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Abstract—The effect of the manganese doping of vanadium monosulfidein asystem of thev; _,Mn,S(0<x<0.3)
solid solutions on their structure and thermal, electrical, and magnetic properties has been investigated. The
metal—dielectric transitions are revealed in the studied ranges of concentrations and temperatures. These tran-
sitions are accompanied by a change in the magnetic properties. It is demonstrated that the correlation in
changes of the electrical and magnetic properties of the sulfides under investigation is characteristic of the
metal—dielectric transitions in strongly correlated systems. © 2000 MAIK “ Nauka/Interperiodica” .

Recently, considerable interest has been expressed
by researchers in physical properties of doped vana
dium sulfide systems with ametal—diel ectric transition,
for example, La,_,R/S,.,,VS, (R = S or Rb) [1],
La;17-,SVS;47 [2], and BavVS; [3]. In similar sys
tems, strong electron correl ations play asignificant part
in the formation of spin states and realization of com-
plex mechanisms responsible for the metal—dielectric
transitions. Moreover, it has been found that, at a cer-
tain concentration of impurities, the copper-free sulfide
systems exhibit a state of an “anomalous metallic
phase,” whose physical properties are similar to the
properties of superconducting oxide cuprates[4].

In this respect, the study of the electrical and mag-
netic properties of doped vanadium sulfide systems
based on vanadium monosulfide [5] has been an urgent
problem.

The present paper reports the results of our investi-
gation concerned with the influence of the cationic
replacement of a vanadium ion by a manganese ion in
vanadium monosulfide on the structure and thermal,
electrical, and magnetic properties of the V,_.MnS
(0 < x=0.3) system at different compositions, temper-
atures, and magnetic fields.

The mechanisms of the metal—dielectric transitions,
specific features of electronic and magnetic states of
sulfidesin the system under consideration are analyzed
taking into account strong electron correations. A
scheme of the electronic structure of theV, _,Mn,Ssys-
tem is considered.

1. EXPERIMENTAL TECHNIQUE

Polycrystalline samples of the V,_,MnS system
with compositions in the range 0 < x < 0.4 were pre-
pared from the pure elements by the replacement of
vanadium by manganese in the VS compound in evac-

uated silica tubes upon heat treatment at a temperature
of 1000 K for four days.

X-ray diffraction analysis of the samples was carried
out on aDRON-3M diffractometer (CuK, radiation) at a
temperature of 300 K. The curves of differential thermal
analysis (DTA) were obtained on aMOM derivatograph
in evacuated silica tubes of specia form at a rate of
10 K/min in the temperature range 300-1300 K upon
heating and cooling.

The low-temperature measurements of the heat
capacity C, were performed with a differential scan-
ning calorimeter in the range 100-300 K at rates of 8
and 16 K/min.

The electrical resistivity was measured by the dc
potentiometer method in the temperature range
80-300 K on samples in the form of parallelepipeds
10 x 5 x 3 mm in size. The samples were preliminarily
annealed in evacuated silica tubes at 1300 K.

The magnetization of the V,_,Mn,S sulfides was
measured on an automated vibrating magnetometer
with a superconducting solenoid [6] in the temperature
range 4.2-300 K in magnetic fields of 0.5-50.0 kOe by
using the same samples as in the measurements of the
electrical resistivity. The temperature dependences of
the magnetization were obtained upon heating the sam-
ples.

2. RESULTS

2.1. Concentration dependences of the electrical
and magnetic propertiesof theV, _,Mn,Ssolid solu-
tions. According to the data of X-ray diffraction analy-
sis, all the solid solutions studied have a superstructure
of the distorted low-temperature B-VS phase (B31,
MnP-type). The results of X-ray structure analysis are
confirmed by the data obtained.
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Fig. 1. Concentration dependences of the electrical resistiv-
ity p at temperatures of (1) 300 and (2) 80 K and (3) concen-
tration dependence of the magnetic moment M per the Mn
atom (pg/Mn) in amagnetic field of 2kOeat T=80K in
theV,_,Mn,S system (0.05 < x < 0.3).
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Fig. 2. Temperature dependences of the electrical resistivity
intheV, _,Mn,Ssystemwith compositions (1) x=0.05and
(2) x=0.1 and (3) temperature dependence of the magneti-
zation o a x = 0.1 in amagnetic field of 2 kOein the range
80-300 K.

