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The results of the experimental study and computer simulation of the resonance spectra of a single
crystal of the iron-manganese sulfide FexMn1−xS �0�x�0.29� are presented. The resonance
properties of the concentrated solid solutions are explained by the formation of a homogeneous
FexMn1−xS matrix with randomly distributed superparamagnetic iron nanoparticles. The mean
diameter ��D�=6.19 nm at T=250 K� and the axial first-order anisotropy constant �K1

=4.08 erg /cm3 at T=250 K� of the ferromagnetic particles are determined. The volume fraction of
the iron phase is estimated. © 2009 American Institute of Physics. �doi:10.1063/1.3234402�

I. INTRODUCTION

Solid solutions of manganese oxides and sulfides have
been studied intensively since the discovery of the metal-
dielectric transitions and colossal magnetoresistance in these
materials. At present, oxide compounds of the manganite
class are the best studied. The available experimental data on
the sulfide solid solutions are insufficient and often contra-
dictory in virtue of a complexity of the synthesis of these
materials.1

The manganese monosulfide MnS possessing of a face-
centered cubic �fcc� lattice of the NaCl type �Fm-3m space
group� is a classic antiferromagnet with the strong electron
correlations,1,2 similar to LaMnO3. It was shown3–5 that in
the FexMn1−xS �0�x�0.29� system with an increase in cat-
ion substitution degree, a concentration electron transition
occurs, which is accompanied by five orders of magnitude
drop of the resistivity in the paramagnetic state.

It was established3 that in the FexMn1−xS samples with
an increase in iron concentration, the Neel temperature in-
creases from TN=147 K at x=0 to TN=190 K at x=0.29.
Surprisingly, above the temperature of the magnetic phase
transition, the hysteresis loops were observed.3 We suggest
that this fact is related to the structural inhomogeneity, i.e.,
the presence of secondary phase that appears during synthe-
sis. When the volume of the secondary phase is sufficiently
small, it is fairly difficult to reveal its presence by the x-ray
methods or Mössbauer spectroscopy. The method sensitive to
the presence of magnetic phases in a sample is the magnetic
resonance. In our case, the problem is simplified by the fact
that the paramagnetic phase of the FexMn1−xS matrix should
be separated from the secondary magnetically ordered phase,
which yields the hysteresis loop at high temperatures.

In order to investigate the magnetic properties of the
iron-manganese sulfides, the FexMn1−xS �0�x�0.29� single
crystals were synthesized and studied by the magnetic reso-
nance method in the temperature range of 90–300 K.

II. SAMPLES AND EXPERIMENTAL TECNIQUE

The synthesis of the FexMn1−xS single crystals is de-
scribed in detail in Refs. 3 and 4. First, the polycrystalline
samples were grown from the stoichiometric mixture of the
oxides and iron by the sulfidizing method. From the obtained
powder, the single crystals were grown by the spontaneous
crystallization method. The synthesized single crystals were
cylinders with a diameter and length of about 1 cm. For the
resonance measurements, the smaller samples were prepared
by splitting the single crystals along their cleavage planes.
The FexMn1−xS samples with an iron concentration 0�x
�0.29 as that in the charge were studied. The results of the
x-ray diffraction analysis performed with a DRON diffracto-
meter �Cu K�–irradiation� were reported in Refs. 4 and 5.
The x-ray fluorescence study was carried out with an Ele-
ment Analyzer JSX-3600 JEOL �Japan�. The resonance prop-
erties were investigated with an X-band SE/X-2544 spec-
trometer in the temperature range of 90–300 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The x-ray phase analysis showed4,5 with 5% accuracy
that the FexMn1−xS samples with 0�x�0.29 are single-
phase solid solutions with the cubic NaCl crystal structure
typical of the �-manganese monosulfide. Upon cation substi-
tution of iron ions for manganese ions, the cubic NaCl lattice
is compressed similar to the MnS compound at room tem-
perature under pressure. At room temperature, the parameters
of the fcc lattice of the FexMn1−xS samples change from a
=5.22 Å at h=0 to 5.166 Å at x=0.29. The x-ray fluores-
cence analysis shows that iron concentration x in the charge
differs from iron concentration xS in the real solid solution.
In particular, for the single crystals with x=0.05 and 0.10,
the iron concentration values in the real solid solutions are
xS=0.06�0.02 and 0.119�0.007, respectively. In some
cases, in the single crystals with higher iron concentration
the coexistence of the solid solutions with different compo-
nent ratios is observed. In particular, for the single crystal
with x=0.15, the average concentration value corresponds toa�Electronic mail: sasa@iph.krasn.ru.
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xS=0.12�0.04. However, two sides of the same single-
crystal sample correspond to the two different iron concen-
tration values xS=0.097�0.006 and 0.14�0.02. Thus, one
can conclude that the single crystals of the FexMn1−xS solid
solutions with higher iron concentration are characterized by
the inhomogeneous distribution of iron ions over the single
crystal volume. Hereinafter, iron concentration x is given ac-
cording to the charge composition of the samples under
study.

