
Magnetic properties, exchange bias, and memory effects in core-shell
superparamagnetic nanoparticles of La0.67Sr0.33MnO3
A. Rostamnejadi, M. Venkatesan, H. Salamati, K. Ackland, H. Gholizadeh, P. Kameli, and J. M. D. Coey

Citation: Journal of Applied Physics 121, 173902 (2017);
View online: https://doi.org/10.1063/1.4982893
View Table of Contents: http://aip.scitation.org/toc/jap/121/17
Published by the American Institute of Physics

Articles you may be interested in
 Size-induced changes of structural and ferromagnetic properties in La1-xSrxMnO3 nanoparticles
Journal of Applied Physics 121, 214303 (2017); 10.1063/1.4984829

 Growth and ferroelectric properties of La and Al codoped BiFeO3 epitaxial films
Journal of Applied Physics 121, 174102 (2017); 10.1063/1.4982909

 Giant perpendicular exchange bias with antiferromagnetic MnN
Applied Physics Letters 110, 192402 (2017); 10.1063/1.4983089

 Giant-spin nonlinear response theory of magnetic nanoparticle hyperthermia: A field dependence study
Journal of Applied Physics 121, 173901 (2017); 10.1063/1.4982357

 Room-temperature five-tesla coercivity of a rare-earth-free shell-ferromagnet
Applied Physics Letters 110, 192406 (2017); 10.1063/1.4983199

 Spin pumping torque in antiferromagnets
Applied Physics Letters 110, 192405 (2017); 10.1063/1.4983196

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/386502181/x01/AIP-PT/JAP_ArticleDL_092017/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Rostamnejadi%2C+A
http://aip.scitation.org/author/Venkatesan%2C+M
http://aip.scitation.org/author/Salamati%2C+H
http://aip.scitation.org/author/Ackland%2C+K
http://aip.scitation.org/author/Gholizadeh%2C+H
http://aip.scitation.org/author/Kameli%2C+P
http://aip.scitation.org/author/Coey%2C+J+M+D
/loi/jap
https://doi.org/10.1063/1.4982893
http://aip.scitation.org/toc/jap/121/17
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4984829
http://aip.scitation.org/doi/abs/10.1063/1.4982909
http://aip.scitation.org/doi/abs/10.1063/1.4983089
http://aip.scitation.org/doi/abs/10.1063/1.4982357
http://aip.scitation.org/doi/abs/10.1063/1.4983199
http://aip.scitation.org/doi/abs/10.1063/1.4983196


Magnetic properties, exchange bias, and memory effects in core-shell
superparamagnetic nanoparticles of La0.67Sr0.33MnO3

A. Rostamnejadi,1,2,a) M. Venkatesan,3 H. Salamati,2 K. Ackland,3 H. Gholizadeh,2

P. Kameli,2 and J. M. D. Coey3

1Electroceram Research Centre, Malek Ashtar University of Technology, Iran
2Department of Physics, Isfahan University of Technology, Isfahan, Iran
3School of Physics, Trinity College, Dublin 2, Ireland

(Received 24 January 2017; accepted 20 April 2017; published online 4 May 2017)

The static magnetic properties and memory and exchange bias effects have been studied in sol-gel

prepared La0.67Sr0.33MnO3 (LSMO) nanoparticles. Transmission electron microscopy (TEM)

micrographs and static magnetization show log-normal particle and magnetic size distributions

with a core-shell structure. Analysis of the magnetization measurements indicates the presence of a

magnetic structure with a 7.8 nm core radius and a magnetic dead layer of thickness 1.6 nm in the

LSMO nanoparticles, which comprises about 40% of the volume. The disordered spins in the shell

freeze at lower temperatures than the core and produce a surface spin glass state exhibiting a weak

exchange bias effect. Field cooled and zero-field cooled magnetization measurements have been

carried out to study the slow dynamics of the sample and associated magnetic memory effects; the

results reveal the superparamagnetic behavior of LSMO nanoparticles described in terms of the

magnetic size distribution rather than a superspin glass state. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982893]

