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Abstract In this research, nanoparticles of La0.8Ag0.2MnO3

with mean particle sizes d of 16 and 22 nm have been pre-
pared by sol-gel method. Dynamic magnetic properties of
the samples have been carried out by AC magnetic suscepti-
bility and electron spin resonance techniques. The structural
properties of the samples have been characterized by X-ray
diffraction using Rietveld refinement and transmission elec-
tron microscopy. The analysis of the AC magnetic suscep-
tibility by phenomenological models reveals the interacting
superparamagnetic behaviors in La0.8Ag0.2MnO3 nanopar-
ticles. From the Vogel-Fulcher model, the values of 1.3
× 104 and 2.8 × 104 erg/cm3 are obtained for the effec-
tive magnetic anisotropy constant for d = 16 and 21 nm,
respectively. Electron spin resonance signals of the sam-
ples are well described by double Lorentzian line shapes
which suggest the presence of ferromagnetic clusters in the
paramagnetic phase and possible phase separation at room
temperature.
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1 Introduction

Mixed valence manganites La1−xBxMnO3 (B = Sr, Ba, Ca,
Ag, K) have been widely studied due to their importance
for fundamental research and possible potential applications
[1–7]. The electrical and magnetic properties of manganites
can be described by the double exchange model and taking
into account the magnetic phase separation [1–3]. Magnetic
nanoparticles of manganites exhibit unique phenomena such
as large low-field magnetoresistance, low saturation magne-
tization, large magnetocaloric effect, exchange bias effect,
superparamagnetic behavior, and superspin glass state [8–
13]. Dynamic properties of magnetic nanoparticles are
influenced by their intrinsic and extrinsic parameters. In
general, the exchange interaction and the magnetic dipolar
interparticle interaction play a significant role in the collec-
tive behavior of magnetic nanoparticle systems leading to
superparamagnetic behavior or a superspin glass state [8, 9,
11, 14–23].

La1−xAgxMnO3 is a ferromagnetic material with colos-
sal magnetoresistance and large magnetocaloric effects
around room temperature [24–29]. While more studies have
been focused on the bulk of La1−xAgxMnO3, less study
has been carried out on its nanostructures. Due to the
possible tuning of its Curie temperature, nanoparticles of
La1−xAgxMnO3 can be considered for low-field magne-
toresistive sensors and biomedical applications [28, 30–32].

In this paper, dynamic magnetic properties of
La0.8Ag0.2MnO3 (LAMO) nanoparticles with mean particle
sizes of 16 and 21 nm have been investigated by measuring
the AC magnetic susceptibility and electron spin resonance
(ESR) spectra. The obtained results from AC magnetic
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susceptibility show strong magnetic interaction between
nanoparticles of LAMO. Electron spin resonance results
indicate the magnetic phase separation in nanoparticles of
LAMO at room temperature.

2 Experiment

Nanoparticles of LAMO have been prepared by sol-gel
method [12, 19, 33]. As starting materials, stoichiomet-
ric amounts of La(NO3)3·6H2O, Mn(NO3)2·4H2O, and
Ag(NO3) were dissolved in water and mixed with ethylene
glycol and citric acid. The solution was then heated on a
thermal plate under constant stirring at 80 ◦C to eliminate
the excess water and to obtain a viscous gel. The gel was
dried at 150 ◦C and then calcinated at 500 ◦C for 4 h. Two
packages of the obtained powder were sintered at 600 ◦C
(S1) and 700 ◦C (S2) for 4 h to obtain nanoparticles with dif-
ferent particle sizes. The XRD pattern is used to check the
phase formation and crystal structure of the samples, using
Cu α radiation source in the 2θ scan range from 20◦ to 80◦.
The average particle sizes of the samples were estimated
from the X-ray peak width by using Scherrer’s formula and
a TEM micrograph. The AC magnetic susceptibility has
been studied versus temperature in the frequency range of
40–1000 Hz and in an AC magnetic field of 800 A/m, using
a Lake Shore AC susceptometer model 7000. ESR study is
carried out using a Bruker X-band EMX ESR spectrometer
with a microwave frequency of 9.8 GHz by sweeping the
magnetic field at room temperatures. The powder sample
was contained within a spin free quartz tube (inner diameter
4 mm, outer diameter 6 mm, 14 cm length) that was inserted
into a TM110 mode cavity. The spectrometer was operated
in standard absorption mode under slow passage conditions
with 100 kHz field modulation.

