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Abstract—We have studied the resistivity and thermoelectromotive force (thermo emf) in a temperature range
of T=80-1000 K, the magnetic susceptibility and magnetization in a temperature range of 7 = 4.2-300 K at
an external magnetic field of up to 70 kOe, and the structural characteristics of Co,Mn, _,S sulfides (0 < x <
0.4). Anomalies in the transport properties of these compounds have been found in the temperature intervals
AT, =200-270 K and AT, = 530-670 K and at 75 ~ T. The temperature dependences of the magnetic suscep-
tibility, magnetization, and resistivity, as well as the current—voltage characteristics, exhibit hysteresis. In the
domain of magnetic ordering at temperatures below the Néel temperature (7y), the antiferromagnetic
Co,Mn, _,S sulfides possess a spontaneous magnetic moment that is explained using a model of the orbital
ordering of electrons in the #,, bands. The influence of the cobalt-ion-induced charge ordering on the transport
and magnetic properties of sulfides has been studied. The calculated values of the temperatures corresponding
to the maxima of charge susceptibility, which are related to a competition between the on-site Coulomb inter-

action of holes in various subbands and their weak hybridization, agree well with the experimental data.
PACS numbers: 71.20.Nr, 71.27.+a, 73.43.Cd, 73.20.Fz, 73.50.Lw

DOI: 10.1134/S1063776108040158

1. INTRODUCTION

In recent years, a new direction of research and tech-
nology called spintronics has been extensively devel-
oped [1-3], which combines the advantages of energy-
independent magnetic memory devices and high-speed
electric data processing systems. The transformations of
electric signals in spintronics are performed using both
the charge state of electrons and their spin states, which
make possible the creation of important new spintronic
devices such as high-speed RAM in computers, novel
sensors, magnetic-to-optical signal converters, etc. In
connection with this, much attention has been devoted
to the creation and characterization of new magnetic
materials, which combine useful magnetic, electrical,
and optical properties related to features of the compo-
sition-dependent crystalline order and the electron
energy band structure. This class of substances includes
disordered systems, in which metal-insulator transition
(MIT) and the phenomenon of colossal magnetoresis-
tance (CMR) are observed [4-8]. Various groups of
compounds featuring MIT and CMR phenomena have
been extensively studied, including manganese oxides
(e.g., LaMnOj; type manganites) [8—12], europium chal-
cogenides [13], selenides (CdCr,Se, and HgCr,Se,) and
sulfides [14-19].

Cation-substituted sulfides of the Me Mn, _,S sys-
tems (Me = Cr, Fe) are also known to exhibit the MIT
and show a CMR whose magnitude is comparable to
that in manganites [20-25]. Monosulfide o.-MnS is an
antiferromagnet with a Néel temperature of 7= 150 K,
which crystallizes in a NaCl-type face-centered cubic
(fce) lattice. The magnetic structure of this compound
is characterized by a ferromagnetic ordering of the
magnetic moments of manganese ions in the (111) type
planes and an antiferromagnetic ordering between
these planes [26, 27]. The results of energy-band struc-
ture calculations performed for oi-MnS using the elec-
tron density functional method [28] showed a partial
occupation of the upper Hubbard 7,, and ¢, bands as a
result of the p—d hybridization between sulfur and man-
ganese ions. The conductivity due to electron states in
the 1,, and ¢, bands below the Fermi level has a hole
character, which is confirmed by the results of the
thermo emf and Hall effect measurements [29].
According to our calculations [30] a charge-density
wave existing in o-MnS can exhibit pinning when man-
ganese ions are replaced by other transition metal ions
capable of sufficiently strong hybridization with sulfur
anions. One possible substituent of this kind is a diva-
lent cobalt ion (Co**) whose 1,, shell needs only one
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Fig. 1. X-ray diffraction patterns of (a) Coy,Mn ¢S, (b)
Cog3Mn 7S, and (c) Coy 4Mn() ¢S measured at 7 = 300 K.

electron to be completely filled, which can be repre-
sented as a hole. The triple hole degeneracy in the ,,
shell can be removed under the action of a crystal field
induced by lattice distortions. By synthesizing solid
solutions of the Me Mn,_,S systems by means of
cobalt substitution for manganese and studying their
electrical and magnetic properties, it is possible to trace
the laws of variation of the conductivity type and mag-
netic order and open ways to the creation of new mate-
rials possessing special combinations of properties,
including MIT and CMR [4-8, 31-33].

