
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
:5

3:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exchange bias an
Department of Physics, Jadavpur Unive

juphyruma@gmail.com; Tel: +91 (033) 2457

Cite this: RSC Adv., 2022, 12, 26470

Received 19th July 2022
Accepted 3rd September 2022

DOI: 10.1039/d2ra04454d

rsc.li/rsc-advances

26470 | RSC Adv., 2022, 12, 26470–
d magnetic memory effect in hole
doped Nd0.78Sr0.22CoO3 nanoparticles

Neepamala Giri, Bohnni Shikha Biswas, Payal Sengupta and Ruma Ray *

Nd0.78Sr0.22CoO3 nanoparticles having 89 nm average particle size are synthesized by standard sol–gel

techniques. Structural and morphological characterization is performed by X-ray diffraction and FESEM

images. DC magnetization studies in the range 1.6 K to 300 K reveal the disordered magnetic phase

below 36 K. Existence of this disordered magnetic phase is substantiated by the magnetic memory

effect. A significant upturn in the ZFC magnetization below 4.5 K, which is a signature of a dominant

ferromagnetic (FM) component, is observed. This FM component may be attributed to the

uncompensated (UC) spins at the surface of Nd0.78Sr0.22CoO3 nanoparticles. The presence of the

interface of these two magnetic components with significantly different anisotropy results in the

exchange bias effect.
1. Introduction

The exchange bias effect (EB) is of great importance to promote
potential applications in permanent magnet and high-density
magnetic storage devices.1,2 Therefore, the phenomenon of
exchange bias has been visited and revisited several times3–10

over the years, beginning with Meiklejohn and Bean (1956). The
exchange bias effect appears due to the pinning mechanism at
the interface between two magnetic components with signi-
cantly different anisotropy. The typical manifestation of the EB
effect is the displacement of the magnetic hysteresis loop and
the enhancement of coercivity due to the magnetic eld cooling
effect. Numerous reports on the EB phenomenon3–11 are pub-
lished for articial interfaces in layered systems and magnetic
nanoparticles having distinguishable surface anisotropy from
that of the core.12–14 On the other hand, a handful systems
having spontaneous magnetic phase separation within a single
crystallographic phase exhibiting the EB phenomenon have also
been reported. Mixed-valent manganites and cobaltites with
perovskite structure are the most prevailing examples of this
kind where ferromagnetic droplets are spontaneously
embedded in an antiferromagnetic back ground or spin glass/
cluster glass like matrix or ferrimagnetic background creating
spontaneous FM/AFM15 or FM/SG (or CG)16,17 or FM/FI18

interface.
An interesting phase diagram has been proposed by Stauffer

et al.19 for the hole doped cobaltite Nd1�xSrxCoO3 for different
degree of hole doping. In the low doping regime (0 < x < 0.18)
the SG or CG state has been proposed as ground state. With
further increase in hole doping ferrimagnetic (FI) and
rsity, Kolkata-700032, India. E-mail:

-2629

26475
ferromagnetic (FM) ordering is observed in different tempera-
ture region for 0.20 # x # 0.60.

In the present work we have restricted the doping of hole
near the boundary of these two regimes and synthesized the
hole doped Nd0.78Sr0.22CoO3 nanoparticles whose features are
expected to be noticeably different from its bulk counter-
part.11,20 Nanoparticles exhibit the exotic features because of its
surface anisotropy, large surface to volume ratio and particle
size distribution.12 The EB effect is found to be present in the
perovskite Nd0.78Sr0.22CoO3 nanoparticles which may arise
because of the presence of two magnetic phases. The ZFC
magnetization indicates ferromagnetic (FM) transition followed
by a disordered magnetic phase with lowering of temperature
even though ferrimagnetic ground state is expected20 in the
corresponding bulk counterpart. Magnetic memory effect found
in this system corroborates the possible signature of disordered
magnetic phase. Moreover, the large surface area of the nano-
particles promotes the uncompensated (UC) spin at the surface
of nanoparticles which introduces different anisotropy in the
system around 4.5 K. Coexistence of different magnetic
anisotropy contributes to the exchange bias effect. The
temperature (T) and cooling eld (Hcool) dependence of
exchange bias eld (HEB) are in tune with the thermal variation
of magnetization.
2. Experimental details
2.1 Synthesis

