) ln M(t) and A is a constant [50]. In
order to explain the SG behavior of the FM nanoparticles, the
above relation was proposed by Ulrich et al using Monte Carlo
simulation with the assumption that the interparticle dipolar
interaction has a distribution in grain size. They explicitly
showed that decay of M(t) follows the above relation with n �
1 for dense and ≈ 2/3 for diluted or isolated FM nanoparticles.
This theoretical model was recently corroborated by the
relaxation of remanent magnetization for the spontaneously
phase-separated manganites [51, 52] and cobaltites [13] in
order to probe the strength of the interaction between FM
clusters embedded in the non-FM matrix. The satisfactory
fit of the t dependence of the remanent magnetization above
t0 ≈ 200 s is shown in the inset of figure 5(b) by the solid
straight line which gives the value of n ≈ 0.87 at 80 K
for S35. The value of n is close to the value observed in
the bulk polycrystalline compound having slightly different
composition, La0.82Sr0.18CoO3 [13], indicating a moderate
interaction between FM clusters.

3.2. Magnetic hysteresis and exchange bias effect

Magnetic hysteresis loops were measured at 5 K for S35, S135
and S240 which are displayed in figure 6(a). Magnetization
does not show any saturating tendency at 50 kOe for all
the samples in accordance with the previous reports where
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Figure 7. Cooling field (Hcool) dependence of (a) EB field (HE) and
(b) reduced EB magnetization, ME/MS, at 5 K for S35, S135 and
S240. The Hcool dependence of coercivity (HC) are shown in the inset
of (a). Plots of ME/MS against HE are shown in the inset of (b).

a significant fraction of the SG component gives rise to the
non-saturating trend at high field [31, 32]. The magnetization
at 50 kOe (M50) and remanence magnetization increase
considerably whereas coercivity (HC) decreases slightly (inset
of figure 6(a)) with increasing grain size. The decrease of the
fraction of the FM component is indicated by the decrease in
M50 with decreasing grain size. When the sample was cooled
down to 5 K from 250 K in a static field, the shifts in the
hysteresis loops were observed for S35, S135 and S240. An
example of the shift in the hysteresis loop at 5 K is shown
in figure 6(b) for S240. The shifts of the hysteresis loops
are the typical manifestations of the EB effect where the
horizontal and vertical shifts are described as the EB field (HE)
and EB magnetization (ME), respectively. The shifts at 5 K
are estimated from the hysteresis loops measured in between
±50 kOe at different Hcool.

The Hcool dependence of HE shown in figure 7(a) exhibits
that initially, HE increases sharply up to Hcool = 10 kOe
and then it decreases with further increase of Hcool. HC

follows an almost similar Hcool dependence, which is shown
in the inset of figure 7(a) for all the samples. Analogous to
the Hcool dependence of HE the values of ME/MS follow a
similar behavior with Hcool (figure 7(b)). MS is the saturation
magnetization which was determined from the extrapolation
of the high-field magnetization at 1/H → 0. Recently,
a simplified exchange interaction model has been proposed
by Niebieskikwiat and Salamon considering the FM clusters
embedded in an AFM host for a charge-ordered compound,
Pr1/3Ca2/3MnO3 [53]. The FM clusters were assumed to
have a single domain structure like FM nanoparticles having
a single magnetic domain embedded in the non-FM matrix.
The model gives the simplified relation between HE and

Figure 8. (a) Plots of exchange bias field (HE) against cooling field
(Hcool � 10 kOe) at 5 K for S35, S135 and S240. Inset shows the
plot of HC against Hcool. (b) Plot of HE as a function of the inverse of
the average magnetization at 50 kOe (M−1

50 ). Solid straight lines
indicate the linear fits.