Using reactions in evacuated quartz ampules, we
synthesized solid solutions of the Co Mn, _,S system
(0 £x<0.4) with a NaCl-type fcc lattice [34], in agree-
ment with the neutron diffraction data [35], showing
evidence for the stability and single-phase character of
the fcc structure of Co,Mn,_,S solid solutions. The
magnetic properties of the synthesized compounds
were studied by the ponderomotive technique in a field
of 8.6 kOe at temperatures in the 80—1000 K range [34].
The samples exhibited antiferromagnetic ordering with
a Néel temperature increasing from 7y = 150 K (for
x=0)to Ty = 196 K (for x = 0.4). The substitution of
cobalt for manganese in Co,Mn, _ S leads to a concen-
tration-driven semiconductor—semimetal phase transi-
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tion at x, = 0.4, involving a change in the type of con-
ductivity [36].

This work was aimed at studying the interrelated
magnetic and electrical properties of Co,Mn,_.S sul-
fides by a combination of theoretical and experimental
methods, including a complex study of the crystal
structure, resistivity, thermo emf, current—voltage char-
acteristics, magnetic susceptibility, and magnetization
in a broad range of temperatures (4.2-1000 K) and
magnetic fields (up to 70 kOe). Another goal was to elu-
cidate the mechanism by which the cobalt-ion-induced
charge ordering influences the transport and magnetic
properties of Co,Mn, _,S sulfides in the magnetically
ordered state.

2. EXPERIMENTAL METHODS AND RESULTS

The crystal structure of CoMn, _,S sulfides was
studied at 7= 300 K by X-ray diffraction on a DRON-3
diffractometer using monochromated Cuk,, radiation.
X-ray diffraction measurements were performed on the
samples before and after investigation of the tempera-
ture dependences of the magnetic susceptibility y(7),
resistivity p(7), and thermo emf ou(7).

According to the results of the X-ray structure anal-
ysis, the samples of Co,Mn, _,S sulfides with 0 < x <
0.4 possess a NaCl-type fcc lattice, which is also inher-
ent in o--MnS [34, 36]. As the degree of cationic substi-
tution (x) is increased, the lattice parameter exhibits a
linear decrease from about 5.222 A (x = 0) to 5.204 A
(x =0.4), which is evidence for the formation of contin-
uous solid solutions based on a-MnS. Figure 1 shows
typical X-ray diffraction patterns of various samples.

The resistivity and thermo emf were studied using
the conventional direct-current four-point-probe com-
pensation technique in a temperature range of 7'= 80—
1000 K in the absence of magnetic field. The tempera-
ture dependence of the resistivity was also measured on
the samples cooled in a zero electric field and in a field
of E = 140 V/cm in a temperature range of 7 = 4.2—
100 K. The magnetic properties of samples were stud-
ied using a SQUID magnetometer in a magnetic field of
H = 0.5 kOe and using a vibrating-sample magnetome-
ter with a superconducting coil in magnetic fields H <
70 kOe in a temperature range of 7'=4.2-100 K.