Nd1-xSrxCoO3 with x ¼ 0.22 is prepared by standard sol–gel
technique.16,18 The Nd2O3, SrO and Co powder taken in stoi-
chiometric ratio, are dissolved in hydrated nitric acid for
preparing metal nitrate solution. Citric acid is then added in
proper amount and the solution is stirred rigorously for two
© 2022 The Author(s). Published by the Royal Society of Chemistry
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days in order to get homogeneous mixture. Proper amount of
citric acid is estimated by considering that only two of the metal
ions take part in chemical bonding with one molecule of citric
acid. This metal citrate precursor is dried and annealed at 873 K
for 6 h. The nal heat treatment of the sample is done in the
form of pellet in two steps at 1073 and 1273 K for 12 h followed
by slow cooling at a rate of 0.7 K min�1.
Fig. 1 X-ray diffraction pattern of Nd0.78Sr0.22CoO3 nanoparticles
fitted with Rietveld analysis. Inset shows Williamson–Hall plot.
2.2 Characterization: structural, morphological and
magnetization

Crystal structure is studied at room temperature using a powder
X-ray diffractometer (XRD) (Bruker D8 Advance) with the Cu Ka

radiation. Rietveld renements were performed by using MAUD
soware. The full width at half maximum (FWHM) of the most
intense peak obtained from Rietveld renements was used to
calculate the average particle size. The morphology of the
nanoparticles is studied by eld emission scanning electron
microscopy (FE-SEM) images using the microscope, FEI,
INSPECT F50. The particle size distribution in FESEM has
been done by using Image-J soware. The dc magnetization (M)
is measured using a commercial vibrating sample magnetom-
eter, 7T mini VSM, Cryogenics Ltd to study the magnetic
properties of the sample. Magnetization (M) measurements as
a function of temperature were carried out under the zero eld
cooled (ZFC) and eld cooled (FC) mode. Furthermore, the slow
relaxation dynamics and memory effects in the thermal varia-
tion of magnetization measured in ZFC protocol have been
investigated. Temperature dependence of the FC magnetization
were measured with an applied magnetic eld of 100 Oe, while
that of the ZFC magnetization were measured with an applied
eld of 100 and 200 Oe. The magnetic hysteresis (M–H) loops
measured between �70 kOe at different temperature in the
range 2 K–100 K under different cooling eld in the range 2–50
kOe.
Fig. 2 FESEM images of Nd0.78Sr0.22CoO3 nanoparticles. Inset indi-
cates the size distribution of Nd0.78Sr0.22CoO3 nanoparticles following
Gaussian distribution shown by continuous fitted line.
3. Results and discussions
3.1 Crystal structure and morphology: XRD and FESEM
studies

The X-ray diffraction pattern of Nd0.78Sr0.22CoO3 using CuKa

radiation is shown in Fig. 1. All the peaks in the diffraction
pattern could be indexed by the orthorhombic structure as re-
ported earlier.19,21 Thus, the XRD data conrm the absence of
any detectable impurity phase and thereby the crystallographi-
cally single phase structure at room temperature is obtained.
Rietveld renement technique22 is used to analyze the XRD data
by using orthorhombic structure with Pnma space group and
the lattice parameters are estimated as 5.36 (a), 7.58 (b) and 5.37
(c) Å which are consistent with that of earlier report.21 The
Rietveld renement tted graph of Nd0.78Sr0.22CoO3 and the
difference from the experimental data are shown in Fig. 1. The
particle size (D) and microstrain (3) of Nd0.78Sr0.22CoO3 nano-
particles are estimated by using Williamson and Hall's23