Figure 1 depicts the change in the magnetic resonance
spectrum as a function of iron concentration. At room tem-
perature, the X-band magnetic resonance spectrum of the
sample with h=0.05 represents a symmetric Lorentz line
with the linewidth �H=470 Oe and a g factor of 1.999. The
obtained spectrum and its temperature and angle dependence
are identical to those of the MnS compound studied
previously.6 The magnetic resonance spectrum significantly
changes with an increase in iron concentration. In particular,
at x=0.1 the spectrum is a broad absorption line with the
linewidth �H=6000 Oe, g=1.999, and the intensity lower
than that of the sample with the h=0.05 by an order of mag-
nitude. Such a significant difference between the spectra can
be attributed to both the enhancement in the covalence con-
tribution to the chemical bond, which is pointed by the
change in the isomeric shift,4,5 and the growth of metalliza-
tion of the samples. The electrical resistance of Mn1−xFexS
changes from �105 � cm at x=0 to �10−1–10−2 � cm at
x=0.18 and 0.29. With a further increase in iron concentra-
tion �x=0.18 and 0.29� the magnetic resonance spectrum
transforms to the low intensity isotropic �without angular
dependence� compound signal with the narrow line super-
posed with a broader one. The signal typical of Mn2+ ions is
completely absent. As was mentioned above, for the samples
with high iron concentration �x�0.18� at room temperature
the hysteresis loops are observed, whereas the Neel tempera-
ture changes from 161 K �x=0.05� to 190 K �x=0.29�. This
may be caused by the occurrence of small amount of a sec-
ondary ferromagnetic phase, apparently iron containing, with
the high temperature of magnetic ordering that cannot be
found by the x-ray methods or Mössbauer spectroscopy.

The observed resonance spectra for the samples with x
�0.18 do not drastically change at temperatures above and

below the Neel temperature �Fig. 2�. This fact allows assum-
ing that the observed resonance signal does not belong to the
host Mn1−xFexS matrix. The literature review showed that the
observed spectra �x�0.18� are very similar to the magnetic
resonance spectrum of a superparamagnetic assembly of fer-
romagnetic crystalline single-domain particles.7–10 In order
to gain some insight into the possible nature of the magnetic
particles, we performed computer simulation of the magnetic
resonance signals of the reference compound. As was shown
previously,7–10 the magnetic resonance spectrum of an as-
sembly of such particles can be calculated as

I�H� = �
�
�

	
�

D

F�H

− Heff�D,�,	�,�H�fV�D�sin 	dDd�d	 , �1�

where F�H−Heff�D ,
 ,�� ,�H� is the line shape function
�Lorentzian or Gaussian�, �H is the individual linewidth of a
particle with a specified size, Heff is the resonance magnetic
field which includes the external magnetic field, magnetic
anisotropy field, and demagnetizing field, D is the diameter
of a particle, 
 and � are the polar and azimuth angles be-
tween the external magnetic field, magnetic anisotropy field,
and demagnetizing field, and fV�D� is the probability density
of the volume fraction of the particles with diameter D. A
number of the interrelated expressions for probability density
fV�D� can be used. As a rule, the function is logarithmically
normal7

fV�D� =
exp�− �2/2�
	2�DVm

exp
−
1

2�2 ln2 D

DVm
� , �2�

where DVm corresponds to the fV�D� maximum and � is the
standard deviation of ln D. Quantities DVm and Dm �the most
probable particle diameter� are interrelated as

DVm = Dm exp�3�2� . �3�

The average diameter of a particle is7
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FIG. 1. Evolution of the resonance spectra of the FexMn1−xS compounds for
different x at room temperature.
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FIG. 2. Experimental and best-fit theoretical spectra for the Fe0.29Mn0.71S
sample at different temperatures. 1−T=92 K, 2−T=120 K, and 3−T
=250 K.
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�D� = Dm exp�3

2
�2 . �4�

We limit the discussion to the simplest case of the axial
magnetic anisotropy7 �HA= �K1 /MS��3 cos2 	−1��, a spheri-
cal shape of the particles, and the Gaussian line shape func-
tion. Then, during the computer simulation of the experimen-
tal spectra using Eq. �1�, the fitting parameters are the
following: K1 is the first-order axial anisotropy constant, MS

and D are the particle magnetization and diameter, respec-
tively, � is the standard deviation of the diameter of a par-
ticle from the most probable one, and �H is the individual
resonance line width of a particle.

