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a b s t r a c t

We report the study of memory effect, relaxation and interaction of La0.67Sr0.33MnO3 (LSMO) particles of
two different sizes, bulk (�60–150 mm) and nano (�80 nm) synthesized by using polymeric precursor
route. Magnetic relaxation measurement has been carried out and the analysis shows the existence of
two relaxation times in both the cases. Our dynamic light scattering (DLS) studies indicate the presence
of two different size distributions in LSMO nano particle sample. This is attributed to the fact that par-
ticles of two different sizes can relax separately. It has been observed that both the samples show sig-
nature of magnetic memory effect. Because, the effect of disordered surface layer is more in LSMO nano
than LSMO bulk particles, LSMO nano particles are found to favor demagnetized state where as LSMO
bulk prefer magnetized state.
1. Introduction

Observation of magnetic memory in magnetic nano particles is
an interesting phenomenon, since the reason can be either at-
tributed to interparticle interaction or particle size distribution.
This is a potential area for recent scientific activities because of the
enormous technological application and exotic physics governed
by different competing effects. Most of such works have been fo-
cused on ferromagnetic and ferrimagnetic nanoparticles due to
their high magnetic moments which make them industrially va-
luable. Hole doped perovskite manganites are well known mag-
netic materials for their fascinating physical properties and tech-
nological viability. However, the effect of size reduction on their
physical properties is a topic of very recent interest [1–10]. In
general, properties of nanoparticles of magnetic materials can
arise from intrinsic properties, or from factors arising from inter-
actions of nanoparticles [11,12]. Depending on the composition
and hole-doping level, many manganites exhibit unusual none-
quilibrium dynamics and time-dependent phenomena such as
ageing, rejuvenation, memory, etc. [13–16]. La0.67Sr0.33MnO3

(LSMO) belongs to hole doped manganite family and is known to
be potential candidate for technological application, since it has
ferromagnetic transition temperature (TC) around 380 K and a
large magnetic moment at room temperature [17–21]. The present
work is concentrated on the study of memory effect and relaxation
phenomena of LSMO bulk and nano particles of various sizes. We
report on the results of our detailed investigation in the non-
equilibrium magnetic behavior of LSMO nano and bulk. The main
objective is to understand the type of interaction and to in-
vestigate the effect of size reduction on magnetic interactions,
since interaction plays important role to influence the magnetic
properties.
2. Experimental details

The LSMO nano particles have been synthesized by the sol–gel
based polymeric precursor route. In a typical synthesis process,
precursor materials are dissolved in the desired stoichiometric
proportions in appropriate solvent and polymer (Ethylene Glycol).
The mixture has been heated till the sol is formed. The gel has to
be dried. Pyrolysis is to be done to remove organic precursor
materials around 300–400 °C followed by sintering around
�650 °C in order to obtain the desired chemical phase [22]. All the
synthesized nano particles have been characterized using powder
X-Ray Diffraction (XRD) using CuKα radiation at room tempera-
ture. The particle size distribution is determined by dynamic light
scattering (DLS). The temperature at which the DLS has been done
is 25 °C and the solution is 2-propanol where the nano particles
have been dispersed. LSMO nano particles are taken in required
quantity and pellets are made at high pressure (around 100 MPa).
The pellets are heated at 1100 °C for 10 h and 1400 °C for 12 h
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Fig. 2. Results of dynamic ligh scattering (DLS) experiment of nano LSMO dis-
persed in 2 propanol showing 2 peaks, – one for nano particles and other due to
particle agglomeration. The bar symbols are raw data and solid lines are gaussian
fits.
which yields LSMO bulk particles. These particles are characterized
by Scanning Electron Microscopy (SEM). We have carried out
Magnetization (M) vs. Magnetic field (H) measurements at 300 K,
85 K and 120 K by Vibrating Sample Magnetometer (VSM). Zero
field cooled (ZFC) and field cooled (FC) magnetization measure-
ments at H¼200 Oe have shown appreciable difference. For ZFC
measurements at H¼40 Oe with 2 h stop at 90 K when compared
with the uninterrupted ZFC measurements, we found the sig-
nature of magnetic memory effect. In order to do magnetic re-
laxation measurement, the sample is cooled down to 95 K in the
absence of any field. Then a field H¼1 T is applied in 20 s and it
took again around 20 s to remove the field. After removing the
field, the magnetization is recorded as a function of time (t¼7 h).
In order to probe the inter-particle interaction for the LSMO nano
and bulk samples, the measurement of isothermal remnant mag-
netization (mIRM) and dc demagnetization (mDCD) as a function of
magnetic fields have been carried out [23]. We have investigated
the validity of Wohlfarth relation in the LSMO particles; which is
applicable for a non-interacting system with uniaxial anisotropy
[24].
Fig. 3. Results of SEM study of bulk LSMO showing particles with the size range of
60–170 mm.
3. Results

