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Lag7Cap3MnO3; (LCMO) nanoparticles with average diameter of 16-73 nm were prepared by reactive
milling and thermal processing methods. Interaction and size effects on the magnetic properties of the
LCMO nanoparticle samples were investigated. Phenomena related to the interparticle interaction, such
as an un-overlapping of the M(Hex,T)/Ms VS. Hext/T scaling plots and a Curie-Weiss rather than Curie

law behavior of the dc susceptibility at high temperatures were analyzed. The magnetization curves of
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interacting nanoparticles were well described by using the mean-field approximation. The dependence
of the blocking temperature Tg on the strength of the interactions, magnetic anisotropy, as well as the
thermal dependence of magnetization deviates from the expected Bloch law was also estimated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticle systems are important for potential
applications in magnetic memory devices, refrigeration, sensors,
biology, medicine, catalysts [1-5] and have been the subject of
intensive research from both the fundamental and application
points of view. The remarkable new phenomena observed in nano-
materials arise from the finite-size effects and the interparticle
interactions [6-8].

The interparticle interactions may strongly modify the magnetic
response of magnetic nanoparticle systems, such as the tempera-
ture dependence of the dc susceptibility obeying the Curie-Weiss
behavior rather than the Curie law at high temperatures, and the
deviations from the Langevin behavior (i.e., un-overlapping of the
M(Hext,T)/Ms vs. Hext/T scaling plots). The situation of interacting
superparamagnetic (SPM) nanoparticles of Lag;Sro3MnOs could
be well described by using the mean-field approximation with a
field correction to the argument of noninteracting SPM Langevin
function L[(Hext + «M)/kgT] [9,10]. The energy barrier coming from
the anisotropy contributions of each particle is also modified with
interparticle interactions and, for the different interaction limits,
the opposite dependence of Tg with the strength of the interactions
is predicted [11,12,25].
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The magnetic behavior of the particle surface differs from that
corresponding to the core [13-15], which usually displays a spin
arrangement similar to that of the bulk material. A much higher
magnetic disorder is present in the surface, giving rise to mag-
netic behaviors which cover from that of a dead magnetic layer
to that of a spin glass-like. The competition between both mag-
netic orders - surface and core - determines the ground state of
the particle, which can be very far from the simple assumption
of a single domain with the perfect magnetic ordering corre-
sponding to the bulk material. Surface effects dominates the
magnetic properties of the smallest particles since a decreasing of
particle size increases the ratio of surface spins to the total num-
ber of spins. The thermal dependence of magnetization deviates
from the Bloch’s law due to finite size effects at the nanoscale
[16,17].

In a previous paper [18], we reported on magnetic properties
of LCMO nanoparticles prepared by reactive milling with different
milling times and observed a decrease in the blocking tempera-
ture Tg with longer milling times. Furthermore, the temperature
dependence of magnetization was found to follow a T® behavior
with e=1.7, which slightly deviates from the Bloch law. We have
also reported the effect of particle size in the range of 16-73 nm
on the magnetic, electrical properties and low-field magnetore-
sistance of LCMO nanoparticle samples [19,20]. In this study, we
present a systematic investigation of magnetic characteristics asso-
ciated with the finite-size effects and the interparticle interactions
for the above-mentioned LCMO samples.
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Fig. 1. Anhysteretic curves for all samples with various particle sizes measured at
T=200K. Inset: M/Ms vs. Hext/T curves measured at different temperatures for the
sample S4.

2. Experimental

Lag7Cap3MnO; nanoparticles with size in the range of 16-73 nm were pre-
pared by reactive milling and thermal processing methods. The reactive milling
is a mechanical alloying process accompanied with solid state reaction to form the
desired phase [33,34]. Single phase LCMO powders was obtained after 8 h of milling
time in the ambient atmosphere. The powder was then pressed into circular pellets
and annealed at 700°C (S1), 800°C (S2), 900°C (S3) and 1000°C (S4) for 5 h. X-ray
diffraction (XRD) measurements were carried out on a SIEMENS D5000 diffractome-
ter. The data were obtained between 20° and 80° 26 in steps of 0.02° and analyzed
using a commercial WIN-CRYSIZE program packet based on the Warren-Averbach
formalism. The mean crystallite size of S1, S2, S3, and S4 samples calculated from
XRD data is ~16, 35, 43 and 73 nm, respectively (see Ref. [20] for more details).
In this report, the particle size will hereafter be referred to as the crystallite size.
Magnetic measurements were carried out in a Quantum Design PPMS-6000 in the
temperature range of 5-300 K and magnetic fields up to 60 kOe.