I. INTRODUCTION

Magnetic nanostructures have been extensively studied

due to their interesting fundamental physics and their techno-

logical and medical applications.1–4 In general, the magnetic

properties of nanoparticles are strongly influenced by chang-

ing their size. The static and dynamic magnetic response of a

small single-domain magnetic nanoparticle can be consid-

ered equivalent to the response of a single large spin, called

a macrospin or superspin.5–9 While non-interacting super-

spins show superparamagnetic behavior, strong interparticle

interactions can lead to a superspin glass state in a dense

ensemble of magnetic nanoparticles.5–7,9–13 Collective freez-

ing of the superspins can be studied by various static

and dynamic magnetic techniques. Measurements such as

frequency-dependent AC magnetic susceptibility, field

cooled (FC) and zero-field cooled (ZFC) magnetization as a

function of temperature, and time-dependent magnetization

to investigate aging, memory effects, and non-exponential

relaxation are used to study the slow dynamical properties of

superparamagnetic and spin glass systems.5,9–12,14–16

The La1-xSrxMnO3 perovskite manganites are some of

the most captivating magnetic materials due to their colossal

magnetoresistance, half-metallicity, and magnetocaloric and

optical properties.4,17,18 Among these manganites,

La1-xSrxMnO3 with x¼ 0.33 has the highest Curie tempera-

ture of 380 K.18 Single-domain magnetic nanoparticles with

large saturation magnetization and a Curie temperature

above room temperature have potential for use in hyperther-

mia, MRI contrast enhancement, and drug delivery applica-

tions. It is therefore pertinent to study the static and dynamic

magnetic properties of the optimally doped manganite. We

have previously examined the dynamic magnetic properties

of La0.67Sr0.33MnO3 (LSMO) nanoparticles by AC magnetic

susceptibility measurements;13 the results indicated that the

nanoparticles have an interacting superparamagnetic behav-

ior above room temperature and are of interest for medical

applications.19–22

In the present research, we have studied the static mag-

netic properties, exchange bias, and memory effects. TEM

and HRTEM micrographs and static magnetization measure-

ments indicate particle and magnetic size distributions pos-

sessing a magnetic core-shell structure. FC and ZFC

memory experiments have been performed by measuring the

magnetization as a function of temperature. The results con-

firm the weakly interacting superparamagnetic character of

the LSMO nanoparticles.

II. EXPERIMENT

Single-phase nanoparticles of La0.67Sr0.33MnO3 (LSMO)

have been synthesized by a sol-gel method. The details of the

preparation method are given elsewhere.13 The particle size

distribution of the sample is estimated from TEM micro-

graphs, using a FEI Titan field-emission TEM operating at an

accelerating voltage of 300 kV. Static and dynamic magnetic

properties have been studied using a SQUID magnetometer

(Quantum Design MPMS) in the range of 65 T, 5–400 K.

III. RESULTS AND DISCUSSION

The crystal structure of the nanoparticles has been char-

acterized by X-ray diffraction and analyzed using the

Rietveld method; it is found that the particles have a rhom-

bohedral crystal structure with space group R�3C.13 The TEM
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micrograph in Fig. 1(a) shows that the particles possess a

quasi-spherical morphology. The HRTEM micrograph in

Fig. 1(b) confirms the crystalline nature of the LSMO nano-

particles. The particle size distribution has been deduced

from the TEM micrograph, and it fits rather well with a log-

normal function as shown in Fig. 1(c). The log-normal func-

tion is given as23,24

f dð Þ ¼ 1

wd
ffiffiffiffiffiffi
2p
p exp � ln d=dmedð Þð Þ2

2w2

� �
: (1)

In this relation, d and dmed are the particle size and its median

value, respectively, while w is the dimensionless standard

deviation. The median value of the particle size and its devia-

tion obtained from the log-normal fitting are 19.8 nm and

0.24, respectively.

