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Temperature-dependent magnetic properties and spin echo decay behavior have been studied for an en-
semble of La1−xSrxMnO3 (x = 0.23) nanoparticles (of 30 nm in diameter) synthesized by the sol–gel
method. Characteristic magnetic parameters, such as blocking temperature and effective Curie temper-
ature for the ensemble, are determined. Enhanced coercivity and its unusual temperature dependence
compared to bulk counterparts are revealed, and possible reasons for this phenomenon are discussed.
A conclusion about the non-negligible role of interparticle interactions in the enhancement of the coer-
civity in the ensembles of substituted manganites is made.
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1. Introduction

Magnetic nanoparticles (MNPs) have now be-
come necessary elements in the most important sci-
entific fields like bioengineering, biomedicine, clini-
cal therapy applications [1], bio-separation [2], mag-
netic resonance imaging (MRI), magnetically tar-
geted drug delivery and magnetic hyperthermia
(MHT) cancer therapy [3–5]. There is continuing
interest in MHT as a complementary oncological
treatment. In the medical field, cancer MHT refers
to the use of magnetic-field-induced heat (typically
42–46◦C) to slow down or stop tumor growth with-
out affecting the normal tissues.

Recently, Sr-doped perovskite manganite
(La,Sr)MnO3 has been attracting interest for
MHT applications due to relatively high heating
efficiency and capacity for long-term maintenance
of heating temperature at a preset level [6–12]. The
Curie temperature of these compounds, which sets
the upper limit of the AC-magnetic-field-induced
heating temperature, can be easily tuned, and
this makes substituted manganites promising for

self-controlled MHT applications. The advantage of
such applications consists in a strong reduction of
the risk of overheating and damage to surrounding
tissues [6, 13, 14].

Numerous experiments have shown that the prop-
erties of nanoscale manganites strongly differ from
those of the bulk ones [15–17]. As a rule, microcrys-
talline and single crystalline samples display rel-
atively weak coercivity, and there is no evidence
of hysteretic behavior at room temperature. On
the contrary, the manganite nanoparticle ensembles
demonstrate enhanced coercivity, which persists up
to the room and higher temperatures [17–19]. To
date, however, little attention has been paid to the
details of the coercivity behavior in the ensembles
of substituted manganite nanoparticles and to the
analysis of the processes contributing to the coer-
civity enhancement.

In this work, we analyze the results of magne-
tostatic and nuclear quadrupole/ nuclear magnetic
resonance (NQR/NMR in internal hyperfine field of
magnetically ordered crystal) measurements carried
out on an ensemble of Sr-doped manganite MNPs,
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highlight unusual features of the coercivity behavior
and show that interparticle interactions can con-
tribute to the enhancement of coercivity in such
kind of objects.

2. Materials and methods

Nanoparticles of lanthanum–strontium mangan-
ite La1−xSrxMnO3 with x = 0.23, denoted as
LSMO in the rest of the text, were synthesized by
the sol–gel method according to the route described
in [20, 21]. At the final stage of the synthesis, the
nanoparticles were heat treated at 800◦C for 2 h.

The details of the MNP characterization were
described in [22–24]. XRD data indicated that
LSMO MNPs are characterized by a distorted per-
ovskite structure with R3̄c space group and lat-
tice parameters a = 5.491(1) Å, c = 13.363(2) Å,
V = 348.94 Å3 [14], where V is the volume of a lat-
tice cell. Transmission electron microscopy data
showed that the average MNP size is ∼ 30 nm.

Magnetic measurements were performed us-
ing an LDJ-9500 vibrating sample magnetometer.
NMR measurements were carried out in the inter-
nal field of nanopowders using the method of nu-
clear spin echo. An ISSh-2 NQR/NMR spin echo
spectrometer was used in the two-pulse spin echo
mode (π/2 and π) (the Khan method). Details of
the magnetostatic and NQR/NMR measurements
were described in our earlier papers [25, 26].