3. Results and discussions

Fig. 1 shows the field dependence of magnetization curves M(H)
measured at 200K for all samples with various particle sizes. As
seen in figure, the anhysteretic property is observed for all sam-
ples. A similar behavior is also observed for M(H) curves measured
at temperatures from 180 to 240K indicating a superparamagnetic
(SPM) state for all the samples within this temperature range. How-
ever, it is worth noting that the M/Mg vs. Hex¢/T scaling plots for
each sample do not collapse onto a universal magnetization curve
as desired for non-interacting SPM systems (see the inset of Fig. 1).
The cause for this discrepancy would be the dipolar interaction
between the nanoparticles, which leads to a collective contribution
to the magnetization. Such a systemis usually termed an interacting
superparamagnet or interacting nanoparticles assembly [8,10,21].

Moreover, the behavior of interacting nanoparticles is also
seen in thermomagnetization measurements. The dc susceptibil-
ity deduced from Mzgc(T) in an external field of 10 Oe obeys a
Curie-Weiss law, x=Cs/(T—Tgp), where Cs is a Curie-like constant
and the ordering temperature Ty is determined from the intersec-
tion of the linearly extrapolated line 1/x (T) in the SPM region with
T-axis and the value of Cs. Positive Ty is attributed to ferromag-
netic correlations between the particles, the higher Ty the larger the
interaction strength. In some cases, negative values of To have been
reported suggesting an antiferromagnetic correlations between the
particles [22]. For our samples, Ty increases monotonically in the
temperature range from 211 K to 249 K (Table 1) as the particle size
increases.

In order to gain deeper understanding into the magnetiza-
tion mechanism of the nanoparticle systems, the isothermal field
dependence of magnetization were analyzed in terms of the so-
called “law of approach to saturation” of an assembly of particles

Table 1
Ordering temperature T, blocking temperature Tz and diameter values for all sam-
ples determined from Eqs. (4) and (5).

samples  di (nmM)  dc(nm)  dy(nm)  To(K)  Ts(K)
s1 16 13 3 2115 147
s2 35 31 4 2479 138
s3 43 39 4 248.1 132
s4 73 68 6 2489 116
[26]:
1-a/H-b
MH)=Ms | ———+ | + xaH 1
(H) S|:H2_C/H3 Xd (1)

where Ms is the saturation magnetization and x4 is the high-field
susceptibility. The best fit of the magnetization curves using Eq.
(1) are shown in Fig. 3 for all samples by considering a, b, ¢ and
Xq as free parameters. A rough estimate of the limit of magnetic
anisotropy energy in these samples may be obtained by assuming
the expression of K; for uniaxial anisotropy systems:

1/2
Ky = {?bMﬂ ! )

Using the values of b, we obtained very large values of K; in
range of 0.52-1.14 x 10% ergs/cm?, for all the samples at 5K. The
values of K; are larger with reducing particle size (Table 2). Simi-
lar values of Ky were reported by Balcells et al. for Lay3Sr1;3MnO3
manganite [23]. The change of K; with the particle size is some-
what unexpected since this quantity is only related to the crystal
structure of the nanoparticles. However, some factors such as the
possible existence of antiferromagnetic clusters and the magnetic
frustration due to the disorder and competition of interactions at
grain boundaries may have also disturbed the determination of Kj.
The contribution of the latter is expected to increase dramatically
as particle size decreases. Ms was obtained by means of fitting of
result of the field dependence of magnetization measured at 5K.
As shown in Table 2, Mg increases from 65.4 to 86.1 emu/g (i.e.,
much more smaller than 97.5 emu/g of the bulk [24]) correspond-
ing to increasing particle 16 nm to 73 nm. This lack of saturation is
consistent to the core-shelf model for nanoparticles.

Although the M(H) curves can be well fitted to Eq. (1), the M/Ms
vs. H|T curves are failed to follow an universal scaling curve, as
shown in the inset of Fig. 1, indicating that there perhaps exist
significant coupling between the nanoparticles. To better estimate
the magnetization curves of these interacting nanoparticles assem-
blies, we use the mean-field approximation that adds a mean field
term Hgjp =M to the external field Hext (see Refs. [10,31,32]). The
magnetization M, therefore, can be expressed by an argument-
corrected Langevin function:

(3)

M(H, T) = MsL (MSm[Hext +aM(H, T)])

kB T

where L(x) is the Langevin function of x, m is the average particle
mass (in g/cm3) and Ms was determined by fitting the value of the
magnetization measured at 5 K to Eq. (1). The value of Cs was deter-
mined by using the experimental data for the initial susceptibility
x at low field. From Eq. (3), x is expressed as initial slope of the
universal curve:

M2
X= 55—
1 3I€B(T—T0) 1
—=—(T-Ty)= =T -« 4
=T T=g (4)
c M2Zm
S= 3kB
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Particle size, B, ¢, K1 and Ms for all samples.