The dynamic magnetic properties of the sample pre-

sented here have been reported in detail in a previous

paper.13 Analysis of the AC magnetic susceptibility using

Vogel-Fulcher and critical slowing-down models suggests

an interacting superparamagnetic behavior near room tem-

perature with an effective magnetic anisotropy constant

Keff¼ 2.25� 104 kJ/m3.13 SQUID magnetometry is used

here to measure the detailed field and temperature depen-

dence of the magnetization. FC and ZFC magnetization anal-

yses give useful information about the irreversibility of the

magnetization; these techniques will be used to distinguish

between superparamagnetic behavior and a superspin glass

state. The temperature dependence of the magnetization is

depicted in FC and ZFC modes for applied magnetic fields

of l0H¼ 1, 5, and 50 mT in Fig. 2; the ZFC and FC magneti-

zation curves bifurcate upon decreasing temperature at TB,

which indicates the onset of a blocking/freezing process. It

can also be seen that TB is lowered by increasing the applied

magnetic field, which may be explained as follows; by

applying an external magnetic field, the potential barrier due

to magnetic anisotropy is reduced and thermal energy over-

comes the barrier. It is clear from Fig. 2 that the FC magneti-

zation of the sample increases with decreasing temperature

below TB, a typical feature of superparamagnetic systems.6

In this figure, the Zeeman interaction energy is the main type

of interaction between magnetic nanoparticles in an applied

magnetic field. When the field strength is sufficiently small,

the Zeeman energy cannot influence the spin (exchange and

dipolar) interactions and the FC magnetization as a function

of temperature is flattened. There is also a kink evident in

the ZFC magnetization at �175 K, which may be due to spin

freezing in the surface layer of the nanoparticles.25–28 The

observed magnetic properties of LSMO nanoparticles are

often described in terms of competing double exchange and

superexchange interactions. Double exchange usually medi-

ates the ferromagnetic state, while superexchange usually

mediates an antiferromagnetic state in magnetic oxides.4,17,29

At the surface of magnetic nanoparticles, there are broken

and incomplete chemical bonds that can randomly change

the balance of ferromagnetic and antiferromagnetic

exchange interactions, thereby providing randomness and

frustration for the surface spin glass. In the presence of the

50 mT applied field, which is larger in magnitude than the

low temperature coercive field of the sample, the Zeeman

FIG. 1. (a) TEM micrograph of LSMO

nanoparticles. (b) HRTEM image of a

nanoparticle. (c) The particle size dis-

tribution obtained from the TEM

images and the fit with a log-normal

function.

FIG. 2. FC and ZFC magnetization of LSMO nanoparticles as a function of

temperature at applied magnetic fields of 1, 5, and 50 mT.
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energy overcomes the interaction of the spins with their sur-

roundings and the kink disappears. Hence, ZFC and FC mag-

netization measurements confirm the superparamagnetic

behavior of the LSMO nanoparticles, consistent with the AC

magnetic susceptibility results presented previously.13 The

bifurcations in Fig. 2 do not simply reflect the temperature-

dependence of the coercive field since they occur at tempera-

tures where Hc� Ha.

Field-dependent magnetization at different temperatures

is plotted in Fig. 3; it can be seen that at 330 K and 300 K,

the coercive field and remanence are zero, which establishes

the superparamagnetic nature of the sample above room tem-

perature. In the superparamagnetic regime, the magnetiza-

tion rSPM of the sample as a function of applied field H can

be expressed as an integrated log-normal weighted Langevin

function of the following form:23,24

rSPMðHÞ ¼ N

ð1
0

lf ðlÞLðl0lH=kBTÞdlþ vH; (2)

where l is the magnetic moment of a nanoparticle, f ðlÞ is the

log-normal function given previously in Equation (1), N is the

particle number per unit of mass, v is the high-field suscepti-

bility, and L(x) is the Langevin function, where x¼l0lH=
kBT and L(x) ¼ coth(x) � 1/x. The magnetic moment distri-

bution width wmag and mean magnetic moment lmean are

related to the median magnetic moment distribution lmed

lmean ¼ lmed expðw2
mag=2Þ: (3)

The saturation magnetization rS is given by the following

relation:

rS ¼ N

ð1
0

lf lð Þdl ¼ N

wmag

ffiffiffiffiffiffi
2p
p

ð1
0

exp � ln l=lmedð Þð Þ2

2w2
mag

" #
dl:

(4)

The magnetic moment distribution of the sample at 330 K

and 300 K has been obtained from the experimental

FIG. 3. (a) Magnetization of LSMO

nanoparticles as a function of the

applied magnetic field at different tem-

peratures. The solid red lines show the

log-normal weighted Langevin func-

tion fit with the experimental data. (b)