3. Results and discussion

Figure 1 shows field dependence of magnetiza-
tion, m(H), obtained at different temperatures for
the LSMO nanopowder under investigation. It is
seen that each m(H) curve can be separated into
two regions: within the first one (H < 1.5 kOe)
magnetization is characterized by a high rate of
growth, while within the second one (H > 2 kOe),
it demonstrates a tendency to saturation. Analysis
of the m(H) curves makes it possible to determine
characteristic magnetic parameters of the ensemble,
such as effective Curie temperature T eff

C , and coer-
cive force Hc.

The approach to describe the behavior of MNP
ensembles with relatively strong dispersion in mag-
netic parameters was developed in [25]. Theoretical
background for the concept of using the effective
Curie temperature for the ensemble of nanoparti-
cles (T eff

C ) was substantiated. It was shown that at
low temperatures, not far from T eff

C , the saturation
magnetization of the ensemble displays critical be-
havior and obeys scaling laws. At the same time, in
close vicinity of T eff

C , the magnetization vs tempera-
ture behavior deviates from the predicted one. The
value of T eff

C can be obtained by means of extrapola-
tion of a low-temperature part of the m(T ) depen-
dence to abscissa axis. The use of such procedure
to the ensemble of LSMO nanoparticles studied in
this work gives T eff

C ≈ 335 K.

Fig. 1. Magnetization curves m(H) in the range of
magnetic fields of ±10 kOe. The inset shows parts
of the hysteresis loops in the range of ±0.8 kOe
fields.

Fig. 2. Temperature dependence of the coercive
force Hc(T ).

The analysis of the low-field parts of m(H) de-
pendence provides information about the behavior
of coercive force for the ensemble of LSMO MNPs.
One should note that for the case of ideal Stoner–
Wohlfarth particles, the temperature dependence of
coercive field obeys the law

Hc (T ) = Hc (T = 0)

(
1−

(
T

Tb

)δ)
, (1)

where Tb is the blocking temperature and
δ = 0.5 [27]. As seen in Fig. 2, Hc for manganite
MNPs obeys the same law with Tb ≈ 330 K, but
with δ = 1. It is not surprising that δ 6= 0.5 for man-
ganite nanoparticles, because the magnetization of
nanoparticles exhibits quite strong changes with
temperature (see Fig. 1) and does not remain con-
stant, as assumed in the Stoner–Wohlfarth model.

The behavior of mFC(T ) and mZFC(T ) is in com-
pliance with that of Hc(T ), i.e., with an increase in
temperature, the curves start to coincide at around
330 K (Fig. 3). This serves as additional confirma-
tion that blocking temperature Tb ≈ 330 K.
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Fig. 3. Measurement data according to FC and
ZFC protocols. Temperature dependence for mag-
netizations mFC(T ) and mZFC(T ) measured in
a field H = 50 Oe.

Fig. 4. Temperature dependence of the intensity
of the 139La spin echo signal from the demagne-
tized LSMO nanopowder (measurements started
from a high temperature).

As was noted in the Introduction, bulk perovskite
manganites have relatively weak anisotropy and dis-
play low coercive behavior. At the same time, the
ensembles of nanoscale manganites show highly co-
ercive behavior up to sufficiently high temperatures
(often up to the effective Curie temperature), as
demonstrated in this and other works [17–19, 28].
Although some ideas about the origin of this phe-
nomenon have been suggested [29–31], one point,
namely the contribution of interparticle interac-
tions, has not been properly analyzed yet.

An important question requiring the explanation
is: can we expect that the effect of interparticle in-
teractions can exert a non-negligible influence on
the magnetic parameters of the ensemble of par-
ticles if the particles are located close to one an-
other? One way to answer this question is to mea-
sure the temperature dependence of the transverse
relaxation time T2 of nuclear magnetic resonance in
the internal field of the magnetically ordered state
of particles.

