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Magnetostatic properties and AC magnetic heating characteristics of (La,Sr)MnO3 nanoparticles with substitutions in manganese and lanthanum sublattices have been studied. The nanoparticles with average sizes in
the range 25–38 nm were synthesized via sol–gel method. Fe substitution for Mn, as well as Sm substitution for
La have been used in the experiment. It is shown that the increase in substitution level (for both Fe and Sm
substitutions) results in lowering the Curie temperature TC and weakening heating efficiency under the action of
AC magnetic field. The results demonstrate that the action of AC field causes effective heating of nanoparticles
at temperatures lower than TC , while heating efficiency becomes strongly reduced at higher temperatures. It is
proved experimentally that the substitutions in Mn sublattice result in more rapid changes of magnetic properties, as compared to the substitutions in La one. Thus, complex substitutions based on suitable combinations of
substituting elements may serve as an efficient tool to “softly” tune the maximal temperature achieved during the
AC magnetic field induced heating of nanoparticles, which is important for application of these materials as heat
mediators for self-controlled magnetic nanohyperthermia.
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1. Introduction

variable magnetic field intensity and uneven dissipation
of the evolving heat [4, 5].

Hyperthermia is a rapidly developing technique in cancer therapy [1]. It takes advantage of the higher sensitivity of tumor tissue to heat and typically involves heating
of the affected organ to 42–45 ◦C. Magnetic nanohyperthermia [2] allows minimizing side effects by the localized heating of only desired parts of the organism. The
method involves introduction of magnetic nanoparticles
(MNPs) into the desired part of the organism and heating
them with an AC magnetic field.
Magnetic fluids based on nanocrystalline Fe3 O4 , stabilized by biocompatible surfactants, are typically used
as hyperthermia mediators [3]. Unfortunately, due to
impossibility to control the local temperature near the
particles, there is a risk of overheating and necrosis of
normal tissue. This problem could be solved with MNPs
of high efficiency of AC magnetic field absorption and
a Curie temperature TC of 42–45 ◦C. Thus, local temperature control can be ensured even with a nonuniform
distribution of mediator particles throughout the tissue,
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Substituted perovskite manganites La1−x Srx MnO3
(x = 0.2–0.4) are of interest in this context due to
easy tunable composition-dependent TC and relatively
large magnetic moment at room temperature [6–8]. The
Curie temperature of La1−x Srx MnO3 strongly depends
on the chemical composition: it displays a maximum
at x ≈ 0.3 (TCmax ≈ 370 K) and is quite sharply reduced as x deviates from 0.3 [9–11]. A smoother change
of the Curie temperature can be reached by additional
substitutions either in manganese sublattice [12, 13], or
in lanthanum sublattice [14, 15]. Such substitutions are
expected to ensure reliable and controllable shift of TC
towards the range, which is necessary for hyperthermia
treatment [16].
In this work, the effects of partial substitutions in
manganese and lanthanum sublattices on magnetostatic
properties and AC magnetic heating characteristics of
(La,Sr)MnO3 MNPs have been studied. Fe substitution
for Mn, as well as Sm substitution for La has been used
in the experiments. Peculiar features originated from the
substitutions in different sublattices have been compared
and analyzed.
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2. Experimental

