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Abstract—Fe, ,;Mn 73S single crystals were studied. A magnetic transition is detected near 197 K, which is
accompanied by anomalies of the thermal, electrical, and resonant properties.
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1. INTRODUCTION

Manganese monosulfide with an NaCl-type face-
centered cubic lattice, as well as NiO and LaMnO;
oxides, is a Mott—Hubbard insulator [1], in which elec-
tron correlations play an important role in the formation
of magnetic and electrical properties [2]. Studying
Mott—Hubbard insulator solid solutions permits one to
elucidate the possibility of controlling the physical
properties of the materials by choosing a certain substi-
tutional cation or anion that causes a change in the free-
electron concentration. It was previously established
[3-5] that substitution of iron ions for manganese ions
in manganese monosulfide significantly decreases (by
six orders of magnitude) the electrical resistivity at
room temperature. In this work, we experimentally
studied the magnetic, resonant, and thermal properties
of Fe, ,7Mn, ;S single crystals.

2. EXPERIMENTAL

Polycrystalline sulfide Fe Mn, _ S with x=0.27 was
synthesized by sulfidization from a mixture of oxides
and elemental iron taken in the stoichiometric propor-
tion. From the powders thus obtained, crystals 0.5—
1.0 cm? in size were grown by spontaneous crystalliza-
tion. According to X-ray diffraction data obtained using
a DRON diffractometer with CuK|, radiation, the syn-
thesized Fe Mn,_,S crystals have an NaCl-type fcc
structure characteristic of manganese monosulfide. The
cation substitution is accompanied by lattice compres-
sion and a decrease in the lattice parameter from 5.22 A
(atx=0)t05.17 A (at x=0.27) [6]. No attendant phases

were found to within the experimental error. Mossbauer
studies [6] showed that pure iron is absent to within 1%.
The Fe,,,Mn, ;S crystals have clear Laue X-ray dif-
fraction patterns (Fig. 1) measured on a single-crystal
Laue diffractometer (OrientExpress, ILL, France). The
magnetic properties were measured using a SQUID
magnetometer in the temperature range 4.2-275.0 K in
a magnetic field of 100 Oe. The resonant properties
were measured in the range 77-300 K in a magnetic
field of 100 Oe at a frequency of 9.4 GHz on an EPR

Fig. 1. Magnetic Laue X-ray diffraction pattern of an
Fe( »7Mn) 73S single crystal.
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Fig. 2. Temperature dependences of (a) the magnetic sus-
ceptibility and (b) the excess heat -capacity of
Fe( 27Mng 73S.

spectrometer. The thermal properties were measured by
differential microcalorimetry. Neutron diffraction stud-
ies were carried out on powders prepared from single
crystals using a DIA diffractometer (neutron wave-
length, 1.91 A) in the temperature range 2-250 K.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Manganese monosulfide is well known to be an anti-
ferromagnetic semiconductor with a Néel temperature
of 147 K [1, 4]. Figure 2 presents the temperature
dependences of the magnetic susceptibility and excess
heat capacity for a Fe,Mn, _ S solid solution (x = 0.27).
A thermal anomaly was detected in the range 120-—
200 K with a maximum at 7, = 170 K. The phase tran-
sition enthalpy is 184.97 J/mol, and the entropy change
1s dS =0.13087R, where R = 8.31 J/K mol. A maximum
of the magnetic susceptibility indicating the occurrence
of a magnetic transition was observed near 7y = 190 K.
The critical temperature of the magnetic transition in
the Fe,Mn, _ .S (x = 0.27) is ~50° higher than the Néel
temperature of manganese monosulfide. In contrast to
MnS, the magnetic susceptibility of iron-substituted
sulfide Fe Mn, _ S (x = 0.27) is changed stepwise near
the magnetic transition and has an additional anomaly
at low temperatures near 7 = 30 K. Over the entire tem-
perature range studied, the ZFC and FC magnetic sus-
ceptibilities measured on cooling in a zero and a non-
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Fig. 3. Temperature dependences of (a) the resonance field
H, and the width dH of the first magnetic resonance line and

(b) the activation energy of Fe( ,7Mn( 73S.

zero magnetic field, respectively, differ in behavior. The
difference between the ZFC and FC susceptibilities
increases as the temperature decreases below T <
190 K.