For substituted manganites, such resonance can
be observed for 55Mn and/or 139La nuclei, whose
spins are nonzero and are affected by the spins of
the electron shell of Mn ions by a hyperfine inter-
action. One of the characteristics of NQR, NMR,
and/or NMR in the internal hyperfine field of mag-
netically ordered crystal is the transverse relaxation
time T2, which can be measured using the spin echo
method [26]. It should be noted that T2 is the time
of preservation of the coherence of the precessing
nuclear spins in the mentioned hyperfine field af-
ter the system gets excited with a short radio pulse
having a resonance frequency. Naturally, the fluctu-
ations in the magnitude of the hyperfine field asso-
ciated with thermally activated fluctuations in the
directions of the magnetic moment of particles at
temperatures above Tb will lead to a sharp reduc-
tion in T2. And for very short T2 values, the spin
echo signal becomes difficult to observe, even with
the smallest admissible time delays between excited
and reading pulses.

NQR/NMR measurements of the spin echo of
139La nuclei were carried out on the powders stud-
ied in this work. The spectral dependence of the
amplitude of spin echo signal on 139La has one very
wide line that continuously overlaps the frequency
range of 5–25 MHz. Upon the cooling of the powder,
the signal becomes observable below 200 K. A quite
unexpectable feature is that the temperature depen-
dence of the signal amplitude displays a noticeable
hysteresis with a 10–15 K width, i.e., the signal am-
plitude turns out substantially lower in the mode of
cooling the sample down to a rather low tempera-
ture (∼ 100 K) than that obtained while heating it
from this minimal temperature (Fig. 4).

The following explanation of the observed phe-
nomenon is possible. At temperatures above Tb, the
hyperfine field of the Mn electron shells fluctuates
rapidly due to thermally activated changes in the di-
rections of the magnetic moments of the particles.
Therefore, the signals of the spin echo on 139La are
not observed — the time T2 for them is extremely
short. The cooling of the sample to the tempera-
tures below blocking temperature results in the fix-
ation of the magnetization direction of every parti-
cle into a definite direction. On the one hand, this
results in a sharp increase in T2, which makes the
spin echo signal detectable. On the other hand, the
magnetized single domain particles interact through
their dipole fields and, being free for mechanical dis-
placements, are expected to form larger conglom-
erates. The particles are actually no longer inde-
pendent, single domain ones, and upon the heating,
they exhibit spin echo signal amplitude, which is
different from that observed upon the cooling. In
order to unblock the collective configuration of the
directions of the magnetic moments of neighboring
particles, it is necessary to increase the tempera-
ture above the initial Tb of individual particles. It
will break the magnetic bond of the particles and
make the particles behave independently.
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It follows from the above experiments that the
cooling of the ensemble of LSMO MNPs leads to
the enhancement of interparticle interactions and
may eventually result in the formation of the collec-
tive configurations of the directions of the magnetic
moments of neighboring particles. These processes
will not affect such parameters as saturation mag-
netization and effective Curie temperature, but it is
expected that they will make a non-negligible con-
tribution to the coercivity of the ensemble.

4. Conclusions

Magnetostatic and NQR/NMR measurements
on the ensemble of La1−xSrxMnO3 (x = 0.23)
nanoparticles synthesized by the sol–gel method
(average particle size is near 30 nm) have been
performed. It is found that the effective Curie
temperature for the ensemble is approximately
equal to 335 K, and the blocking temperature is
around 330 K.

Temperature dependence of coercive force was
analyzed. It has been shown that the coercive force
falls almost linearly with temperature and drops to
zero near the blocking temperature. It is stressed
that the values of Hc exceed those reported for bulk
La1−xSrxMnO3 samples.

It is found that the temperature dependence of
the spin echo signal amplitude displays a noticeable
hysteresis with a 10–15 K width, i.e., the signal am-
plitude turns out substantially lower in the mode of
cooling the sample down to a rather low temper-
ature than that obtained in the mode of heating
it from this minimal temperature. It is concluded
that this effect originates from the formation of col-
lective configurations of the directions of magnetic
moments of neighboring particles at low tempera-
tures caused by enhanced interparticle interactions.
This effect will not influence such parameters as sat-
uration magnetization and effective Curie tempera-
ture but is expected to make a non-negligible effect
on the transformation of the coercivity behavior of
the ensemble.
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