Magnetic size distribution obtained

from the log-normal distribution func-

tion of r�H curves at T¼ 330 and

300 K. (c) Suggested magnetic core-

shell structure for a nanoparticle.
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magnetization-field data using Equation (2). The fitted

curves and their corresponding magnetic moment distribu-

tions are depicted in Fig. 3(a). At T¼ 300 K and 330 K, the

values obtained for rS are 9.59 Am2/kg and 4.25 Am2/kg,

for N are 3.3� 1022/kg and 9.2� 1019/kg, for lmed are

3.04� 103lB and 3.42� 102lB, for v are 1.68 and 2.10

(Am2/kg)/T, and for wmag(magnetic moment distribution

width) are 2.05 and 2.32, respectively. These results show

that there is a magnetic moment distribution in the LSMO

nanoparticles due to the particle size distribution.

In La1-xSrxMnO3, there are Mn3þ (S¼ 2) and Mn4þ

(S¼ 3/2) ions in proportions 1� x and x, respectively.17 The

average spin-only magnetic moment of Mn ions in the ferro-

magnetic state can be calculated as

lth ¼ 4ð1� xÞlB þ 3xlB ¼ ð4� xÞlB; (5)

where lB is the Bohr magneton. In our case, the theoretical

value of the magnetic moment is 3.67 lB/Mn. Experimentally,

the spontaneous magnetic moment of the nanoparticles can be

estimated from the linear part of the M-H curve at high mag-

netic fields as

mðT;HÞ ¼ mspðTÞ þ vH: (6)

In this relation, msp is the spontaneous magnetization and v
is the high-field susceptibility. Knowing the molar mass of

the compound, the spin-only magnetic moment in lB can be

obtained as30

m lB=formula unitð Þ ¼
r M

1000 NAlB

: (7)

In this relation, M is the molar mass (g/mole), r is the magne-

tization (Am2/kg), and NA is the Avogadro number (6.022

� 1023). The spontaneous magnetic moment of Mn ions in

LSMO nanoparticles at T¼ 5, 200, 300, and 330 K is

msp¼ 2.10, 1.10, 0.36, and 0.16 lB, respectively. The ferro-

magnetic phase fraction in a LSMO nanoparticle can be cal-

culated as

VFM

Vparticle
¼ msp

3:67
: (8)

At T¼ 5 K, the ferromagnetic phase fraction is about 57% of

the theoretical value. We can estimate the low-temperature

ferromagnetic core radius and the disordered shell thickness

as shown in Fig. 3(c). Using the mean particle size obtained

from the TEM micrograph and assuming a spherical shape

for nanoparticles, we obtain 7.8 nm and 1.6 nm for the core

radius and thickness of the dead magnetic shell, respectively.

Due to the possible interface exchange interactions

between disordered frozen spins in the shell and the ferro-

magnetic core, an exchange bias effect could be expected in

LSMO nanoparticles; to this end, we have measured field-

cooled hysteresis loops for 0, 1, 10, and 100 mT at 4 K,

which are shown in Fig. 4. From this figure, it is seen that

virtually symmetric hysteresis loops are measured, with a

small loop shift in the opposite direction to the cooling

field. In exchange bias systems, the coercive field and the

exchange bias field are defined as

Hc ¼ �ðH1 � H2Þ=2 and Heb ¼ �ðH1 þ H2Þ=2; (9)

where H1 and H2 are the negative and positive coercive

fields, respectively. By increasing the cooling field from 0 to

100 mT, the coercive field (l0Hc) increases from 18.2 mT to

19.6 mT and the exchange bias field (l0Heb) exceeds 2.7 mT.

