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Abstr act—Off-stoi chiometric manganese monosulfides a-Mn,S (1 < x < 1.25) are synthesized, and their crys-
tal structure and magnetic properties are studied in the 4.2- to 300-K range. The compounds have a NaCl fcc
lattice. Increasing the manganese ion concentration X in the antiferromagnetic semiconductorsa-Mn,Sisfound
to result in concentration- (X, ~ 1.05) and temperature-driven (T, ~ 50 K) magnetic transitions from the antifer-
romagnetic to ferromagnetic state, with the cubic structure remaining unchanged. © 2001 MAIK “ Nauka/Inter-

periodica” .

It is customarily assumed [1, 2] that manganese
monosulfide, similar to MnO and NiO, is a classica
second-type antiferromagnet, with the magnetic unit
cell being a doubled crystallographic cell. The mag-
netic moments associated with the Mn?* ionslie in the
(111)-type planes and exhibit ferromagnetic in-plane
and antiferromagnetic intraplane ordering. This mag-
netic structureistypical of rare-earth metal oxideswith
a LaMnOs-type perovskite structure [3]. Interest in
manganese monosulfide increased after the discovery
in its solid solutions FeMn, _,S of a colossal negative
magnetoresistance [4], whose mechanism, as well as
ferromagnetic nature, remains unclear. It thus appeared
of interest to perform an integrated investigation of the
physical properties of manganese monosulfide.

This paper presentsthe resultsof aninvestigationinto
the temperature behavior of the structure (100-300 K)
and magnetic properties (4.2-300 K) of the a-Mn,S
sulfides (1.00 < x < 1.25). The investigation was car-
ried out on single-crystal (x = 1.00) and polycrystal-
line (x =1.00, 1.05, 1.15, and 1.25) samples. The tech-
nology used to prepare the polycrystals was described
in [5]. The a-Mn,S single crystal was obtained by sul-
fidization of molten metallic manganese. The x-ray
characterization of the samples was performed on a
DRON-2.0 diffractometer with CuK, radiation withina
grazing angle region of 0° to 70°. The magnetization of
the samples was measured with a SQUID magnetome-
ter in thetemperature range from 4.2t0 300 K in amag-
netic field of 100 Oe.

The x-ray diffraction measurements showed that at
300 K the samples have the fcc NaCl lattice typical of
manganese monosulfide. The lattice parameter for the
single crystal with x = 1.00 isa = 5.216 A, and for the
polycrystal, a = 5.222 A, which is close to the data

quoted in [2] (a = 5.22 A). At T ~ 166 K, the lattice
parameter exhibits an anomaly similar to the one
observed at 150 K in [2], which indicates a rhombohe-
dral distortion of the cubic lattice. The lattice parameter
decreases with decreasing temperature (Fig. 1a); this
decrease becomes sharper for T < 166 K, but within the
100 < T < 122 K region, it is practically temperature-
independent. The results of the structura study of the
single crystal are corroborated by optical measure-
ments made on the same crystal [6]. Optical measure-
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Fig. 1. Temperature dependences of (a) the | attice parameter
and (b) magnetization of a-MnS.
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Fig. 2. Temperature dependences of the magnetization of a-Mn,S with compositions (x): (&) 1.05, (b) 1.15, and (c) 1.25. Theinset
to Fig. 2a shows the temperature dependence of magnetization obtained for x = 1.05 in the 100- to 200-K region.

ments and a calculation of the temperature coefficient
of expansion yield T, = 162 + 2 K for the temperature
of the structural transition in single-crystal manganese
monosulfide. As the manganese concentration in Mn,S
(.00 £ x < 1.25) increases at 300 K, the cubic cell
parameter of the polycrystalline sample varies from
5.222 A (x=1.00) t0 5.218 A (x = 1.25).