The XRD data shown in Fig. 1 determines the required phase
formation for LSMO nano particles. The positions of intensity
peaks are compared and observed to be consistent with the data
base of International Centre for Diffraction Data (ICDD). The results
of DLS experiment of nano LSMO dispersed in 2-propanol are
described in Fig. 2. The DLS data have been fitted with gaussian
function and the error bar is around 1%. The DLS data show 2
peaks, – one (around 80 nm) for nano particles and other (around
185 nm) due to particle agglomeration. It seems that there are
particles of 2 different sizes existing (one real size of nanoparticle
and another is agglomerated size), – very small and very large. The
average particle size is around 80 nm as it is determined by DLS
data analysis. The LSMO bulk particles have been studied by SEM
and the results are reproduced in Fig. 3. It is seen that there are
particles with the size range of 60–170 mm.

The initial M vs. H measurements for LSMO nano particles have
been carried out at 85 K and 300 K. The curves show clear hys-
teresis which suggests the existence of qualitative ferromagnetic
phase for LSMO nano at 85 K and 300 K. Although the complete
saturation has not been achieved at 10,000 Oe applied field as
shown in Fig. 4(a) and (b). Similar measurement has been done for
LSMO bulk at 300 K which also shows hysteresis and better
Fig. 1. XRD pattern for LSMO nano where the line is experimental data.
saturation at 10,000 Oe in comparison to LSMO nano (see Fig. 4
(c)). We have measured the magnetization of LSMO nano with
respect to the temperature; while warming after cooling the
sample in absence (ZFC) and in the presence (FC) of H¼200 Oe
magnetic field. This sample shows bifurcation between the ZFC
and FC profiles (Fig. 4(d)) which is a typical behavior for LSMO
nano particles [25]. There is a peak in ZFC curve and FC magne-
tization shows an irreversible behavior with respect to that of ZFC
below the peak temperature. This indicates that below the peak
temperature the magnetic system goes onto a disordered blocked
state. The blocking temperature TB has been determined as around
195 K from the peak of the ZFC curve (see Fig. 4(d)). It is to be
noted that the obtained TB is the average of the TB's within the
sample because of finite size distribution of the particles. The
temperature at which the bifurcation starts between ZFC and FC is
known as the irreversible temperature (TIR) and it is found to be
270 K.

We have cooled the sample down to 90 K at zero field and
waited for 2 h at 90 K in zero field. Then we have further cooled
the sample down to 80 K. At 80 K, we have applied the field of
40 Oe and taken the ZFC data at heating cycle. We have again
cooled the sample down to 80 K at zero field. Then at 80 K we have
applied the field of 40 Oe and taken the ZFC data at heating cycle



Fig. 4. Results of M vs. H measurements for LSMO nano at (a) 85 K, (b) at 300 K; (c) results of M vs. H measurements for LSMO bulk at 300 K; (d) ZFC–FC magnetization data
for LSMO nano displaying appreciable difference between two profiles. TB and TIR are known as blocking and irreversible temperatures respectively.
for reference. We have compared the ZFC magnetization data with
stops of 2 h at 90 K with the uninterrupted reference ZFC mag-
netization for studying the non-equilibrium magnetic behavior of
LSMO nano and bulk particles. It has been observed that there is a
noticeable dip present around 90 K because of freezing of mo-
ments in the ZFC curve with stop (see Fig. 5). When the sample has
Fig. 5. Results of ZFC magnetization measurements with stops of 2 h at 90 K at
applied field H¼40 Oe and the uninterrupted reference ZFC magnetization for
studying memory effect of LSMO nano. Inset shows the results of same measure-
ments for LSMO bulk.
been cooled again without any field and warmed at H¼40 Oe up
to 400 K, the recorded ZFC magnetization shows similar but
Fig. 6. Results of relaxation experiment for LSMO nano particles where normalized
magnetization is plotted with respect to time at 95 K. Symbols are experimental
points and solid line is the result of fitting with two relaxation times. Inset
(a) shows the same data points plotted with time in logarithmic scale. Inset
(b) shows results of same experiment with the fitting of stretched exponential
function (solid line).