ME/MS, HE ∝ ME/MS for μHE/kBT < 1, where μ

is the average moment of the FM clusters. The linear
dependence between HE and ME/MS has been verified in
Pr1/3Ca2/3MnO3 [53], CaMnO3 [54], LaMn0.7Fe0.3O3 [25, 37]
and Nd1−x SrxCoO3 [38, 39]. The plots of HE with ME/MS are
shown in the inset of figure 7(b). The plots exhibit nearly linear
dependence up to Hcool = 10 kOe, above which it deviates
from the linearity. This happens due to the growth of FM
clusters with increasing Hcool and μ increases associated with
the increase in size of the FM clusters where μH < kBT does
not hold for Hcool � 10 kOe. Furthermore, HE (figure 8(a))
and HC (inset of figure 8(a)) decrease linearly with Hcool above
10 kOe. We note that HE decreases to ≈ 60% for S135 and
S240, whereas it decreases to ≈ 50% for S35 with the increase
of Hcool from 10 to 50 kOe. The growth of the FM clusters
and decrease of HE above Hcool = 10 kOe are consistent
with the model proposed by Meiklejohn which predicts the
relation HE ≈ Jex/(MFM × tFM), where Jex is the exchange
constant across the FM/AFM interface per unit area [55]. MFM

and tFM are the magnetization and thickness of the FM layer,
respectively. The increase of MFM associated with the increase
of tFM in the denominator of the above expression decreases
the magnitude of HE. The decrease of HE is consistent
with the results of the exchange-biased systems having an SG
component where the values of HE decrease considerably with
increasing Hcool in the high limit. HE decreased to ∼47%
for the increase of Hcool from 6 to 12 kOe in CG manganite,
LaMn0.7Fe0.3O3 [25, 37]. For CG cobaltite, Nd0.88Sr0.12CoO3,
HE decreased to ∼22% for the increase of Hcool from 10 to
50 kOe [38]. For Fe and iron oxide core–shell nanostructures
HE decreased to 50% for the decrease of Hcool from 5 to
50 kOe, where iron oxide was reported to be in the disordered
glassy magnetic state at low temperature [56, 57].
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Figure 9. Temperature (T ) dependence of resistivity (ρ) in zero-field
(continuous curve), zero-field-cooled (ZFC) (dotted curve) and
field-cooled (FC) (dashed curve) modes for S240 (a), S135 (b) and
S35 (c) indicating the significant deviation from each other at low
temperature. The cartoons of the interface region between the FM
and SG components are proposed in the inset of (c) for different
field-cooled modes.

Table 1. The percentage of ρEB = (ρFC − ρZFC)/ρZFC and
MR = (ρZFC − ρ0)/ρ0 at 6 K for different grain sizes.

Sample ρEB (%) MR (%)

S35 5.2 20.9
S135 8.9 24.9
S240 10.1 25.4

By taking into account that the magnetization at 50 kOe
is close to the saturation magnetization, the values of M50

might be considered as proportional to the volume fraction of
the FM component in the compound. Thus, an increase of
M50 with increasing Hcool may indicate that the average size
of FM clusters is enhanced due to the increase of Hcool for
Hcool > 10 kOe. The values of HE against 1/M50 are plotted
in figure 8(b) for S35, S135 and S240. It is evident from
the plots that the values of HE are inversely proportional to
M50, i.e. average size of the FM clusters. We further note that
the slope defined as d HE/d(M−1

50 ) increases with increasing
grain size, indicating that the EB effect for the particles having
the largest average size is more sensitive to the inverse of the
saturation of magnetization or cooling field.

3.3. Transport properties

Semiconducting temperature dependence of resistivity (ρ)
measured in the heating cycle under different cooling modes is
shown in figure 9. In the case of the measurement of resistivity
in ZFC and FC modes samples were cooled down to 5 K from
250 K in zero field and the cooling field (Hcool = 50 kOe),

Figure 10. Time (t) dependence of the percentage of
[R(t) − R(0)]/R(0) is illustrated for S35, S135 and S240 where
R(0) is the resistance at t = 0. The continuous curve indicates the fit
using the stretched exponential for S240.