Figure 1b shows the temperature dependence of
the magnetization of single-crystal a-MnS measured
in a magnetic field perpendicular to the (100) plane.
This dependence is similar to the one reported in [2]
and passes through a maximum at Ty = 157 K, which
is evidence of a transition from the paramagnetic to
antiferromagnetic state. Similarly to thea-MnSsingle
crystal studiedin[2], in our crystal, the antiferromag-
netic transition is observed to occur in the region of
existence of the distorted NaCl structure. The magnetic
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susceptibility of a-MnS at Ty is 76.2 x 10° cmi/g
(66.28 x 10~ cm3mol), whichisin accord with avail -
able data (63.5 x 104 cm®mol [2]). In the 200-400-K
region, the magnetic susceptibility obeys the Curie—
Weiss law with a paramagnetic Curie temperature of
~—600 K.

Figure 2a presents the temperature dependence of
magnetization for the a-Mn,S sulfide with x = 1.05
measured in a field of 100 Oe. The magnetization of
this sample measured within the 45-270-K region
behaves similarly to a-MnS manganese monosulfide.
At Ty, = 155 K, one observes amaximum indicating the
transition from the paramagnetic to antiferromagnetic
state. At the Neél temperature, the magnetic suscepti-
bility for x = 1.05 is close to that found for x = 1.00. At
T, ~ 40 K, a second magnetic transition similar to that
observed in the Cry,sMn, S solid solution [7] was dis-
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covered. The temperature dependence of magnetization
measured on a ZFC sample exhibits a sharp peak at T,
(the Hopkinson effect) (Fig. 2a). The FC magnetization
measured at H = 100 Oe is characteristic of ferromag-
nets and is evidence of atransition from the antiferro-
magnetic to ferromagnetic state. The ZFC magnetiza-
tion measured on this sample (x = 1.05) at 4.2 K is
95.3 x 10 emu/q.

Figure 2b displays the temperature dependence of
ZFC magnetization for the x = 1.15 sulfide. The magne-
tization of this sample within the 4.2-50-K interval
behaves asit doesin the sample with x = 1.05 (Fig. 2a).
The transition point to the low-temperature ferromag-
netic phase in this sulfideis T, = 45 K. For T > T, the
magnetization of the sulfide with x = 1.15 differs in
behavior from that observed in the previously men-
tioned samples. As the temperature increases, the mag-
netization dropsto 370 K, with an anomaly seenat T =
133 K. In the 133- to 370-K interval, the sample with
x = 1.15 does not obey the Curie-Weiss law character-
istic of the manganese monosulfide (x = 1.00) in the
paramagnetic region. The magnetization measured at
4.2 K inafield of 100 Oeis 266.7 x 10~ emu/g, which
is an order of magnitude higher than that of samples
with lower manganese contents. The temperature
dependence of the magnetization of the sulfidewith x =
1.25isshowninFig. 2c; it issimilar to that observed in
the x = 1.05 sample.

On comparing our results with the available data on
the conductivity of off-stoichiometric manganese sul-
fides [5], we note that the increase in magnetization
observed to occur in the Mn S system at 300 K is
accompanied by metallization of the samples, with the
electrical resistivity p at 300 K decreasing by two
orders of magnitude as x varies from 1.00 to 1.05. The
temperature dependence of the electrical resistivity of
off-stoichiometric manganese sulfides at 77-300 K
behaves similarly to p(T) for the monosulfide with x =
1.00 and exhibits a sharp break at the points of struc-
tural and antiferromagnetic transitions.
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Thus, we have found that manganese monosulfide
undergoes concentration- and temperature-driven mag-
netic transitions. At room temperature, | attice compres-
sion occurring with increasing manganese concentra-
tion is accompanied by an increase in the magnetiza-
tion by an order of magnitude and a decrease in the
electrical resistivity by two orders of magnitude. A sim-
ilar situation is observed to occur in the cation-substi-
tuted sulfides MeMn, _,S (Me = Cr, Fe) [7]. The simi-
larity between the concentration dependences of the
|attice parameter, magnetization, and electrical resistiv-
ity suggests that ferromagnetism in the Mn,S and
MeMn;, _,Ssulfides may set in by similar mechanisms.
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