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The electric and magnetic properties of anion-substituted
antiferromagnetic MnSe; _,Te, (0.1 <x < 0.4) semiconductors
in the 77-700 K temperature range and magnetic fields under
1T are studied. In the MnSe;_,Te, solid solutions, negative
magnetoresistance in the vicinity of the Néel temperature for
x=0.1 and for composition with x=0.2 in the paramagnetic
range below 270K is revealed. A dependence of the magnetic

1 Introduction Chalcogenides are widely used in
technical devices and the chemical engineering industry,
primarily because they provide almost all known types
of magnetic ordering and electrical conductivity. Many
chalcogenides are good model systems for technical
devices based on the physical phenomena such as metal—
insulator transition and the magnetoresistance effect
[1-3]. Manganese oxide compounds (LaMnOs;-type
manganites) [4-8], europium chalcogenides, CdCr,Sey,
Cd,_Mn_Te,_,Se,, HgCr,Se, selenides, and sulfides
[9-13] are intensively studied. In sulfide systems
MeMn;_,S (Me=3d, 4f metal), the metal-insulator
transition and a colossal magnetoresistance (GMR) effect
are revealed. The value of GMR is comparable to that of
manganites [14-17].

The manganese chalcogenides MnSe and MnTe are
antiferromagnetic (AFM) compounds with transition tem-
perature increasing with molecular weight [18-20]. Man-
ganese monoselenide, MnSe, manifests a structural phase
transition from a cubic phase to an NiAs structure in the
248 K < T < 266K temperature range [21], and the phases
coexistence in the sample are observed below a temperature
of 248 K. The magnetic phase-transition temperature, as
derived from neutron diffraction studies [22], is Ty = 135K
for MnSe in the cubic modification, while in the hexagonal
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susceptibility versus the prehistory of the samples is found.
The model of localized spin-polarized electrons with the
localization radius depending on the magnetic field is proposed
for x=0.1. In the paramagnetic range, the negative magneto-
resistance and the behavior of magnetic moment are a result of
orbital glass formation.
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NiAs phase it coincides with the temperature of the
structural transition 75~ 270 K.

On the other hand, MnTe crystallizes in hexagonal
NiAs type structure with metallic conductivity [20, 23, 24].
Antiferromagnetic MnTe consists of ferromagnetically
ordered spins in the planes, which are oriented anti-
ferromagnetically along the hexagonal axis. The spins are
located in the basal plane and have easy-plane anisotropy
with the Néel temperature T=310K [25]. The rise in
susceptibility below 83K could be explained to be due
to a magnetoelastic coupling that strengthens intraplanar
ferromagnetic interactions relative to interplanar anti-
ferromagnetic interactions [26].

The electronic structure of MnB ! (BVI =3, Se, Te) has
been investigated by using the LDA + U method [27]. All
these MnB"Y' compounds have semiconducting electronic
structure in the antiferromagnetic phase. The character of
each energy gap is on the crossroads between charge-
transfer-type insulators and band insulators. The LDA + U
method yields enhanced energy gaps and magnetic
moments, as compared to those of the LDA calculation
in agreement with experimental. The energy gap in the
spectrum of single-particle electron exitations is 2.0-2.5eV
for MnSe and 0.9-1.3eV for MnTe. Manganese chalco-
genides reveal p-type conductivity. The magnetoresistance
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effect in the magnetically ordered cubic phase MnSe is
revealed near the Néel temperature with the specific
electrical resistivity value p= 10-10*Qcm [28]. Reduc-
tion of the bond length of the Mn-Te metal-anion,
according to theoretical calculations of the band struc-
ture [19], induces a change in crystal structure from cubic to
hexagonal type with antiferromagnetic ordering type and
a binding energy per Mn-Te pair Ezp = —0.31¢eV/bond
with bond length R\p=2.70 A and with ferromagnetic
ordering Ezg = —0.51eV/bond with Rp=2.71 A. The
lattice constant a = 0.546 nm in MnSe with NaCl structure is
also decreased on cooling. The thermal expansion co-
efficient is 2.4 x 107> 1/K for x=0.2 [29]. On cooling the
constant lattice is decreased and tends to a =0.542nm at
the Néel temperature. So, the substitution of selenium by
tellurium at low concentrations may lead to the formation of
ferromagnetic Mn—Te—Mn bonds.

The current carrier is a spin polaron that is localized
below the Néel temperature and the conductivity depends on
the spin polarization of localized electrons. The change
in the transport properties from semiconductor to metal
is possible near to room temperature in solid-solution
MnSe, _,Te,. Therefore, the appearance of the magneto-
resistive effect in anion-substituted MnSe;_,Te, solid
solutions can be expected. Substitution of selenium by
tellurium leads to suppression of the hexagonal phase
and to a single-phase state of the MnSe,_,Te, system with
FCC structure by Fm3m (225) space group [30] in the
120K < T< 300K temperature range for compounds with
0.1<x<04 [29]. Random local deformations of the
lattice induce a change in the electronic structure and in
conductivity with hopping type, together with magnetic
property changes.

The aim of this work is the detection of the magneto-
resistive effect and to shed light on the microscopic
mechanism of the magnetic-field influence on the transport
properties of MnSe;_,Te, (0.1 <x<0.4) solid solutions
by the comprehensive study of the electrical resistivity
and magnetic properties and the current—voltage character-
istics as a function of temperature, magnetic field, and
concentration.