The high-temperature reversible endothermal
effectsin the range 800-900 K, which are characteristic
of the metal—dielectric transitions in the VS monosul-
fide (the electron transition is observed at the tempera-
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ture T, ~ 900 K, and the structural transition proceeds at
Ts~ 800K [5]), are adso reveded in dl theV;_,MnS
sulfides under investigation.

Figure 1 displays the concentration dependences
of the electrical resistivity p of the V,_,Mn,S solid
solutions with compositions in the range 0.05 < x < 0.3
at temperatures T = 300 (curve 1) and T = 80 K
(curve 2). Asis seen from Fig. 1, the maximum elec-
trical resistivity is observed in the samplesat x = 0.1
(Pgok = 17.2x 102 Q cm, Pagok = 7.1 x 10 Q cm);
their conductivity isthree orders of magnitude smaller
than the conductivity of the VS monosulfide (pgyx =

0.65 x 102 Q cm). In the samples with x = 0.3, the
p value decreases by three orders of magnitude at 80 K
and by two orders of magnitude at 300 K.

The concentration dependence of the magnetic
moment M per the Mn atom (Ug/Mn) (in terms of
Bohr’s magneton) for theV; _,Mn,S(0.1<x<0.3) sys
tem at temperature T = 80 K is also shown in Fig. 1
(curve 3). Similar concentration dependences p(x) and
M(x) are found in the Fe, V, _,S system [7].

2.2. Temperature dependences of the eectrical
and magnetic propertiesof theV, _,Mn,Ssolid solu-
tions. Figure 2 depicts the temperature dependences
p(T) for the V;_,Mn,S samples with compositions x =
0.05 (curve 1) and x = 0.1 (curve 2) upon cooling in the
range from 300 to 80 K. As can be seen from Fig. 2, the
temperature dependence of the electrical resistivity of
the sample with x = 0.05 istypical of semimetalsin the
range 80—110 K and exhibits activation behavior in the
range 110280 K. The composition withx= 0.1 ischar-
acterized by a conductivity of the activation typein the
range 80-240 K. It should be noted that, in the given
temperature range, the compositions with x = 0.0, 0.02,
and 0.05 show no anomaliesin the heat capacity C,,. At
the same time, the composition with x = 0.1 displays a
very weak anomaly in C, at T=205K.

In the temperature range 240-260 K (curve 2 in
Fig. 2), the conductivity of the activation type for the
sample with x = 0.1 changes to the semimetallic con-
ductivity, which is accompanied by the appearance of a
knee in the temperature dependence of the magnetiza-
tiono(T) at T=250K (curve3inFig. 2).

An abrupt increase in the electrical resistivity p (by
three orders of magnitude) for the sampleswith x = 0.1
(Figs. 1, 2) suggests that, at x. = 0.1, the concentration
metal—dielectric transition takes place. This assump-
tion is corroborated by the temperature measurements
of p(T) [8].

Figure 3 demonstrates the temperature dependences
of the magnetization of the V,_,Mn,S samples in the
range 4.2-60 K, and Fig. 4 displays the dependences of
the magnetization on the magnetic field strength for
compositionsin therange 0.1 < x < 0.4 at atemperature
of 4.2K.

The temperature dependences of the electrical resis-
tivity p(T) and the magnetization o(T) for the
V,_,Mn,S sample with x = 0.2 in the magnetic field
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H = 2 kOe in the range 80-300 K are shown in Figs. 5a
and 5b, respectively. It can be seen from Fig. 5 that, in
the vicinity of T, there is a semimetal—-semimetal tran-
sition characterized by aweak jump in the resistivity, a
hysteresis about 20 K wide, and a dip in the curve of
magnetization near T. A small anomaly in the heat
capacity C,isalso observed at T = 157 K.