Fig. 7. Results of relaxation experiment for LSMO bulk particles where normalized
magnetization is plotted with respect to time at 95 K. Symbols are experimental
points and solid line is the result of fitting with two relaxation times. Inset
(a) shows the same data points plotted with time in logarithmic scale. Inset
(b) shows results of same experiment with the fitting of stretched exponential
function (solid line).

Table 1
The fitting parameters and standard deviations for fitting of normalized magneti-
zation data according to Eq. (5) for LSMO nano and bulk particles.

Sample τ1 (s) τ2 (s) χ2

LSMO nano 13.5970.071 1125268.73710695.3 1.647�10�6

LSMO bulk 12.1970.14 3244799.3714009.8 2.0�10�5

Fig. 8. (a) The plots of mIRM and mDCD as a function of magnetic fields for LSMO
nano at 120 K; (b) variation of δm with applied magnetic field.

Fig. 9. (a) The plots of mIRM and mDCD as a function of magnetic fields for LSMO
bulk at 120 K; (b) variation of δm with applied magnetic field.
smaller dip around that same temperature region around 90 K.
Therefore, it is evident that the LSMO nano sample can “re-
member” the history of incidents which confirms the observation
of memory effect. Inset of Fig. 5 shows the results of similar
magnetic measurements of LSMO bulk particles which support the
fact that bulk particles also exhibit magnetic memory effect. The
magnetic relaxation of LSMO have been measured for 7 h waiting
time at 95 K after sudden application and removal of H¼1 T
magnetic field. The results are reproduced in Fig. 6 for LSMO nano.
The relaxation of magnetization is about 50% for LSMO nano. We
have observed that the magnetization does not relax logarith-
mically (Fig. 6(a)) and that also does not follow any stretched
exponential function (Fig. 6(b)). The modeling of magnetic re-
laxation data suggests the existence of two relaxation times. We
have found similar behavior for magnetic relaxation from our
analysis for LSMO bulk at 95 K which is described in Fig. 7 and in
its insets. The relaxation of magnetization is about 90% for LSMO
bulk. The values of fit parameters with errors are given in Table 1.

Magnetic memory and relaxation phenomena are strongly in-
fluenced by the inter-particle magnetic interaction which is stu-
died by measuring mIRM and mDCD as a function of magnetic fields.
Fig. 8(a) shows the variation of mIRM and mDCD with applied fields
for LSMO nano. It is noticed that mIRM increases but mDCD de-
creases with applied fields. The quantity, δm (¼mDCD�1–2mIRM))
which is generally used to probe interaction between particles, has
been observed to be negative for LSMO nano in the range of
H¼50–500 Oe favouring demagnetized state (Fig. 8(b)) [23].
However, the variation of mIRM and mDCD with applied fields for
LSMO bulk appears different than that for LSMO nano, as seen in
Fig. 9(a). In addition, δm remains positive in the range of H¼100–
500 Oe (except at H¼50 Oe) which suggests that the type of in-
teraction in LSMO bulk is different from that in LSMO nano. As
reported earlier, this kind of interaction favours magnetized state
in LSMO bulk [23,36].