The results of fitting the experimental spectra to the the-
oretical curve obtained using Eq. �1� for the sample with x
=0.29 at different temperatures are shown in Fig. 2. Table I
presents the best-fit parameters.

First of all, it must be noted that, despite the simplified
theoretical model was used, the values of best-fit parameters
MS and K1 obtained at the computer simulation are consis-
tent with the corresponding values for pure iron. As is
known,11 crystalline iron has the saturation magnetization
Ms=1722 Oe nearly constant up to the room temperature
and the anisotropy constant values K1�5.5·105 erg /cm3 at
T=100 K and 4.9�105 erg /cm3 at T=200 K. The results
obtained imply also that the interaction of the superparamag-
netic iron particles with the host Mn1−xFexS matrix is signifi-
cantly weaker than the interactions of iron ions inside the
particle.

The unanswered question is where the hysteresis loops
originate from. As is known, the presence of the superpara-
magnetic particles does not cause the hysteresis phenomena
during switching magnetization. Therefore, one may assume
that in the host Mn1−xFexS matrix, the iron particles large
enough to stay nonparamagnetic are present. The magnetic
parameters of these particles cannot be determined using the
method described above because they do not contribute to
the resonance signal.

Nevertheless, knowing the residual magnetization value
at the temperatures T�TN �M �0.022 emu and nearly tem-
perature independent� and MS value, one can easily estimate
the amount of the nonparamagnetic iron phase in the sample
under study. It appeared less than 1%. Obviously, the con-
centration of this phase in the samples with x�0.29 is even
less. Since the presence of the secondary phase was not con-
firmed by the other methods, we conclude that the total
amount of the superparamagnetic and nonparamagnetic iron
particles does not exceed 5%.

The values �D� and � obtained using the computer simu-
lation �Table I� indicate the increase in average diameter and
a decrease in its standard deviation with an increase in tem-
perature. Note that these two trends compensate each other to
a certain extent, so the volume fraction of the superparamag-
netic particles in the sample weakly changes with tempera-
ture �Fig. 3�. The same behavior was observed in Refs. 7 and
10.

In order to take into consideration the dependence of the
linewidth on measurement temperature, the mechanisms of
line broadening should be thoroughly analyzed. Usually, the
spin-lattice interaction causes line broadening when the tem-
perature increases. In our case, the opposite tendency is ob-
served. A decrease in the linewidth with an increase in tem-
perature can be attributed to “dynamic” modulation of
“static” broadening. As a rule, inside a single-domain super-
paramagnetic nanoparticle the exchange interaction domi-
nates. Also, one should take into account several other inter-
actions; they are �1� the Zeeman interaction which tends to
align the magnetic moments of the particles along the exter-
nal magnetic field, �2� the magnetocrystalline anisotropy,
which tends to align the magnetic moments along one of the
easy magnetization axes and maintains the energy barriers
between the directions, and �3� the thermal excitations which
result in the fluctuations of orientation of the magnetic mo-
ments. In this context, the observed temperature dependence
of linewidth �H can be attributed to the modulation of the
magnetocrystalline anisotropy constant by the thermal fluc-

TABLE I. The best-fit parameters obtained during the computer simulations of the x=0.29 sample magnetic
resonance spectra at different temperatures. Dm – the most probable particle diameter, �D�—the mean particle
diameter, �—the standard deviation of ln D, MS—the particle magnetization, �H—the individual linewidth of
the particle, and K1—the axial first-order anisotropy constant.

T
�K�

Dm

�nm�
�D�
�nm� �

MS

�Oe�
�H
�Oe�

K1

�105 erg /cm3�

92 2.61 4.32 0.58 1755 2368 6.23
120 2.96 4.86 0.57 1655 2248 5.92
250 4.15 6.19 0.52 1721 1095 4.08
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FIG. 3. Normalized volume fraction of nanoparticles vs their diameters for
different temperatures obtained using the computer simulation of the mag-
netic resonance spectra �Table I�.
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tuations. An increase in temperature lowers anisotropy barri-
ers and leads to the growth of the thermal fluctuations of the
magnetic moments of the particles and the reduction in the
linewidth.

IV. CONCLUSIONS

The FehMn1−hS �0�x�0.29� single crystals have been
grown. The resonance properties of these compounds have
been studied in the temperature range of 90–300 K. On the
basis of the model proposed in Ref. 7, the resonance spectra
for the sample with x=0.29 at different temperatures have
been simulated. It has been shown that the features of the
obtained spectra can be related to the presence of the small
amount of the second ferromagnetic phase formed by the
iron nanoparticles. The average diameter of the superpara-
magnetic nanoparticles has been determined and its tempera-
ture dependence has been established. The volume fraction
of the secondary phase has been estimated.
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