As the manganese concentration in the V,_,Mn,S
samples increases up to x = 0.3, the metal—dielectric
transition is suppressed (Fig. 6).

3. DISCUSSION

3.1. Comparison with the vanadium oxide. The
temperature dependences of the resistivity and magne-
tization in our samples considerably differ from similar
dependences for classical compounds of the type VO,
or V,0;5 [9, 10]. The 3d metal sulfides, as a rule, are
characterized by smeared features rather than by abrupt
jumps [11]. In this case, the application of the term
“metal—dielectric transition” (or “metal—insulator tran-
sition”) requires some explanations. In its most
restricted sense, this term implies that a metallic state
with dp/dT > O takes place to the one side of the transi-
tion point (above T, in the vanadium oxides) and a
dielectric state with the activation type of conductivity
is observed to the other side of this point (below T in
the vanadium oxides). However, it is not unusual that,
in the doped systems or in the compounds with bands
located in the vicinity of the Fermi level, thetransitions
are accompanied by small jumps in the resistivity and
magnetization as, for example, in the semiconductor—
semimetal and metal—-semimetal transitions. In this
respect, the term “metal—dielectric transition” is
applied in a more comprehensive sense to designate
any transformations attended by a change in the con-
ductivity type. It is in this sense that the term metal—
dielectric transition is used in the present work.

It is quite possible that the observed anomalies are
caused by the spitting of the phase diagram for vana-
dium sulfides due to a high concentration of doping
manganese. Even in the absence of manganese, the
phase diagram of the nonstoichiometric V, _,S system
isvery complicated and can be characterized by alarge
number of superstructures brought about by the order-
ing of vacancies in the basal planes of the initial NiAs
structure [1]. The transitions between these structures
are smeared. In the earlier work [7], we found that the
doping with iron stabilizes the VsS; superstructure—
one of superstructures of the Mn p-type. According to
our X-ray diffraction data, a similar structure is
observed in the case of manganese doping; however,
the question about possible structural distortions upon
transitions under discussion remains open. Such distor-
tions, even if they take place, are not large enough to be
observed in polycrystalline samples.

3.2. Analysis of the electronic structure of the
V, _.Mn,Ssystem. Since ahigh-temperature transition
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Fig. 3. Temperature dependences of the magnetization of
theV, _,Mn,S samplesin the range 4.2-60 K.
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Fig. 4. Dependences of the magnetization on the magnetic
field strength for theV, _,Mn,S samples at 4.2 K.

of thea-VS — B-VStypeisobserved for al the com-
positions, the a-V S hexagonal phaseistaken astheini-
tial phase in our consideration. In this phase, one-elec-
tron levels of the V?* (d®) ion are characterized by the
splitting of the cubic t,, triplet into the a,4 singlet and
the e, doublet [11]. The band calculations of the VS
band structure [12] revealed two amost congruent
pockets of the Fermi surface: the electron pocket at the
I" point of the Brillouin zone and the hole pocket near the
Brillouin-zone edge at the M point with the nesting vec-
tor Q. In theV S band model, the quasi-one-dimensiond
band a,4 is responsible for the nesting, and the €, band
playstheroleof an electronreservoir [5]. A changeinthe
electronic structure upon the a-VS — -V Stransition
is schematically illustrated in Fig. 7. The phase transi-
tion, as such, within the model described in [5] is asso-
ciated with the formation of the exciton diel ectric phase
(with the generation of the charge density wave in the
system of band electrons due to the electron—phonon
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Fig. 5. Temperature dependences of (a) the electrical resistivity and (b) the magnetization of theV, _,Mn,S samplewithx=0.21in

amagnetic field of 2 kOe in the range 80-300 K.

coupling). The presence of the e, band retains the semi-
metallic properties of the B phase. The effects of elec-
tron correlations lead to an increase in the magnetic
susceptibility in comparison with the susceptibility of
free electrons, but they are not too large to induce the
Mott—Hubbard transition.