1375

Sample Particle size (nm) Bx 1075 (K~¢) & Ms (emu/g) at 0K Ms (emu/g) at 5K Ky x 105 (ergecm—3)
S1 16 6.73 1.67 65.38 62.68 1.14
S2 35 7.44 1.62 78.04 74.43 1.07
S3 43 9.48 1.61 82.81 82.16 0.73
S4 73 12.39 1.56 86.39 85.08 0.52
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Fig. 2. Inverse dc susceptibility vs. temperature measured at 10 Oe for the sample
S1. Inset: temperature dependence of magnetization of sample S1 under FC and ZFC
mode at 10 Oe.

The value of « can be determined by extrapolating the 1/x vs. T
curves as shown in Fig. 2. Two parameters « and Ms are then used
to plot the M/Ms vs. (Hext + ®M)/T scaling curves at different tem-
peratures for the samples. As expected, the scaled curves overlap
into an universal curve characteristic for each sample. The univer-
sal scaling magnetization curves for the experimental data of all
samples are shown in Fig. 3.

In order to further validate our proposed mean-field approxima-
tion to experimental data, it is essential to check the universality of
scaled mean-field Lagevin function (we call it argument-corrected
Langevin function). We inserted m into Eq. (4) and Ms into Eq. (3) and
fitted the function with the data of corresponding universal magne-

Fig. 4. Scaled magnetization curves M/Ms vs. (Hex: +@M)|/T for all samples at tem-
peratures 200K, 220K and 240K.

tization curves for each sample (see Fig. 4). Fig. 5 shows an example
of the best fit for sample S4. The results clearly show that the
magnetization curves of interaction LCMO nanoparticles of aver-
age diameter 16-73 nm are well described by using the mean-field
approximation.

The zero-field-cooled temperature dependence of magnetiza-
tion of the LCMO nanoparticles is shown in Fig. 6. The blocking
temperature Tg of the LCMO nanoparticles decrease from 147K
to 116K as particle size increases from 16nm to 73nm. The
inset of Fig. 6 shows a linearly decrease of Tz with particle size.
Some authors reported that the blocking temperature Tg decreases
nomonotonically as the particle size decreases/or the milling
time increases [13,18]. Morup [12] suggested that two magnetic
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Fig. 3. Isothermal magnetization curves of samples S1, S2, S3, and S4 measured at several temperatures from 5K to 240 K. The solid lines through the M(H) data correspond

to the fits using Eq. (1) in the text.
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Fig. 5. Scaled magnetization curves for the sample S4. Solid line: the magnetically
weighted argument-corrected Langevin function fitting to the scaled data.
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Fig. 6. Temperature dependence of magnetization of LCMO samples under ZFC
mode at 10 Oe. Inset: particle size dependence of blocking temperature of LCMO
samples.

regimes, governed by opposite dependencies of Tg, occurring due
to interaction particles. In case of weak interaction, Tg signals the
onset of a blocked state and Tg decreases as the interaction increase.
In contrast, for strong interaction, a transition occurs from an SPM
state to a collective state which shows most of the features of typical
glassy behavior. In this case, Ty is associated with a freezing process
and it increases with the interactions. The blocking temperature
decreases significantly as the interaction strength increases in our
experiments (as shown in Table 1). These results are in agreement
with the simulations by Berkov and Gorn for strong anisotropy
systems [28].