The samples of Co,Mn, _.S sulfides exhibited hys-
teresis of the magnetization at low temperatures (7 <
50 K) in a field of 0.5 kOe (Fig. 2). Under these condi-
tions, the magnetization varied by a factor of about
Orc/Ozrc ~ 2, where G and G5 are the values of mag-
netization measured on cooling the sample in an
applied magnetic field (field cooling, FC) and in the
absence of magnetic field (zero field cooling, ZFC),
respectively. As can be seen, the composition with x =
0.05 is characterized by a quite large magnetization:
6 ~ 0.8 G cm¥/g up to a temperature of 120 K in a field
of 0.5 kOe (Fig. 2b).
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Fig. 2. Temperature dependences of the magnetization of
(a) COO'02MH0V988, (b) C00'05Mn0_955, and (C) C00'3Mn0.7S
measured on cooling (/) in a magnetic field of H = 0.5 kOe
(field cooling, FC) ad (2) in a zero magnetic field (zero-field
cooling, ZFC).

In the domain of magnetic ordering (at temperatures
T < Ty), the antiferromagnetic Co,Mn, _,S solid solu-
tion exhibit the formation of a spontaneous magnetic
moment. This is confirmed by the presence of hystere-
sis in the magnetization curve 6(H) (Figs. 3 and 4). For
a composition with x = 0.05, the spontaneous magnetic
moment appears at a critical temperature of 7, < 120 K
(Fig. 3). As the cobalt concentration (x) is increased, the
critical temperature (7,) for the appearance of a sponta-
neous magnetic moment decreases and attains 7, ~
50 K for x = 0.3 (Fig. 4a). The temperature hysteresis of
magnetization observed on cooling of this sample both
in the ZFC and FC (10 kOe) regimes exhibits correla-
tion with the hysteresis of resistivity measured on heat-
ing and cooling of the sample in the zero magnetic field
(Fig. 4a).

The measurements of resistivity for CoMn,;_.,S
solid solutions were performed in a temperature range
of 80-1000 K. The temperature dependences of
log p(10%/T) for the compositions with x < 0.3 are indic-
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Fig. 3. Hysteresis in the magnetization in Cog ysMn 95S at
T=42K(a), 115 K (b), and 130 K (c).

ative of a semiconductor character of conduction, with
a resistivity of p ~ 10° Q cm (x = 0.3) at 7 = 80 K
(Fig. 5). The temperature-dependent behavior of the
resistivity of these sulfides, plotted as logp(10%/T), can
be approximated by three steps with plateaus in the
temperature intervals of AT, = 200-270 K and AT, =
530-670 K and at 75 ~ Ty. In the region of T = Ty, the
samples with cobalt concentrations x = 0.02-0.30
exhibit an insulator—semiconductor anomaly, in which
the conductivity activation energy changes, for exam-
ple, from 0.01 eV (below Ty) to 0.14 eV (above Ty) for
x = 0.3. In a temperature interval of 80-600 K, these
compositions exhibit extrinsic (impurity) conduction,
while the region of 7> 600 K corresponds to the intrin-
sic conduction (Fig. 5). The bandgap width AE deter-
mined from the slope of the linear part of the logp(1/7)
plot above T'= 600 K changes from 1.46 eV for o-MnS
(x=0) to 0.42 eV for CoMn, _ S with x = 0.3.

Figure 6 shows the temperature dependences of the
thermo emf (Seebeck coefficient) o7) for various
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Fig. 4. Hysteresis in the electrical and magnetic properties
of Cog 3Mn();S: (a) Temperature dependences of the mag-

netization in a field of H = 10 kOe measured upon ZFC and
FC (left-hand scale) and the resistivity measured at H =0 in
the heating and cooling regimes (right-hand scale); (b) iso-
therms of magnetization at 7= 4.2 K.