4. Discussions

The XRD data of Fig. 1 confirms the formation of perovskite
structure of LSMO in nano and particles. The results of DLS mea-
surements support the fact that the LSMO nano sample contains
mainly particles of very big due to agglomeration and very small
sizes (Fig. 2). It suggests that the nonequillibrium magnetic be-
havior with respect to time and magnetic field can be different for
small and large particles due to their size variations. As seen by
SEM, LSMO bulk can also have particles of small and large volumes
(Fig. 3). The M vs. H measurements show the existence of hyster-
esis loop and coercive field for LSMO nano at 85 K indicating
qualitative ferromagnetic behavior (Fig. 4(a)). The fact that mag-
netization is not saturated at 10 KOe magnetic field at 85 K shows
that some of the LSMO nano particles are in super-paramagnetic
phase. However, the existence of coercive field indicates that the
rest of the particles are in blocked state, since their anisotropy
energy at 85 K is more than the thermal energy. LSMO nano par-
ticles show much smaller hysteresis loop and negligible coercive
field at 300 K suggesting dominant super-paramagnetic phase
(Fig. 4(b)). In contrast, LSMO bulk particles have appreciable hys-
teresis loop, coercive field and better saturation at 300 K con-
firming their stronger ferromagnetic character. The ZFC and FC
magnetization measurements for LSMO nano show that the TB is
lower than TIR. For an ensemble of non-interacting fine magnetic
particle, the blocking temperature is given by,

T KV k t/ ln ( / ) (1)B B oobsτ=

where K is uni-axial anisotropy constant, V is the volume of the
particles, τo is the characteristic time on the order of 10�13–10�9

and τobs is the time of measurement [25–27]. For a nanoparticle
with uniaxial anisotropy, the magnetic anisotropy energy is given
by the simple expression,

E KV Sin (2)a
2θ=

where Ea is magnetic anisotropy energy and θ is the angle
between magnetic moment of particle and its easy axis [27].
Blocking temperature TB is the one at which the thermal energy
overcomes the anisotropy energy. It is already reported that TB
increases with particle size [25]. In LSMO nano sample, it is pos-
sible that some of the particles with very large size start getting
blocked at higher temperature than the usual TB. This explains the
results of magnetization measurements showing the temperature
(TIR) at which the bifurcation appears in ZFC and FC profiles is
higher than TB. Fig. 5 and inset show the results of memory effect
for LSMO nano and bulk measured by ZFC protocol at 90 K sup-
porting the fact that the system “remembers” the time when the
intermittent stop is made [28]. Observation of memory effect
generally suggests spin-glass like behavior where finite interaction
should be present among the particles [28]. Our measurements
have already suggested (see Figs. 4 and 8) that LSMO nano parti-
cles are not completely super-paramagnetic and they also have
finite inter-particle interactions which justifies the observation of
their magnetic memory. In case of LSMO bulk, the similar ob-
servation is supported by existence of different kind of interactions
as described in the results of Fig. 9. However, the actual reason
behind the occurrence of magnetic memory in nano particles can
be either attributed to inter-particle interactions or the fact where
agglomeration yields a cluster size distribution that results a dis-
tribution of blocking temperatures which is probed by the tem-
perature-field history [29]. In this respect, our magnetic relaxation
measurements for 7 h have provided some important results. It is
known that for an ensemble of identical particles each with the
same energy barrier to magnetization reversal, the time decay of
the magnetizationisan is an exponential function as given below,
M t M t( ) (0) exp ( / ) (3)τ= −

Here M (0) is the magnetization at time (t) zero, and τ is the
relaxation time [30]. In real systems of magnetic nanoparticles
there is always a distribution of energy barriers due to a dis-
tribution of the magnetic anisotropy constants K (caused by
crystalline and predominantly shape anisotropy) as well as of the
core volumes V of the particles [31].

Hence, if there is a distribution of energy barriers, the mag-
netization decays logarithmically in time as

M t M S t( ) (0) ln ( ) (4)= −

where S is the magnetic viscosity [32]. We have plotted the
normalized magnetization M(t)/M(20) against Time (t) for LSMO
nano in logarithmic scale where M(20) is the magnetization
recorded at 20th second (Fig. 6). As it is seen M(t)/M(20) is not
following a straight line with t (o100) in Fig. 6(a), it is clearly
understood that the system is not suitable to be described by the
function in Eq. (4). We have tried to fit the data to a stretched
relaxation function (M(t)/M(20)¼(1�exp[�(τ/t)β])), but the re-
sults are not satisfactory for the whole range of temperature (Fig. 6
(b)). As our fitting trial with single relaxation function (Eq. (1)) has
been proved as inadequate, finally we have used superposition of
2 exponential functions involving 2 relaxation times as given
below,