As above-mentioned, the decrease in magnetization with
decreasing particle size is related to the higher surface to volume
ratio in the smaller particles. The shells are poorly magnetic due to
noncollinear spin structures or spin-glass-like disorders [13,15]. A
model of the core-shell structure for nanoparticles was proposed
by Gangopadhyay et al. [26]. The LCMO particles are assumed to
be spherical and to be composed of an ideal single-crystalline core
with the saturation magnetization of the core is M. =97.5emu/g
[24] and the density is p. =5.9 g/cm3 [27] (such values corresponds
to the values of bulk single crystals). For a particle of total radius
r, consisting of a core surrounded by a shell of thickness dr«r
(the corresponding ps value are roughly assigned 4 g/cm?3), the core
diameter (d.) can be calculated by Eq. (5) [26]:

1/3
de = Ps/,Oc dtotal
[(ps/pc)/ + (Mc — Ms)/(Ms — Mgpen)]

Using Eq. (5), we calculated the core diameter (d.) from parti-
cle diameter (diqr) With assuming a nonmagnetic shell (Mgpep = 0).
Then, d. was plotted against total diameter, d;., (as shown in

(5)
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Fig. 7. The core diameter vs. total median diameter calculated using Eq. (5).
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Fig. 8. Saturation magnetization as a function of the surface/volume ratio at 0 K and
at 5K (as shown in the inset). Solid line is the regression fit to the data.

Fig. 7). From the linear regression fit to the data, the equation of
the straight line was found to be as follows:

dc = (0.96d total — 2.5)nm (6)

The nonmagnetic shell thickness increases from 3 nm to 5 nm as
the particle diameter increases from 16 nm to 73 nm. Similar results
for ultrafine iron particles have been reported by Gangopadhyay et
al. [26].

The saturation magnetization at 0K and 5K is reduced linearly
with the surface/volume ratio (D~!) (see Fig. 8). This result is con-
sistent with that reported by other authors [14,20,26]. This linear
dependence of magnetization on the surface/volume ratio (D~1)
confirms the suggestion that the magnetization is actually influ-
enced by the surface of the particle.

In recent reports [13,16,17], the temperature dependence of
magnetization including finite size effects is given by expression
as:

Ms(T) = Ms(0)[1 — BT?] (7)

where Ms(0) is the spontaneous magnetization at 0K and B is a
constant related to the exchange integral, J (B~ 1/f¢). Eq. (7) is
known as the Bloch T3/2 law with £=3/2 which has been veri-
fied experimentally for most of the bulk materials [29]. However,
in nanoparticles, the thermal dependence of magnetization devi-
ates from the expected Bloch law as the magnons with wavelength
larger than the particle diameter cannot be excited and a thresh-
old of thermal energy is required to generate spin waves [7,30].
Moreover, the values of ¢ depend on size, size distribution, shape
and different magnetic assemblies such as the different values
of & were reported for some of the bulk spinel ferrites [30].



D.H. Manh et al. / Journal of Alloys and Compounds 509 (2011) 1373-1377

Mg (emu/g)

20 | | | |

100 150 250

Mg (emu/g)

35 | | | |
0 50 100 150 200

T(K)

250

1377

Mg (emu/g)

20 | | | |
100 150

T(K)

250

Mg (emu/g)

20 | | | |
0 50 100 150 200

T(K)

250

Fig. 9. Saturation magnetization as a function of temperature for all samples. Solid curve is power law fitted with the form Ms =M(1 — BT?) to the data points.

Some theoretical calculations as well as experiment results for
nanoparticles and clusters have shown a wide range of the value of
& between 0.3 and 2 [6].

We have also performed isothermal magnetization measure-
ments as a function of magnetic field at different temperatures (see
Fig. 3). The temperature dependence of saturation magnetization
for all samples is shown in Fig. 9. The Mg values is obtained by
fitting the magnetization curves by Eq. (1) (see Fig. 3). A fit to the
saturation magnetization data by Eq. (7) is presented in Fig. 9 (solid
curve). As seen in Table 2, the values of Ms(0) and B increase as par-
ticle size increases, while the value of ¢ decreases and it is close
with the value of ¢ =3/2 of bulk materials [29].

4. Conclusion

In summary, the magnetic characteristic and analysis have been
done for Lag;Cag3MnO3 nanoparticles with average particle size
from 16 nm to 73 nm fabricated by reactive milling and thermal
processing methods. Magnetic measurements showed the exis-
tence of magnetic interaction between particles. A mean field
approximation can describe well magnetic behavior of interacting
nanoparticle assemblies. The blocking temperature decreases with
the increase of interaction strength or particle size, which are sug-
gested to be due to contribution of strong magnetic anisotropy. The
reduction of saturation magnetization with surface/volume ratio is
mainly due to the formation of a nonmagnetic surface shell around
the nanoparticles. The temperature dependence of magnetization
based on a thermal distribution of spin waves and fit results to a
power law T® showed that ¢ decreases from 1.67 to 1.56 as the
particle size increases from 16 to 73 nm.
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