3 Results and Discussion

3.1 Crystal Structure

X-ray diffraction is used to check the phase formation and
crystal structure of the samples. The XRD pattern of the
sample sintered at 500 ◦C, which is not given here, shows
that it is almost amorphous. By increasing the sintering tem-
perature to 600 ◦C, the perovskite structure is formed. The
FULLPROF program has been used to analyze the XRD
pattern of the samples [34]. The samples are found to be
single phase without any noticeable trace of impurities.
Figure 1 shows the XRD pattern of an S2 sample with its
Rietveld analysis. The Reitveld analysis of the XRD pattern
shows that the crystal structure of the samples is rhom-
bohedral with space group R3̄C, and from it, the lattice

Fig. 1 The observed and calculated (Rietveld analysis) XRD patterns
of the S2 sample at room temperature

parameters a = 5.457 and 5.475 Å and c = 13.445 and
13.492 Å and the unit cell volume V = 346.761 and 350.175
Å3 are obtained for S1 and S2 samples, respectively. The
average particle size of the samples can be estimated from
the XRD line broadening by Scherrer’s formula,

d = kλ

β cos θ
(1)

Here, λ = 1.5405 Å is the wavelength of Cu α radiation, k is
a particle shape factor and is 0.9 for spherical nanoparticles,
β is the full width at half maximum of the XRD peak, and θ

is the diffraction angle of the peak [35]. The average particle
sizes of 16 and 21 nm are obtained for S1 and S2 samples,
respectively. A TEM micrograph of the S2 sample is shown

Fig. 2 The TEM micrograph of the S2 sample
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in Fig. 2. The TEM micrograph shows that the particle size
distribution is almost homogenous and the mean particle
size is about 22 nm, which is comparable with the average
particle size calculated from the XRD line broadening.

3.2 AC Magnetic Susceptibility

The static and dynamic properties of magnetic nanoparti-
cles are strongly dependent on their intrinsic and extrinsic
parameters such as saturation magnetization, effective mag-
netic anisotropy, size and shape of the particles, tempera-
ture, and interaction between the particles and the external
magnetic field [14, 16, 17, 19–23, 36–39]. Thermal energy
strongly affects the magnetic properties of single domain
nanoparticles and causes a superparamagnetic state in an
ensemble of magnetic nanoparticles [14, 16, 17, 19–22,
36–38]. In the superparamagnetic state, the magnetization
direction of the nanoparticle rapidly fluctuates between easy

Fig. 3 AC magnetic susceptibility of the S1 sample. a Real part and b
imaginary part

axis directions. The AC magnetic susceptibility is a use-
ful technique to study the dynamic properties of magnetic
nanoparticles [19, 22, 40, 41]. Frequency dependence of the
blocking temperature can be investigated by this technique.
In superparamagnetic systems, the temperature dependence
of the AC magnetic susceptibility has a characteristic max-
imum which shows the onset of the blocking process [19,
22, 40–42]. Figures 3 and 4 show the AC magnetic suscepti-
bility of the samples versus temperature at an AC magnetic
field of 800 A/m and in the frequency range of 40–1000
Hz. From Figs. 3 and 4, it can be seen that the Curie tem-
peratures of S1 and S2 samples are about 250 and 280 K,
respectively. It can be also seen that the AC magnetic sus-
ceptibilities have characteristic peaks around 225 and 245 K
for the samples which may be due to the blocking/freezing
process of the nanoparticle magnetization. The position of
this peak is increased by increasing the applied frequency.
Two well-known empirical models are used to describe

Fig. 4 AC magnetic susceptibility of the S2 sample. a Real part and b
imaginary part
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the dynamic magnetic properties of magnetic nanoparti-
cles in the superparamagnetic state. In the noninteracting
superparamagnetic state, the frequency dependence of the
blocking temperature can be described by the Néel-Brown
model [19, 40, 41],

τ = τ0 exp

(
Ea

kBTB

)
(2)

In this relation Ea is the anisotropy energy, TB is the block-
ing temperature, τ = 1/f and f is the applied frequency,
and 1/τ0 is the attempt frequency. The reported values of
the relaxation time τ0 for superparamagnetic systems are in
the range of 10−9–10−13 s [3, 6–8]. In noninteracting single
domain magnetic nanoparticles, the energy of barrier Eacan
be estimated as [43]

Ea = keffV sin2 θ (3)

Here, V is the volume of the particle, keff is an effective
magnetic anisotropy constant, and θ is the angle between the
easy axis of the particle and its magnetization. At temper-
atures above the blocking temperature, the thermal energy
dominates the potential barrier and magnetization can fol-
low the direction of the applied magnetic field. Below the
blocking temperature, the anisotropy energy overcomes the
thermal energy and magnetization of the nanoparticles is
randomly blocked in their easy directions and magnetic sus-
ceptibility is reduced by decreasing the temperature [19].
As shown in Fig. 5, by fitting the experimental data from
AC magnetic susceptibility with Eq. (2), unphysical values
of τ0 ˜10−48 s and τ0 ˜10−80 s are obtained for S1 and
S2 samples, respectively. Deviation from the Néel-Brown
model suggests that there exists a magnetic interaction
between LAMO nanoparticles. The dipolar or exchange
interactions between magnetic nanoparticles increase the