modied Scherrer's formula given by

b cos q ¼ 0.89l/D + 23 sin q (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
Taking under consideration of the prominent XRD peaks
having uniquely dened FWHM a linear t of b cos q versus
sin q plot is shown in the inset of Fig. 1. The average particle size
and the microstrain (3) of Nd0.78Sr0.22CoO3 nanoparticles are
estimated to be 89 nm and 3.26 � 10�3, respectively.
Morphology and size of Nd0.78Sr0.22CoO3 nanoparticles are
investigated from FESEM image as shown in Fig. 2. Size of
Nd0.78Sr0.22CoO3 nanoparticles follows a Gaussian distribution
(inset of Fig. 2) with maximum number of particles in the range
around 92 nm which is consistent with the XRD results.
3.2 Magnetic properties

3.2.1 Temperature dependence of dc magnetization. The
magnetic properties of the Nd0.78Sr0.22CoO3 nanoparticles are
RSC Adv., 2022, 12, 26470–26475 | 26471
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Fig. 3 Thermal variation of the magnetization of Nd0.78Sr0.22CoO3

nanoparticles measured in FC and ZFC mode at 100 Oe. Inset high-
lights the low temperature regime of ZFC magnetization measured at
100 Oe and 200 Oe as discussed in the text.

Fig. 4 Magnetic relaxation at 30 K in 100 Oe for t1 and t3 after cooling
down from 250 K in ZFC mode with an intermediate measurement
time t in zero field at 25 K.
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probed by dc magnetization studies. The temperature variation
of magnetization (M) under the zero eld cooled (ZFC) and eld
cooled (FC) protocol is shown in Fig. 3. In order to measure ZFC
magnetization, the sample is cooled down to 1.6 K in absence of
magnetic eld and the magnetization is measured in heating
cycle at 100 Oe magnetic eld. For the measurement in FC
mode, the sample is cooled under the same eld and magne-
tization is measured during heating from 1.6 K to 300 K. The FC
magnetization deviates from ZFC magnetization around 155 K,
as depicted in the gure by an arrow.

The thermal variation ZFC magnetization depicts a peak
around �37 K (Tg) followed by an upturn around 4.5 K as
evident in Fig. 3 inset. To reveal the origin of the ZFC peak, the
temperature dependence of the ZFCmagnetization is measured
at different applied magnetic elds (H ¼ 100 Oe and 200 Oe) as
shown in Fig. 3 inset. The peak at Tg is found to shi slightly
toward the low temperature for higher magnetic eld. Such
a dependence of ZFC peak position on the magnetic eld may
designate the presence of a metastable state. It may be a signa-
ture of a disordered magnetic phase13 although the reported
experimental data including the neutron and 59Co NMR clearly
indicate the FI phases at low temperature in Nd1�xSrxCoO3 for x
$ 0.20.21 In the present case, the disordered phase may arise
because of the nanostructure of the system. The magnetic
memory effect observed in this system measured in ZFC mode
may be attributed to the disordered magnetic phase as dis-
cussed later in Section 3.2.2.

A signicant upturn in the ZFC magnetization below 4.5 K is
illustrated in Fig. 3 inset with decrease in temperature down to
1.6 K. This feature becomes more prominent with the increase
of measuring magnetic eld. This sharp increase of ZFC
magnetization indicates the signature of a dominant ferro-
magnetic (FM) component in the low temperature region. This
FM component may be attributed to the uncompensated (UC)
spins at the surface of Nd0.78Sr0.22CoO3 nanoparticles as dis-
cussed in the recent reviews.24 Appearance of UC-spins typically
26472 | RSC Adv., 2022, 12, 26470–26475
may bring in a new anisotropy which is different from the core
anisotropy. Coexistence of different magnetic anisotropies
leads to the exchange bias (EB) effect due to eld cooling which
is discussed later in the Section 3.2.3.