M t M t M t( ) (0) exp ( / ) (0) exp ( / ) (5)1 2τ τ= − + −

The results of the fit for M(t)/M(20) vs. t are reported in Fig. 6.
Symbols are experimental points and solid line is the result of
fitting. The fitting results appear to be satisfactory for the whole
range of time scale. We have done similar measurements for
magnetic relaxation and analysis for LSMO bulk. The experimental
data and fitting results are reproduced in Fig. 7. Our analysis shows
that the fitting function with 2 relaxation times is most suitable for
describing the magnetic relaxation phenomena for LSMO bulk
also. Presence of 2 relaxation times may indicate the existence of
two independent and negligibly interacting systems. Nevertheless,
particle of same size may interact among them. Although there are
cores and shells present in LSMO particles, it is unlikely that they
can have different relaxation times. Because, the cores and shells
are supposed to be highly interacting [33]. The superposition of
two relaxation times can arise from particle size distribution
considering a theoretical model (based on polydispersity and in-
teraction effects) involving just two kind of particles ‘large’ and
‘small’ [34]. Since the present LSMO nano and bulk particles do
have certain size distribution (Figs. 2 and 3) this model can be
applied to explain two relaxation times. It is possible that particles
of 2 different sizes (one real size and another is agglomerated size)
relax separately which has already been reported for iron nano
particles [35]. From the values of fitted relaxation times it is rea-
lized that τ1 is similar but τ2 is quite large for bulk LSMO in
comparison to those for nano LSMO (see Table 1). Hence, the
particle size dependence in relaxation phenomena of LSMO is
observed. In order to explore the inter-particle interactions; we
have measured mIRM and mDCD as a function of magnetic fields for
LSMO nano and bulk. For any non-interacting system of particles
with uniaxial anisotropy, Wohlfarth relation (mDCD¼(1–2mIRM)) is
valid which is not applicable for present LSMO system [24]. The
results of our measurements yield non zero and negative value of
δm (see Fig. 8(b)) for LSMO nano indicating that the particles of
same size are interacting and the interaction is dipolar type. Ne-
gative δm corresponds to the fact that this interaction actually
favours demagnetized state for LSMO nano [23]. In contrast, Fig. 9
(b) shows finite and mainly positive δm for LSMO bulk. Positive
δm suggests that the particles of same size are interacting



differently which favours magnetized state [23,36]. It is reported
before that the magnetic properties of ferromagnetic nano parti-
cles is highly dependent on the magnetic character of the surface
layer where magnetic coupling can be totally frustrated suggesting
a magnetic dead layer (MDL) [9]. It has been observed the spon-
taneous magnetization decreases with finite size of manganite
nano particles due to the effect of disordered surface layer [37].
When the diameter of the core (d) is much bigger than the
thickness (δ) of surface layer, then this effect is not prominent and
that is the reason why LSMO bulk particles prefer magnetized
state. However, for LSMO nano particles, δ is comparable to d
which results the fact that LSMO nano particles favor demagne-
tized state. More detail information can be available from neutron
diffraction experiments which is underway.
5. Conclusions

We have investigated the memory effect, relaxation and inter-
action of LSMO nano and bulk particles. The LSMO nano particles
have been synthesized by the sol–gel based polymeric precursor
route and they are heated at higher temperatures in order to
produce LSMO bulk. The particles are characterized by XRD which
confirms phase formation. DLS and SEM experiments have shown
the size distribution of particles in both LSMO nano and bulk. Our
initial M vs. H measurements at 300 K and 85 K by VSM have
shown qualitative ferromagnetic as well as super-paramagnetic
behavior for LSMO nano. However, LSMO bulk appears to have
more ferromagnetic nature. ZFC and FC magnetization measure-
ments at H¼200 Oe for LSMO nano have shown bifurcation at TIR
which is higher than TB. Magnetic memory effect measurements in
ZFC protocol at H¼40 Oe displays that both the LSMO samples can
“remember” the history of incidents. Our magnetic relaxation
measurement at 95 K and analysis show the existence of two re-
laxation times for LSMO nano and bulk. This is attributed to the
fact that particles of two different sizes (one real size and another
is agglomerated size) can relax separately. LSMO nano particles are
found to be interacting and the nature of interaction is observed to
be completely different than that in LSMO bulk. It appears that
LSMO nano favours demagnetized state but for LSMO bulk, mag-
netized state is favorable.
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