respectively, and the temperature dependence was measured
at 50 kOe field during warming up the samples. The values
of ρ are found to increase considerably with decreasing grain
size. The negative magnetoresistance (MR), defined as MR =
(ρZFC − ρ0)/ρ0, is observed below ∼25 K where ρ0 and ρZFC

are the resistivities in zero and static magnetic field cooled
under ZFC conditions. The strong deviation between ZFC
(ρZFC) and FC (ρFC) resistivities at low temperature is observed
where surprisingly the magnitude of ρFC(T ) is higher than
ρZFC(T ) for all the samples. The strong deviation between
ρZFC and ρFC was also reported by Wu et al for the single
crystal of La1−xSrx CoO3 at x = 0.15 [16]. Here, we observe
the similar behavior in the polycrystalline compound with
slightly different composition at x = 0.12. Note that Wu et al
suggested the glassy transport behavior of La1−x SrxCoO3 at
the percolation threshold with x = 0.18 where they proposed
the possible magnetoelectronic phase separation into nanoscale
FM clusters embedded in a non-FM matrix to interpret the
results. Here, we further suggest that the strong FC effect in
ρ is correlated to the EB effect. When the sample is cooled in
a static magnetic field (Hcool �= 0), a new layer comprising of
frozen FM (FFM) spins appears at the FM and SG interface.
The cartoons at one of the interface regions between the FM
and SG components are illustrated in the insets of figure 9(c)
depending on the field-cooled modes. The appearance of FFM
layers is described in the right inset of figure 9(c) which causes
a higher value of ρFC than ρZFC at low temperature. The values
of ρEB = (ρFC −ρZFC)/ρZFC and MR = (ρZFC −ρ0)/ρ0 at 6 K
are shown in table 1 where both values decrease systematically
with decreasing grain size. The decrease of ρEB is consistent
with the decrease of HE obtained from the magnetic hysteresis
loop.

We further investigate the time dependence of resistance
in different field-cooled modes. When samples were cooled in
the ZFC mode and t evolution was recorded at 50 kOe, a very
weak t dependence is observed for S240 which is absent for
S135 and S35. On the other hand, a considerable t dependence
in ρ is noticed while samples were cooled in the FC mode
(Hcool = 50 kOe) and resistivity was recorded in zero field
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after stabilizing the temperature at 5 K. The time dependence
of [R(t) − R(0)]/R(0) is displayed in figure 10 for S35,
S135 and S240, where R(0) is the resistance at t = 0. The
results indicate that the observed time dependence due to the
field cooling is correlated with the EB effect. We observe
nearly ≈ 11% of the increase in resistance at t = 104 s
compared to the value at t = 0 for S240 which are ≈ 5% and
≈ 1% for S135 and S35, respectively. In the case of glassy
magnetic behavior t dependence of magnetization typically
follows the stretched exponential [41]. We fit the t dependence
of [R(t)− R(0)]/R(0) using the stretched exponential, R(t) =
A + B exp(−t/τρ)β as described in equation (3), where τρ is
the relaxation time. The satisfactory fit of t dependence using
a stretched exponential is shown by the continuous curve in the
figure with τρ = 2410 s, 1353 s and 1200 s for S240, S135
and S35, respectively considering β = 1. Time dependence
is weakened and τρ is shortened considerably with decreasing
grain size. We suggest that the observed time dependence is
attributed to the appearance of the FFM layer. The fraction of
the FFM layer decreases considerably with decreasing average
grain size, resulting in the weak time dependence of resistivity.

In summary, nanocrystalline hole-doped cobaltite, La0.88

Sr0.12CoO3 is prepared by the sol–gel route using citrate
precursor where sizes are varied from ∼35 to ∼240 nm.
Analogous to that observed in the bulk counterpart, the
nanocrystalline compound with average grain size ∼35 nm
exhibits the cluster-glass-like spin dynamics where short range
ferromagnetic clusters still exist associated with the spin-glass
component. The fraction of the ferromagnetic component
decreases systematically with decreasing grain size. The
signature of the exchange bias effect is shown both in
the magnetic and transport properties where the exchange
bias effect is weakened considerably due to the decrease in
grain size. We propose that exchange bias is attributed to
the appearance of a new frozen ferromagnetic layer at the
ferromagnetic/spin-glass interface due to the field cooling. As
a result of the decrease in grain size the overall area of the
ferromagnetic/spin-glass interface as well as the fraction of
frozen ferromagnetic spins have been reduced considerably,
resulting in the weakening of the exchange bias effect. The
strong field-cooled effect observed in the temperature and time
dependences of resistivity is correlated to the appearance of
frozen ferromagnetic spins which give rise to the exchange bias
effect.
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