Our model of changes in the electronic structure
upon manganese doping is as follows. Upon replace-
ment of vanadium by manganese, the Mn?* ion adopts
the 3d configuration. We assume that three t,, electrons
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Fig. 6. Temperature dependences of (1) theelectrical resistiv-
ity and (2) the magnetization of theV, _,Mn,S sample with
x=0.3inamagnetic field of 2 kOein the range 80-300 K.
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Fig. 7. Schematic representation of the V'S electronic struc-
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(b)

7, 2"

PHYSICS OF THE SOLID STATE Vol. 42

are involved in chemica bonding, like the relevant
electrons of the V2* ion, and two g, electrons give rise
to thelocal magnetic moment S=1asintheFeV;_,S
system[7]. Then, the s-d model of asemimetal with the
e, band with alow density of states at the Fermi level
and magnetic impuritieswith S= 1 can serve as an ade-
guate model at small x. The scattering of carries by
impurities can lead to the Anderson localization of
states in the neighborhood of the Fermi level, which is
favored by the low density of states N(gg) in the semi-
metallic e, band. Hence, the composition with x = 0.05
exhibits a semimetallic type of the dependence p(T) at
low temperatures, whereas the compositionwith x =0.1
is characterized by a nonmetallic type. At the same
time, the Fermi energy € lies near the cutoff of mobil-
ity €, sothat T, = Ae/Kg = |z — &J/Kg = 250 K (Kg is
the Boltzmann constant), and an increase in the temper-
ature brings about the recovery of the semimetallic con-
ductivity. The impurity magnetic moments are local-
ized and provide the Curie-Weiss contribution to the
temperature dependences of the magnetic susceptibility
and magnetization.

3.3. Discussion of the magnetic properties. In the
case of compositionswith x = 0.1, interactions between
magnetic impurities can beignored; however, at large x
values, the effects of interactions become important.
The indirect interaction of the Ruderman—Kittel—
Kasuya-Yosida (RKKY) type can make both ferrimag-
netic and antiferromagnetic contributions; the indirect
exchange through anions has an antiferromagnetic
nature, so that the situation with competitive exchange
interactions seemsto bereal. The only type of the mag-
netic order, which can be excluded from the data pre-
sented in Fig. 4, isthe ferromagnetic interaction. More-
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over, the cations in the basal plane of the MnP-type
structure form a triangular lattice in which the antifer-
romagnetic interaction is frustrated even without com-
petition with ferromagnetic interactions [11]. Finally,
an increase in the concentration x is accompanied by
the delocalization of impurity magnetic moments, and
the magnetic properties by themselves should be dis-
cussed in terms of the band model. As judged from our
data, the latter should be done at x > 0.3, when the sus-
ceptibility only slightly depends on the temperature and
proves to be close to the Pauli susceptibility, while the
dependence p(T) israther weak, which is characteristic
of semimetals.

As regards the compositions with x = 0.2, here,
apparently, we deal with a complex magnetic behavior
caused by the aforementioned reasons. The anomaly in
the magnetization near T = 160 K is superimposed on
the weak Curie-Weiss dependence. It seems likely that
the change-over from the localized to band description
ischaracteristic of the given range of compositions; i.e.,
here, the effects of electron correlations are rather
strong. In this case, it is reasonable to expect that
changes in the magnetic structure should be accompa-
nied by ajump in the resigtivity, asis seenin Fig. 5.

The nature of the magnetic transformation at T =
160 K cals for further investigation. A comparison
between our data and the results obtained in [1, 2] on
doped LaV'S; permits us to draw the inference that a
decrease in the magnetization near T, in the nonmetal-
lic phase is associated with the singlet states of pairs or
clusters. In our case, these states also become possible
provided that the frustration is taken into account.

In conclusion, we should note that the mode of
localized impurity states at x = 0.1 with nonmetallic
behavior changes to the band behavior of the system at
x = 0.3. Intermediate compositions exhibit variationsin
the electrical and magnetic properties that are charac-
teristic of the metal—dielectric transitions in strongly
correlated electronic systems.
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