Co,Mn, _,S compounds with 0 < x < 0.3. The o(7)
curve obtained for a-MnS (Fig. 6a) coincides with the
dependence reported by Heikens et al. [29]. The posi-
tive sign oi(7) of the thermo emf in this case is indica-
tive of the hole-type conductivity in «o-MnS. The
thermo emf in Co,Mn, _,S with 0 <x <0.3 is also pos-
itive (o0 > 0) and decreases with increasing cobalt con-
tent. Indeed, o reaches 1200 WV/K in Cog ,Mng ¢S at
T = 650-700 K and decreases below 100 uV/K for
Co,3Mny ;S in the same temperature interval. The max-
imum values of o for the compositions with x = 0.2-0.3
are observed in the temperature interval of 200-270 K.
Further increase in the cobalt content leads to a sharp
drop in the thermo emf.
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Figure 7 shows for x = 0.3 the results of resistance
measurements in the low-temperature region (4.2—
100 K) for a sample initially cooled in a zero electric
field and then heated and cooled in a field of E =
140 V/cm. As can be seen, the resistance exhibits a hys-
teresis. It was established that the magnitude of this
hysteresis depended on the sample prehistory. Analo-
gous features were also manifested in the current—volt-
age (I-U) characteristics of these samples. Figure 8 pre-
sents the /-U characteristics measured in a zero mag-
netic field, which show that the curves obtained in the
regimes of increasing and decreasing bias voltage do
not coincide with each other. The hysteresis virtually
disappears at 7 ~ 80 K and in the presence of a strong
magnetic field (about 60 kOe).

3. THEORETICAL MODEL

According to the results of X-ray structure analysis,
Co,Mn, _ S solid solutions possess a NaCl type cubic
crystal symmetry. As the cobalt content is increased to
x = 0.2, the effective exchange field exhibits a 10%
increase, while the resistance decreases by the same
amount. The results of the electron density functional
calculations [28] showed that a-MnS exhibits redistri-
bution of the electron density as a result of the hybrid-
Vol. 106
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Fig. 6. Temperature dependences of the thermo emf for (a)
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ization between sulfur and manganese ions. A sche-
matic diagram of the electron density of states was also
presented in [28].

Electrostatic interaction of an excess charge
removes the double and triple degeneracy of the #,, and
e, bands in the field of cubic symmetry and leads to a
local and global breakage of this symmetry. The
exchange interaction of electrons on various orbitals is
much weaker than the Coulomb interaction between
these electrons (J/U ~ 0.2) and, hence, can be ignored.
Below, we also ignore the hybridization of the 7,, and e,
bands caused by a strong crystal field (about 2 eV).

Let us consider the motion of charge carriers only in
the upper Hubbard band within the framework of an
effective model with spinless fermions. The concentra-
tion of carriers in this band is proportional to the content
of cobalt ions, which have a single hole in the 7,, band in
the octahedral environment. In the virtual crystal approx-
imation, the Hamiltonian has the following form:

_ oo of ¢
H, = - zti,jai(xaja_ 2 I jaiga;s—Wn

i, Jj, O ij,o>p
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+ 2 Un;ongg,

ha>p
(1)
_ oo+ of ¢
H, ==Y 5ciCia= Y, 1iiCiaCip—Hn
i, j, o i, j,oa>p
+ 2 Un;ongg,

i,o>P
where a;qp, is the operator of electron annihilation in
by, () SUbbands (oUB) = xy, yz, 2x), Ciqp, is the operator
of electron annihilation in e, g subbands (o) = x* —
y%, 32> — r?), W is the chemical potential, n; are the on-

site hole occupation numbers, and tf“; is the hopping

integral. Equations for the Green’s functions are
derived and the excitation spectrum is calculated as

described elsewhere [30]. The hopping integral tfx(]x is
inversely proportional to the lattice parameter @ and can
be expressed as f o< 1/a", where the exponent 7y varies
according to various estimates within 3—4. As cobalt is
substituted for manganese, the change in the lattice
parameter amounts to a, _ 3/d =gy = 0.997, while the
change in the hopping integral as a result of doping
amounts to several percent. For this reason, we ignore

the variation of t,a? in Co,Mn, _,S solid solutions in

comparison to that in @-MnS [30] and take into account
only the change in the charge carrier concentration 7.