Fig. 5 ln(f ) versus 1/T for S1 and S2 samples

potential barrier, and the blocking temperature increases.
In the interacting superparamagnetic state, the frequency
dependence of the blocking temperature can be evaluated by
the empirical Vogel-Fulcher model,

τ = τ0 exp

(
Ea

k(TB − T0)

)
(4)

In this model, T0 is an effective temperature indicating
interaction between nanoparticles and TB is the blocking
temperature (i.e., peak position in AC magnetic susceptibil-
ity versus temperature). In Fig. 6, the experimental data are
well fitted by the Vogel-Fulcher model. From this model, the
values T0 = 207 ± 3 and 212 ± 5 K, τ0 ≈1.7 × 10−7and 1 ×
10−13 s, and Ea/k ≈ 173±10 and 850±10 K are obtained
for S1 and S2 samples, respectively. The agreement of
experimental data with the Vogel-Fulcher law indicates the
interacting superparamagnetic behavior of LAMO nanopar-
ticles. Based on Vogel-Fulcher law, the effective magnetic
anisotropy constant can be estimated from the AC magnetic
susceptibility. Using the average particle size of the samples,
the effective magnetic anisotropy constants of 1.3 × 104

and 2.8 × 104 erg/cm3 are obtained for S1 and S2 samples,
respectively. These values are consistent with the values
reported for nanoparticles and a single crystal of LSMO (1.8
× 104 erg/cm3) [17, 19, 44].

The existence of a strong interaction between magnetic
nanoparticles can lead to a collective superspin glass state.
Two phenomenological parameters c1 and c2 are usually
used to distinguish between superparamagnetic behavior
and superspin glass state [2, 5, 17].

c1 = �Tf

Tf �(log10 f )
(5)

c2 = Tf − T0

Tf

(6)

Fig. 6 ln(f ) versus 1/(T − T0) for S1 and S2 samples
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where Tf is the average blocking temperature in the range
of applied frequencies, �Tf is the blocking temperature dif-
ference at the �(log10 f ) frequency interval, and T0 is a
characteristic temperature which can be obtained from the
Vogel-Fulcher model. The c1 parameter is independent of
any model and shows the relative shift of the blocking tem-
perature per decade of applied frequency. The c2 parameter
can be used to compare the blocking/freezing temperature
in various systems. There are different types of dynamic
magnetic behaviors in superparamagnetic and spin glass
systems that can be distinguished based on c1 and c2 val-
ues: (1) in noninteracting superparamagnetic systems, the
values of c1 are in the range of 0.1–0.13 and c2 = 1 (the-
ory); (2) for a weak interaction regime, the values of c1

and c2 are in the ranges of 0.03–0.06 and 0.3–0.6, respec-
tively; and (3) for the medium to strong interaction regime,
the values of c1 and c2 are in the ranges 0.005–0.02 and
0.07–0.3, respectively [40, 41]. The values of both c1 and c2

parameters decrease by increasing the strength of the mag-
netic interactions between nanoparticles. In our case, the
obtained value of c1 (c2) is 0.02 (0.10) for the S1 sample and
is 0.01 (0.14) for the S2 sample, which indicate the finite
interaction between LAMO nanoparticles.

The possibility of the spin glass state in LAMO nanopar-
ticles can be checked by the critical slowing down model.
In this model, the divergence of relaxation time τ at the
transition temperature is given by

τ = τ0(T /Tg − 1)−zν (7)

Here, Tg is the spin glass transition temperature, τ0 is the
relaxation time of the individual particle magnetization, z is
the exponent relates relaxation time and correlation length
as τ ∝ ξz, and ν is the critical exponent of correlation

Fig. 7 A log-log plot of frequency versus reduced temperature for S1
and S2 samples

length, ξ ≈ (T /Tg − 1)−ν and [16, 20, 22, 40]. A true
equilibrium thermodynamic phase can be checked by diver-
gence of the relaxation time or correlation length at Tg . A
log-log plot of the applied frequency (f ) versus (T − Tg)/Tg

is shown in Fig. 7, which shows excellent linear dependence
for both samples. For Tg =217 ± 3 K (220 ± 5 K), the
relaxation time τ0 = 2 × 10−9 s (1 × 10−20 s) and critical
exponent zν = 5 (19) are obtained for S1 (S2), respectively.
The estimated values of τ0 are different from those predicted
by the Vogel-Fulcher law. For spin glass systems, typical
values of relaxation time τ0 are in the range of 10−9–10−12

s and the critical exponent zν are in the range 7–12 [17, 21,
22]. Therefore, the obtained values of zυ and τ0 of the sam-
ples are not consistent with those expected for the spin glass
systems. These results suggest that in LAMO nanoparticles,