Iron- and samarium-substituted manganite nanoparticles, La0.77 Sr0.23 Mn1−x Fex O3 with xF e = 0, 0.02, 0.04,
0.06, and La0.7−x Smx Sr0.3 MnO3 with xSm = 0, 0.01,
0.04, 0.06, 0.08, respectively, were synthesized via solgel method [17, 18]. Water-soluble salts La(NO3 )3 ,
Sm(NO3 )3 , Sr(NO3 )2 , Mn(NO3 )2 and Fe(NO3 )3 were
used as starting reagents. Necessary molar amounts of
raw reagents were dissolved in bidistilled water. Citric
acid and ethylene glycol were added as gel-forming additives. The obtained reactive mixture was heated with
stirring at 80 ◦C. The polyesterification reaction took
place at pH = 9 and resulted in the formation of a polymer gel. Amorphous powder was obtained after the pyrolysis of the gel at 200 ◦C. The powder was subjected to
further heat treatment at 800 ◦C for 2 h.
Below,
the
samples
of
the
first
series,
La0.77 Sr0.23 Mn1−x Fex O3 with xF e = 0, 0.02, 0.04,
and 0.06 will be denoted as Fe00, Fe02, Fe04, and
Fe06, respectively. The samples of the second series,
La0.7−x Smx Sr0.3 MnO3 with xSm = 0, 0.01, 0.04, 0.06,
and 0.08, will be denoted as Sm00, Sm01, Sm04, Sm06,
and Sm08, respectively.
X-ray diffraction study (XRD) of the obtained powders
was performed using DRON-4 diffractometer (Cu Kα )
radiation). Particle size and morphology were studied by transmission electron microscope (TEM) JEOL
JEM-1400.
Magnetic measurements were performed using a LDJ9500 vibrating sample magnetometer. To analyze the
field and temperature dependences of magnetization,
hysteresis loops were measured for –5 kOe ≤ H ≤ 5 kOe
in the temperature range from 110 to 370 K.
To characterize the AC magnetic heating efficiency,
magnetic fluids based on synthesized MNPs (50 mg/ml)
were prepared using 0.1% aqueous agarose solutions. The
fluids were placed into a generator coil, which produced
AC magnetic field with a frequency of 300 kHz and
amplitude of 120 Oe, and the dependences of the fluid
temperature Tf luid vs. AC field residence time τ were
recorded [19].

whose properties differ from those of the volume properties, and due to the scatter in particle sizes. It was shown
in Ref. [17] that temperature behavior of nanoparticles
ensemble can be satisfactory described by the introduction of an average Curie temperature TC concept. It
is expected in this case that the behavior of the magnetization√ of nanoparticles ensemble will obey the law
M (T ) ∼ TC − T .
Representative temperature dependences of the square
of normalized magnetization m = M (T, H =
5 kOe)/M (110 K, H =5 kOe) for the Fe- and Smsubstituted samples are shown in the insets of Fig. 1. It
is observed that there is a wide temperature range where
such dependences are linear (see straight solid lines in
the insets). From these dependences, it is possible to estimate the Curie temperature values by the points of intersection of linear area with the temperature axis. For
the former series of samples (Fe-substituted ones), TC
monotonically decreases from 343 K to 287 K as xF e increases from 0 to 0.06. For the Sm-substituted samples,
TC decreases from 376 K to 342 K upon the same rise in
xSm , and then to 324 K as xSm rises to 0.08.

3. Results and discussion
According to XRD investigations, all samples are
single-phase and crystallize in the distorted perovskite
structure. The average nanoparticle sizes lie in the range
25–35 nm for the Fe-substituted series [17] and 31–38 nm
for the Sm-substituted one [18].
Magnetic properties of the samples of both series were
reported in Refs. [17, 18]. It was shown that both kinds
of substitutions (Mn → Fe and La → Sm) give rise to
the decrease of room-temperature magnetization and the
Curie temperature TC . The present work emphasizes and
discusses the differences in magnetic characteristics originating from substitutions in different sublattices.
Magnetic state of nanoparticles is usually inhomogeneous due to significant contribution of a surface layer

Fig. 1. Concentration dependence of the normalized
Curie temperature, TC (x)/TC (x = 0), for the Fe- and
Sm-substituted samples. Insets show temperature dependences of the square of normalized magnetization
m = M (T, H = 5 kOe)/M (110 K, H = 5 kOe) for Fe04
(left) and Sm04 (right) samples.