The exchange bias field in a cooling field of 5 T at 5 K is also

around 3 mT. Weak exchange coupling between ferromag-

netic core spins and the frozen spins in the disordered shell

layer leads to a small interfacial exchange energy. Because

of the relatively large ferromagnetic thickness and the strong

cooling magnetic field, the Zeeman energy is much larger in

magnitude than the interfacial exchange energy; therefore,

the exchange bias effect is weak. This is similar to the ferro-

magnetic/antiferromagnetic bilayer systems, for which upon

increasing the ferromagnetic thickness, the exchange bias

field decreases and eventually reduces to zero for relatively

large thicknesses.31

There are some common features among superparamag-

netic and superspin glass systems. There is a characteristic

frequency-dependent peak in the AC magnetic susceptibility

in both the cases. The frequency dependence of the blocking/

freezing temperature may be evaluated by N�eel-brown,

Vogel-Fulcher, and critical slowing-down models, but they

are difficult to distinguish. The FC and ZFC magnetization

as a function of temperature also has a common behavior in

both the systems. The slow magnetization dynamics is simi-

lar to the FC magnetization response. To study the slow

dynamical properties of the sample, we have employed three

different measurement protocols in the FC and ZFC magneti-

zation measurements, which we describe in detail in the next

paragraphs.

In the first protocol, we cool the sample from room tem-

perature to 5 K in a constant applied field of 5 mT. Then, the

magnetization is measured during heating from 5 K to room

temperature in the presence of the applied magnetic field.

The magnetization curve obtained is depicted by the solid

line in Fig. 5, denoted as “reference.” The sample is then

cooled from room temperature in a 5 mT magnetic field, and

FIG. 4. Magnetic hysteresis loops of LSMO nanoparticles at 4 K in cooling

fields of 0, 1, 10, and 100 mT.
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the magnetization is measured as a function of temperature,

remaining at 200 K for 1 h. Then, the applied magnetic field

is removed during the waiting period to allow the magnetic

relaxation of the nanoparticles. After this 1 h waiting period,

the magnetic field is re-applied and the magnetization of the

sample is measured from 200 K down to 100 K. The applied

magnetic field is again removed for a period of 1 h. The

same process is repeated at T¼ 100 and 50 K. The measured

magnetization in this cooling procedure gives the step-like

curve, which is shown in Fig. 5. After reaching 5 K, the tem-

perature is increased continuously at a heating rate of 1 K/

min and the sample magnetization is measured during the

heating process in the constant 5 mT magnetic field. The

measured magnetization in the cooling process showed dis-

tinct step-like behavior at the stopping temperatures. On

increasing the temperature again, the magnetization has an

upturn around the stopping temperature at 50 K and then

reaches its value in the cooling process only a few kelvins

above it. Similar behavior, but with a less change in the mag-

netization value, has been observed at the other stopping

temperatures T¼ 100 and 200 K. The measured magnetiza-

tion in this protocol shows that LSMO nanoparticles remem-
ber their thermal history at the stopping temperatures during

the cooling.

In the second measurement protocol, we have measured

the magnetization in a similar way to the first protocol. First,

we measured the reference magnetization in the FC mode

from 5 K to room temperature. Then, the sample is cooled

down from room temperature to 5 K in a 5 mT constant mag-

netic field. At a stopping temperature of 50 K, the magnetic

field is removed for 0.1 h to let the magnetization relax.

Then, while the magnetization is being monitored, the sam-

ple temperature is reduced from 50 K to 40 K, then increased

from 40 K to 55 K, and subsequently again decreased from

55 K to 50 K in the 5 mT magnetic field. This process has

been repeated for waiting times of 0.2, 0.5, and 1 h at 50 K.

The measured magnetization, which is shown in Fig. 6,

shows again the step-like trend similar to that observed in

the first protocol. In each period, the measured magnetization

in the heating stage has the tendency to return to its value in

the cooling process a few kelvins above the stopping temper-

ature. This tendency is reduced by increasing the waiting

periods. It can also be seen from Fig. 6 that the difference in

the measured magnetization between the cooling and heating

processes is reduced by repeating the waiting time process at

50 K.

Memory effects should weaken with decreasing inter-

particle interactions.5,12,32,33 To investigate their influence

on the FC memory effect, LSMO nanoparticles have been

diluted by mixing them with icing sugar with a 1.3/30.6 mg

weight ratio. Then, the second protocol has been employed

on the LSMO/icing sugar mixture with different waiting

times of 0.1, 0.2, 0.3, 1, and 2 h at 50 K. The measured mag-

netization during the different waiting periods is shown in

Fig. 7, where it is evident that the difference in the measured

magnetization between the cooling and heating processes

in the first period is larger than those for the successive peri-

ods, and the difference becomes negligible after several

FIG. 5. Field cooled magnetic memory effect of LSMO nanoparticles. The

inset shows the low temperature region on an expanded magnetization scale.