Fig. 8 Electron spin resonance spectra of LAMO samples at room
temperature. a The ESR absorption spectra of the S1 sample and b the
ESR absorption spectra of the S2 sample. Continuous lines showing
double Lorentzian line fitting
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blocking of the interacting particles occurs rather than the
spin glass state.

3.3 Electron Spin Resonance

Microwave properties are investigated by measuring the
electron spin resonance of the samples at room tempera-
ture. Electron spin resonance is a highly sensitive dynamical
technique which can give valuable information about the
phase separation and phase transition in magnetic materials
[45, 46]. The ESR signals of the samples have been mea-
sured at room temperature and are shown in Fig. 8. It can
be seen from Fig. 8 that the ESR signals of the samples are
almost symmetric and well fitted to a double Lorentzian line
shape as [45]

dP

dH
= y0 + d

dH

[
2A1

π

(
w1

4(H − H1)2 + w2
1

)

+2A2

π

(
w2

4(H − H2)2 + w2
2

)]
(8)

In this relation, H1 and H2 are the center fields, w1 and
w2 are the full widths at half maximum, and A1 and A2

are proportional to the area under the curves. The obtained
values for both samples are given in Table 1. The origin
of the two ESR signals comes from the possible magnetic
phase separation in LAMO nanoparticles which in the para-
magnetic state there is a ferromagnetic phase [47–52]. The
ESR signal with lower resonance field H1 and line with w1

is attributed to paramagnetic spin resonance of Mn3+ and
Mn4+ ions, while the second signal with higher resonance
field H2 and line with w2 is due to the presence of ferromag-
netic clusters in the paramagnetic state. The ferromagnetic
state in manganite is due to the double exchange interac-
tion between Mn3+ and Mn4+ ions [1]. It can be seen from
Table 1 that by increasing the particle size, the intensity of
the ferromagnetic signal is increased. The g-values of the

Table 1 Electron spin resonance parameters of the samples obtained
from double Lorentzian line shapes and the resonance condition

Parameters S1 S2

y0 (a. u.) 0.8 12

A1 (a. u.) 1.4 × 109 5.2 × 109

A2 (a. u.) 5.8 × 107 1.1 × 109

A1/A2 24.1 4.7

w1 (Oe) 492.1 503. 3

w2 (Oe) 988.5 1257.6

H1 (Oe) 3532.1 3511.1

g1 1.98 1.99

H2 (Oe) 4007.1 3965.1

g2 1.75 1.77

samples are obtained from the resonance condition ν =
μBHr [53]. For the signal with lower resonance field H1,
the g-values are 1.98 and 1.99 for S1 and S2 samples,
respectively, which are consistent with the paramagnetic
phase. For the signal with higher resonance field H2, the
g-values are 1.75 and 1.77 for S1 and S2 samples, respec-
tively, which are due to ferromagnetic clusters at room
temperature.

4 Conclusions

In this research, single phase magnetic nanoparticles of
La0.8Ag0.2MnO3 with mean particle sizes of 16 and 21
nm have been prepared by sol-gel method. The AC mag-
netic susceptibilities of the samples show a characteristic
peak which is frequency dependent and suggests the block-
ing/freezing processes in nanoparticles of La0.8Ag0.2MnO3.
The dynamic behaviors of the samples are described by
two empirical c1 and c2 parameters, Neel-Brown, Vogel-
Fulcher, and critical slowing down models. The obtained
values of c1 and c2 show the interacting superparamag-
netic behavior in LAMO nanoparticles. The relaxation times
obtained from the Neel-Brown model have small unphysical
values which indicate the presence of magnetic interaction
between LAMO nanoparticles. Frequency dependence of
the blocking temperature is well described by the Vogel-
Fulcher model which confirms the existence of a strong
interaction between nanoparticles of LAMO. The experi-
mental data are also fitted by the critical slowing down
model which gives unacceptable values for relaxation time
and critical exponent. Because of the common behaviors,
it is difficult to distinguish between superparamagnetic and
real spin glass systems by AC magnetic susceptibility and
other techniques like aging and magnetic memory effects
can be used. Electron spin resonance signals of the sam-
ples at room temperature are fitted by double Lorentzian
line shapes which indicate the presence of ferromagnetic
clusters in the paramagnetic state.
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