In manganese monosulfide, Mn?* ions are in octahe-
dral anion surroundings. The room-temperature mag-
netic resonance spectrum of the initial MnS contains
one Lorentzian line with a g factor equal to 2 (S° state).
The resonance field of this line is practically indepen-
dent of temperature in the range 160-300 K. According
to Mossbauer studies [6], Fe** ions in Fe,,;Mn, ;S

substitute for Mn?* in the octahedral sites. Figure 3 pre-
sents the temperature dependences of the resonance
field and the magnetic-resonance line width for
Fe, ,,Mn, 15S. The magnetic resonance spectrum of the
Fe;,7;Mn, 73S solid solution is a wide line which can be
described at 300 K by two Gaussians with resonance
fields H,; = 2.59 kOe and H,, = 1.15 kOe. The g factor
for the first Gaussian at room temperature is 2.5, which
is significantly larger than that for the divalent manga-
nese ion. As the temperature decreases, the resonance
field decreases and the first Gaussian line narrows and
transforms into a Lorentzian. Near the magnetic transi-
tion point, this line increases in width (Fig. 3) and the
corresponding resonance field decreases sharply. The g
factor for the second line exceeds the value typical of
Fe?* (g = 4.2). Below the magnetic-transition tempera-
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Fig. 4. Temperature dependences of the relative intensity of
(I) the nuclear and (2) magnetic reflections of
Fe( »7Mn( 73S measured by neutron diffraction.

ture, the magnetic resonance lines decrease in intensity
and, at 7 < 150 K, no lines are observed, which indi-
cates that a long-range magnetic order arose. Since the
resistivity decreases sharply in the concentration range
under study (for x = 0.29, the resistivity is 0.18 € cm
[5]), we can assume that, at room temperature, the
material is a mixture of atoms with delocalized and
localized electrons. The resistivity of Fe,,,Mn, 73S crys-
tals at room temperature is measured to be 3.6 k€ cm,
which is two orders of magnitude lower than that of
manganese monosulfide. Figure 3b displays the tem-
perature dependence of the conduction activation
energy E, In the range 210-300 K, the activation
energy is 0.045 eV. Near the magnetic transition point
(170-210 K), the activation energy increases fairly
sharply and then, below 170 K, it decreases.

Figure 4 presents the results of the neutron powder
diffraction study of Fe;,,Mn,;;S (the powder was pre-
pared from a block single crystal), namely, the intensity
variations of the nuclear (curve /) and magnetic (curve 2)
reflections. Near the thermal anomaly, the nuclear
reflection intensity is changed indicating a lattice dis-
tortion. The magnetic-transition temperature as deter-
mined from the neutron diffraction data is 197 K. The
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propagation vector of the magnetic structure is 2m(1/2,
1/2, 1/2).We also detected an attendant magnetic phase
with a propagation vector 2mt(1/3, 1/3, 0). The origin of
this phase is not yet clear.

4. CONCLUSIONS

Thus, the experimental studies of Fe,,,Mn, ;S sin-
gle crystals have shown that the cation substitution in
the Fe Mn, _ S system substantially increases the mag-
netic-transition temperature compared to that of
undoped manganese monosulfide. The magnetic transi-
tion is accompanied by an anomaly in the conduction
activation energy and a thermal anomaly observed over
a wide temperature range (down to 100 K). The sub-
stantial changes in the resonance field and the nuclear-
reflection intensity in Fej,;Mn,-,3S observed with
decreasing temperature are likely due to lattice distor-
tions in this material, which can be caused, e.g., by
magnetostriction.
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