Figure 1 compares the relative change of the Curie temperature, TC (x)/TC (x = 0), for both series of samples.
It is seen that Fe substitution for Mn results in a more
rapid change of the Curie temperature: the increase in
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xF e from 0 to 0.06 results in 16% reduction of TC , while
the same rise in xSm leads only to 9% TC drop.
The differences between the effects resulted from the
substitutions in different sublattices may be explained as
follows. Ferromagnetic order in substituted manganites
originates from the so-called double exchange interaction
between Mn ions which are in different oxidation states
(Mn3+ and Mn4+ ) [20]. Earlier, it was shown that Fe
ions do not take part in the double exchange [12, 13, 21].
As a result, Fe substitution for Mn simply reduces the
number of Mn ions participating in the double exchange.
On the contrary, Sm substitution for La does not affect
the quantity and oxidation state of Mn ions. Instead,
it weakens inter-ionic interactions by means of introduction and subsequent enhancement of local distortions of
crystalline structure [15, 22], because the ionic radius of
Sm3+ is smaller than that of La3+ [18].
Based on the obtained nanoparticles and aqueous
agarose solution, magnetic fluids were prepared for the
investigation of the AC magnetic heating efficiency. Insets of Fig. 2 show representative Tf luid vs. τ dependences for the Fe- and Sm-substituted samples measured
after the field with a frequency of 300 kHz and amplitude
of 120 Oe was turned on. It is established that all samples heat up effectively under the action of AC magnetic
field, however, the ability to be heated decreases with
xF e(Sm) growing.
It is known that magnetic nanoparticles, being placed
in an AC magnetic field, can dissipate the energy to the
surrounding environment due to the viscous particle rotation (the Brown mechanism) or magnetization reversal
(either the Néel–Brown relaxation mechanism, or hysteresis processes which are usually described on the basis
of the Stoner–Wohlfarth model) [23]. It was shown in
Ref. [24] that for the manganite nanoparticles with the
sizes of 25–40 nm, the dominant heating mechanism is
hysteretic processes of magnetization reversal. In this
case, the heating efficiency depends on the saturation
magnetization, coercivity, and shape of the hysteresis
loop. In our case, the main cause of the reduced heating
efficiency in the samples with higher Fe (Sm) content is
believed to be strong reduction of saturation magnetization with the increase in xF e(Sm) [17, 18].
It is important that after the abrupt initial temperature rise (observed after turning on AC magnetic field),
each curve in the insets of Fig. 2 reaches a saturation at
a certain temperature Ts . Figure 2 compares Ts /TC values for both series of samples. It is seen that the Ts /TC
ratio is close to 1 for all samples under study. However,
it should be noted that Ts is not always exactly equal to
TC , since Ts depends not only on the magnetic parameters of nanoparticles, in particular on a scatter in the
values of magnetization and the Curie temperature, but
also on the features of heat exchange with environment.
It may be concluded from Fig. 1 and insets of Fig. 2
that the substitutions in Mn sublattice result in more
rapid changes of TC and Ts , as compared to the substitutions in La one. Thus, complex substitutions based
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Fig. 2. Concentration dependences of the ratio of
Ts /TC for the fluids based on Fe- and Sm-substituted
samples (here, Ts is the temperature of maximal heating under AC magnetic field (frequency of 300 kHz and
amplitude of 120 Oe) and TC is the Curie temperature).
Insets show representative Tf luid vs. τ dependences for
Fe00 and Fe04 samples (left) and Sm00 and Sm04 ones
(right), measured after AC field with the above parameters turned on.

on suitable combinations of substituting elements are expected to be able to ensure a reliable and controllable
shift of Ts towards the range, which is necessary for magnetic hyperthermia or other applications.
Based on the results of investigations, one can conclude that the modification of La1−x Srx MnO3 manganite
nanoparticles, particularly by partial substitutions either
in La, or in Mn sublattice, strongly affects their properties. It is shown that the maximal temperature achieved
under AC magnetic field depends mainly on the value of
the nanoparticles’ Curie point. As a result, by changing the phase transition temperature by partial substitution of Mn by another 3d-element or La by another
rare-earth element, one can provide a rigid control of the
maximal temperature achieved upon the action of the
AC magnetic field. This, in turn, means that manganite
nanoparticles doped with other elements are promising
materials to be used as the mediators of self-controlled
magnetic nanohyperthermia.
4. Conclusions
Magnetostatic properties and AC magnetic heating
characteristics of manganite nanoparticles with substitutions in manganese and lanthanum sublattices synthe-
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sized via sol–gel method have been studied. It is shown
that the increase in doping element (Fe or Sm) results in
lowering Curie temperature and weakening heating efficiency under the action of AC magnetic field. It follows
from the experiments that the substitutions in Mn sublattice result in more rapid changes of magnetic parameters, as compared to the substitutions in La one. The
results demonstrate that the action of external magnetic
field causes the effective heating of nanoparticles at temperatures lower than TC . Thus, fine tuning of the Curie
temperature of nanoparticles allows controlling the maximal temperature achieved during the heating.
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