3.2.2 Magnetic memory effect: characterization of disor-
dered magnetic phase. The slow relaxation dynamics and
memory effects in the thermal variation of magnetization
measured in ZFC protocol are the ascertaining signatures of the
disordered magnetic system. Memory effects observed in the
relaxation dynamics are summarized in Fig. 4. It illustrates the
isothermal magnetic relaxation at 30 K recorded in 100 Oe for t1
¼ 6000 s aer zero eld cooling from 250 K which is well above
the disorder transition (Tg) temperature. Aer lapse of t1, the
magnetic eld is switched off, the temperature decreases down
to 25 K and relaxation is measured again in zero eld for t2 ¼
6000 s. Finally, the temperature is restored to 30 K in zero eld
and the relaxation is further recorded in 100 Oe for t3 ¼ 6000 s.
To explain the result, the magnetization measured during the
aging period t1 and t3 is plotted sequentially in the inset of
Fig. 5, leaving out the data for time evolution during t2. Inset of
Fig. 4 clearly indicates that the magnetization measured during
the time period t3 appears as a perfect continuation to the curve
measured during t1. This clearly shows that state of the system
before temporary cooling is recovered when temperature
returns as if the system retains its memory of the previous state.
This can be approximated by the stretched exponential
function,25,26

M(t) ¼ M0 + Mg[1 � exp(�(t/t0))
b]

where, M0 and Mg are involved with ferromagnetic and glassy
components, respectively. t0 is the time constant and the
dispersion parameter b represents the distribution of relaxation
dynamics. For single energy barrier the value of b is 1 whereas
b value lies in the range 0 < b < 1 for the system with distribution
of energy barriers. Here, the best t givesM0 ¼ 0.19609 emu g�1

and b ¼ 0.553, as shown in inset of Fig. 4. The non-zero value of
M0 indicates the presence of ferromagnetic component25,26
2

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04454d


Fig. 5 Magnetic hysteresis loops measured at 2 K, 8 K, 10 K, 50 K, 75 K
and 100 K after cooling the sample from 300 K under Hcool ¼ 50 kOe.
Inset highlights the shift of central part of M–H loop measured at 2 K
under the cooling field Hcool ¼ 2 kOe and 50 kOe.
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attached in the relaxation dynamics and value of b points the
distribution of anisotropy barriers, as generally found in
disordered magnetic systems.
Fig. 6 Thermal variation of (a) exchange bias field (HEB) (b) relative
vertical shift (MEB/MS) and (c) coercivity (HC) of Nd0.78Sr0.22CoO3

nanoparticles measured under cooling field Hcool ¼ 50 kOe. MEB and
MS are the exchange bias magnetization and saturation magnetization.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2.3 Exchange bias effect. To investigate the exchange bias
(EB) effect sample is cooled down to 2 K from 300 K under
different cooling eld (Hcool) ranging from 2 50 kOe. Magnetic
hysteresis (M–H) loops measured between �7 T at different
temperature in the range 2 K–100 K, under Hcool ¼ 50 kOe are
shown in Fig. 5. The shi of the magnetic hysteresis loop
measured at 2 K under Hcool ¼ 2 kOe and 50 kOe as highlighted
in the inset of Fig. 5, is a typical manifestation of an exchange
bias effect. The shi along the eld-axis dened as the exchange
bias eld (HEB) and the coercive eld (Hc) have been estimated
as HEB ¼ (H+

C + H�
C)/2 and HC ¼ (H+

C � H�
C)/2 respectively, where

H+
C (H�

C) represents the positive (negative) coercive eld. The
remanence asymmetry dened as EB magnetization (MEB)18 is
also calculated as MEB ¼ (ME