4. DISCUSSION OF EXPERIMENTAL RESULTS

The presence of anomalies in the temperature
dependence of the conductivity, which appear as steps
Vol. 106
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curve 2.

with plateaus in the AT, and AT, intervals (Fig. 5), and
the maximum of thermo emf in the region of 7'= 250-
270 K (Fig. 6) correlates with changes in the electron
density N, at the level of the chemical potential. Calcu-
lations ofH the temperature dependence of N, revealed
features manifested as a change in the slope dN,/dT in
the regions of AT, and AT),, which is analogous to those
observed for o--MnS [30]. On heating of a sample, the
redistribution of electron density over subbands as a
result of the hybridization of d,, d,,, d,, orbitals leads
to changes in the 1nterorb1taiy Coulomb interaction
between particles and in the quasi-gap width, which
significantly influences the temperature dependence of
the conductivity. Calculations of the thermodynamic
potential show a change in the occupation numbers 7,
(au=1,2,3)overd,,d,, d, subbands. Indeed, for 7>
AT,, the thermodynamic potentlal exhibits a minimum
at n; = n, = ny = n/3, while for T < AT}, a minimum is
attained at n; =n, =0, ny = n.

The charge susceptibility of holes calculated as

ZdN(k) )

k

has two maxima in the ,, band and one maximum in
the ¢, band (Fig. 9). Theoretical calculations of the
charge susceptibility performed for the parameters of
the model [30] showed that this quantity has maxima in
the temperature intervals A7, = 250-270 K and AT, =
470-520 K, which leads to the formation of an orbital
magnetic order.

If the nearest environment of a Co?* ion contains
only manganese ions, then the difference in the elec-
tronegativity of manganese and cobalt ions leads to a
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Fig. 9. Temperature dependence of the difference between

. o -1 ..
the inverse charge susceptibility ), and the minimum

inverse susceptibility Xglmin determined at A7, for in
CoMn,; _ S (x =0.2) in the (1) Iyg and (2) e, bands. The
inset shows plots of the temperatures (/) AT} and (2) AT, of

the maximum charge susceptibility versus cobalt concentra-
tion x (empty symbols show theoretical values, solid sym-
bols represent experimental data).

change in the electron density at one of the neighboring
Mn?* jons, as well as in the length of a covalent Co—-S—
Mn bond, which is related to the hybridization of orbit-
als d,—p~d, and d,p~d,. One possible physical
mechanism consists in the intraatomic Coulomb repul-
sion of electrons on the same orbital in the 7,, state of
Co?. A change in the Co-Mn distance in the cubic
crystal is degenerate with respect to the direction and
leads to the removal of degeneracy with respect to the
orbital moment on Mn*@-9 jons, where & is the effec-
tive charge induced by the electron transfer from cobalt
ions. The application of an external field (electric or
magnetic) removes the degeneracy with respect to the
direction of hybridization of the Co—-Mn bonds. Cool-
ing of the sample in an external magnetic field leads to
ferromagnetic ordering of the orbitals and to the
appearance of spontaneous magnetization. The concen-
tration dependence of the normalized magnetization
satisfactorily agrees with theoretical calculations using
a model in which a Co?* ion has only manganese ions
in the nearest environment. The concentration of such
clusters involving one cobalt ion and the surrounding
manganese ions is § = Zx(1 — x)?~ !, where Z is the num-
ber of nearest neighbors in the fcc lattice (Z = 12). The
reduced magnetization of the orbital moment in the
molecular field approximation is proportional to ¢ =
M/(NgugL) = B (hLE), where h is the molecular field
created by the orbital moments, § is the concentration
of these moments, and B, is the Brillouin function with
the orbital moment L = 1.
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The ferromagnetic ordering and the formation of a
spontaneous moment in Co,Mn, _ S solid solutions is
confirmed by the hysteresis loop observed in the mag-
netization curve 6(H) (Fig. 3), which disappears at 7>
120 K. An additional increase in the magnetization at
T = 15-20 K is caused by the spin—orbit splitting of
electron levels on the manganese ions, the magnitude of
which for Mn?* amounts to A = 88 cm™! [37] and leads
to an increase in the total magnetic moment. The inter-
action of orbitals via the lattice in the molecular field
approximation can be evaluated by expanding the Bril-
louin function into series with respect to the exchange
field 4 (a small parameter) in the vicinity of the temper-
ature of formation of the spontaneous moment, which
is given by the relation