FIG. 6. FC memory effect of LSMO nanoparticles with different waiting

times at 50 K.

FIG. 7. FC memory effect of dilute LSMO/icing sugar nanoparticle samples

with different waiting times at 50 K.
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successive waiting periods. The magnetization measured

during the heating process has the tendency not to return to

its value measured during the cooling process. In effect, in

the LSMO/icing sugar mixture, the FC memory effect is

weakened by decreasing the interparticle interaction. It sug-

gests that the interparticle interaction is one of the main ori-

gins for the slow dynamics observed in LSMO nanoparticles.

In the third measurement protocol, we have used the

ZFC magnetic memory effect. In this procedure, the sample

is cooled down from room temperature to 5 K in the absence

of a magnetic field, and then the magnetization is measured

with increasing temperature from 5 K to room temperature in

a constant 5 mT field, which is the reference curve for the

ZFC memory effect, shown by a solid line in Fig. 8. In the

second stage of this protocol, the sample is cooled down

from room temperature to stopping temperatures at 50 K and

10 K in the absence of the external magnetic field. It is held

at the stopping temperatures of 50 and 10 K for 1 h.

Subsequently, the sample is cooled down to 5 K, then a 5 mT

magnetic field is applied, and the magnetization is recorded

during heating from 5 K up to room temperature. The mea-

sured magnetization is depicted in Fig. 8. As can be seen

from Fig. 8, no significant drop has been found at the stop-

ping temperatures relative to the reference ZFC magnetiza-

tion curve. If the system was in a superspin glass state, a

large drop in the ZFC magnetization at the stopping points

would be expected. Hence, the ZFC memory effect suggests

superparamagnetic behavior in LSMO nanoparticles rather

than a superspin glassy state.

Three possible mechanisms could be considered to

describe the slow dynamics in magnetic nanostructures.5–7

The first mechanism originates from the broad distribution of

the relaxation times of the nanoparticles, which is due to the

magnetic size distribution or the distribution in effective

anisotropy energy barriers of the nanoparticles. This is the

main source of slow dynamics in the coherent state of single

domain non-interacting particles. Disordered interacting sur-

face spins or surface ferromagnetic clusters can also mediate

the surface spin glass state, which can be considered as the

second source of slow dynamics in magnetic nanoparticles.

The third mechanism of slow dynamics in magnetic nanopar-

ticles originates from the strong interparticle interaction. In

the same manner as in atomic spin glass systems, the strong

dipole-dipole magnetic interactions could also mediate a

superspin glass state in a dense ensemble of magnetic nano-

particles. Frustration and randomness in the position, effective

magnetic anisotropy, and magnetization direction of the nano-

particles may induce a cooperative spin glass state in a dense

ensemble of magnetic nanoparticles.

The FC memory effect has been observed in both the

superparamagnetic and spin glass systems.5,32–34 The ZFC

memory effect has only been measured in spin glass sys-

tems.5,33 The FC memory effect observed in LSMO nanopar-

ticles is mainly due to the magnetic size distribution, which

we have observed in the log-normal distribution of the mag-

netic moment in the M-H measurements above the blocking

temperature. The surface spin glass state may also contribute

to the FC memory effect, but it is too weak to be seen in the

ZFC memory effect. Therefore, the observed FC and ZFC

memory effect results indicate a superparamagnetic behavior

in LSMO nanoparticles, consistent with the results obtained

from AC magnetic susceptibility.

IV. CONCLUSIONS

We have investigated the magnetic properties and mem-

ory effects of LSMO nanoparticles to have an intrinsic core-

shell magnetic structure with superparamagnetic behavior

below room temperature. The particle and magnetic size

distributions deduced from the TEM images and M-H meas-

urements are log-normal distribution functions. The ferro-

magnetic moment of our nanoparticles is only about 60% of

the bulk value, due to a 1.6 nm shell of disordered frozen

spins at the surface. The existence of a kink in the ZFC M-T

curves and the weak exchange bias effect support surface

spin disorder in the nanoparticles. The observed memory

effect in the FC process and its absence in the ZFC process

confirm the superparamagnetism of the LSMO nanoparticles

rather than a superspin glass behavior.
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