+ + ME
�)/2, where ME

+ (ME
�)

represents positive (negative) remanent magnetization. MEB/MS

estimated at 2 K for Hcool ¼ 50 kOe is � 0.5 � 10�2, where MS is
the saturation of magnetization. This value is comparable to
that of Nd0.80Sr0.2CoO3.18 Thermal variation of HEB,MEB/MS and
HC measured underHcool ¼ 50 kOe are shown in Fig. 6. With the
lowering of temperature HEB increases sharply exhibiting
highest value at 2 K as uncompensated (UC) FM phase is
observed below 4.5 K. Temperature dependence of the asym-
metry parameters are typical for the exchange biased systems
viz., Nd1�xSrxCoO3, where EB effect vanishes above FI or spin
freezing transition temperature.18,19 In the present system, the
Fig. 7 Cooling field (Hcool) dependence of (a) exchange bias field (HEB)
and (b) relative vertical shift (MEB/MS) of Nd0.78Sr0.22CoO3 nano-
particles measured at 2 K. Solid lines represent the guide line to eye.
The Hcool dependence of coercivity (HC) and the plot ofMEB/MS versus
HEB are shown in the inset of (a) and (b), respectively. The solid straight
line in the inset of the (b) shows the linear fit.

RSC Adv., 2022, 12, 26470–26475 | 26473
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rigid UC spins apply a coupling force on the disordered spins at
the interface and a layer of pinned or frozen FM spins are
created at the interface when the system is cooled in non-zero
eld. The pinned or frozen FM spins give rise to the unidirec-
tional shi of the hysteresis loops and reveal the EB effect.
Thermal variation of MEB/MS is similar to that of HEB as
expected.

The Hcool dependence of HEB and MEB/MS are shown in the
Fig. 7. The value ofHEB increases sharply withHcool up to 10 kOe
and then linearly increases till 50 kOe. Hcool dependence of HC,
as seen in the inset of Fig. 7a is almost similar to that of HEB,
where the sharp increase ofHC is associated with the increase of
HEB. Moreover, the inset of Fig. 7b depicts the linear depen-
dence ofMEB/MS with HEB as reported in bulk Nd0.80Sr0.2CoO3.18

The coexistence of two different magnetic phase viz. FM/FI
interface was responsible for exhibiting the exchange bias
effect in the bulk Nd0.80Sr0.2CoO3 system,18 while the cause of
exhibiting the same effect in Nd0.78Sr0.22CoO3 nanoparticles is
entirely different. Detail dc magnetization studies along with
memory effect suggest the existence of UC spins at the surface
of the nanoparticles below 4.5 K andmagnetic disordered phase
below 36 K. The interface of these two magnetic phases with
different anisotropy illustrates the exchange bias effect at low
temperature in the nanoparticle of Nd0.78Sr0.22CoO3. This
exchange bias effect may be tuned by controlling the size and
shape of the nanoparticles as UC spin are residing at the surface
of the nanoparticles.

4. Summary and conclusions

Hole dopedNd0.80Sr0.2CoO3 nanoparticles are synthesized by sol–
gel citrate precursor technique. Structural and morphological
characterizations performed by X-ray diffraction and FESEM
images reveal the average size of the nanoparticles of �89 nm.
The thermal variation ZFC magnetization reveals a disordered
magnetic phase below �36 K. This phase is corroborated by
magnetic memory as observed at 30 K. This disordered phase
may arise because of the nanostructure of the system. Further
lowering of temperature down to 1.6 K illustrates a signicant
upturn in the ZFC magnetization below 4.5 K. This sharp
enhancement of ZFC magnetization indicates the signature of
a dominant ferromagnetic (FM) component which may be
attributed to the uncompensated (UC) spins at the surface of
Nd0.78Sr0.22CoO3 nanoparticles. Occurrence of the UC-spins
typically may bring in a new anisotropy which is different from
the core anisotropy. Coexistence of the different magnetic
anisotropies leads to the exchange bias effect. The exchange bias
effect (HEB) sharply increases at low temperature as expected.
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