1
T. = 3/l QL(L+1)E
| 3)
= L+ 1) (@) Zx(1 - 04
The quantity J.4 obeys the relation

Jir(Q) ~ £(0)/0(Q),

where g(Q) is the parameter describing a change in the
hopping integral caused by deformation of the lattice
and ®(Q) is the phonon frequency [38]. In the proposed
model, changes in the phonon frequency and in the
hopping integral upon the substitution of cobalt for
manganese are ignored, which implies that the parame-
ter of interaction between the orbital moments remains
constant. A change in the temperature of formation of
the spontaneous moment is related only to the cobalt
ions and is determined from the relation T.(x)/T,, . =

Zx(1 —x)*~ !, where T ,,, is the maximum critical tem-
perature that is observed for x = 0.05 according to
experimental data and for x = 0.07 according to the
results of calculations. The theoretical and experimen-
tal values of the normalized temperature at which the
spontaneous magnetic moment is formed are in a qual-

itative agreement (Fig. 10).

The application of an external electric field (Fig. 7)
also removes the degeneracy with respect to the direc-
tion of hybridization of the Co—S—Mn bonds. The den-
sity of overlap of the d_, — p, orbitals in the field E is

E.~ Ej(xzzz) /r*dr. The hopping integral increases as

t.= Ei /(g,—¢€,), where €, and €, are the energies of lev-
els for the p and d orbitals. This leads to a decrease in

the resistivity since p ~ 1/ AJe, where € is the kinetic
energy of carriers. This mechanism explains the hyster-
esis in the temperature dependence of the resistance
measured on heating and cooling below 50 K. Accord-
ing to the results of calculations performed for a carrier
concentration of 10', the critical voltage V, for the
onset of hysteresis in the current—voltage characteristic
(Fig. 8) corresponds (with respect to the energy) to a
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spontaneous magnetic moment formation 7.(x) normalized
to the maximum value T 1, Which is determined at x =
0.05 for experimental data (points) and at x = 0.07 for theo-
retical calculations (solid curve).

Debye temperature of © = 240 K, at which the orbital
structure of manganese ions exhibits rearrangement.

5. CONCLUSIONS

We have studied the magnetic state of Co,Mn, _,S
sulfides in the antiferromagnetic phase and determined
the influence of the cobalt-ion-induced charge ordering
on the transport and magnetic properties of these solid
solutions. Upon the substitution of cobalt for manga-
nese, the charge density wave exhibits pinning on the
impurity levels of cobalt in the temperature intervals
AT, =200-270 K and AT, = 530-670 K. This explains
the anomalous behavior of the conductivity and thermo
emf observed in the indicated intervals.

A correlation between the magnetic and transport
properties is established, which is confirmed by the
manifestations of hysteresis in the magnetization and
resistance in the same temperature interval and by the
disappearance of hysteresis in the current—voltage char-
acteristic under the action of an external magnetic field.

In the domain of magnetic ordering at temperatures
below the Néel temperature (7y), the formation of a
spontaneous magnetic moment in antiferromagnetic
CoMn, _,S sulfides has been observed for the first
time. The appearance of a ferromagnetic orbital order
in these solid solutions is related to the removal of
degeneracy of the hybridized the Co—S—Mn bonds in
the cubic lattice upon a decrease in the temperature.
The degeneracy of the hybridized d,g—p,, bonds is also
removed by the external electric and magnetic fields,
which leads to the appearance of hysteresis.
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