2 Experimental results and discussion The syn-
thesis of samples in the MnSe;_,Te, (0 <x <0.4) system,
with a step in concentration of x=0.1, was performed by
the solid-phase reaction method described in Ref. [29] using
a step mode. The samples were prepared from powders of
electrolytic manganese, with a special purification of the
lobes before grinding, as well as selenium and tellurium of
special purity grade. The X-ray diffraction patterns of
powders of the studied compositions were obtained at room
temperature using Cu Ka radiation in the point-by-point
measurement mode: the time of collection of information
at the point was t=3s, and the angular scan step was
A26=0.03°. X-ray studies show that the anion replacement
in the MnSe; ,Te, system with increase in the tellurium
concentration leads to an appreciable change of diffraction
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reflections intensity toward reduction. Smooth displacement
of reflections (422), (420), (331), (400) angular positions on
the wide 26 angles toward smaller values is observed that
testifies to an increase in the elementary cell sizes. The
reduction of the diffraction reflections intensity on X-ray
patterns, most likely, is connected by the fact that the solid-
solution formation at replacement especially in anion
sublattice is accompanied by essential crystal distortions
and growth of cubic structure disorder of the Fm3m (225)
space group. Despite this, a linear increase of parameter a
and an elementary crystal cell of samples with increase
in the tellurium concentration allows us to draw a
conclusion that in the 0 <x<0.4 concentration range in
the MnSe;_,Te, system exist solid solutions with space
group Fm3m (225) structure. The dependence of elementary
cell parameter a of MnSe, _,Te, samples on x concentration
is presented in Fig. 1.

Resistivity measurements were carried out by the
standard four compensation methods at constant current in
the 77-300 K temperature range in magnetic fieldsup to 1 T.
The temperature-dependent conductivity of the MnSe; _, Te,
solid solutions is presented in Fig. 2. All compositions
(0<x<0.4) reveal the conductivity typical for semi-
conductors. At T < Ty there is a deviation from the linear
Ino =Inoy — AE/T dependence. The activation energy AE
determined from the slope of the linear part of conductivity
is equal to AE~0.07-0.09¢eV and weakly dependent on
the composition of these samples.

The influence of magnetic field on the transport
properties was investigated by two methods. First, the
temperature dependence of the resistance of MnSe,_,Te,
solid solutions was measured both in the magnetic field, and
in its absence. Secondly, at a fixed temperature the current—
voltage characteristics in a zero magnetic field and in the
field H=1T were studied. Figure 3 presents the current—
voltage characteristics for MnSe, _,Te, manganese chalco-
genides with x =0.1 at temperatures of 100, 140, and 190 K.
The dependences U() are linear and do not depend on the
magnetic field at T=100K. It was established that the
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Figure 1 Dependence of elementary cell parameter for the
MnSe, _,Te, system.
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Figure 2 The temperature dependence of the conduction for
MnSe; _,Te, solid solutions withx=0 (1), 0.1 (2), 0.2 (3), 0.3 (4),
0.4 (5).

resistance of the samples decreases in a magnetic field and
the greatest change, of the order of 100% was detected in
the vicinity of the Néel temperature for composition with
x=0.1 (Fig. 4). Decreasing resistance was found in the
paramagnetic range at 160 K <7< 270K above the Néel
temperature for concentration x=0.2 (Fig. 4b). The
magnetoresistance Sy = (p(H) — p(0))/p(0) in MnSe;_,Te,
was not revealed for higher concentrations. The inset in
Fig. 4 shows the temperature dependence of the magneto-
resistance for monoselenide manganese in a magnetic field
of 0.45 T. For MnSe the magnetoresistive effect is observed
at temperatures below the Néel temperature [21]. The
temperature dependence of the resistivity for compounds
MnTe in different magnetic fields (H=0, 1, 1.5 T) does not
establish the magnetic-field influence on the electrical
resistivity. Measurement of the samples magnetic moment
was carried out in a magnetic field of 0.86T in the
80K < T'< 700 K temperature range in two ways: cooling in
zero magnetic field (ZFC) and cooling in a magnetic field
(FC) H=0.86T (Fig. 5). The slight growth in magnetization
at T=340K was caused by the formation of nanoareas of a
hexagonal phase that is not defined by X-ray methods and
disappears on annealing for x=0.1.

Magnetization of a sample cooling in a magnetic field
has a smaller value than that of a sample cooling in a zero
field. The relative changes of the magnetic moment
v = (Mgc — Mzgc)/Mzgc are shown in Fig. 5 (inset) and
are in qualitative agreement with the temperature behavior
of the magnetoresistance. For x = 0.1, the relative change of
the magnetic moment defined without accounting for the
magnetic contribution from the hexagonal phase is
increased sharply in the vicinity of the Néel temperature
and is decreased in absolute value at 7=210K, where
the magnetoresistance disappears. Quantitative agreement
between the temperature dependence of the relative change
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Figure 3 Current—voltage characteristics of the MnSepqoTeq
solid solution in magnetic field H=1T (2) and in zero magnetic
field (1) at different temperatures 7: 100 K (a), 140 K (b), 190 K (c).

of the moment and magnetoresistance versus the temper-
ature is observed for composition with x=0.2.

The temperature dependences of the susceptibility [29]
exhibit maxima that are associated with an antiferromag-
netic phase transition in the MnSe,_,Te, compounds. The
Néel temperature of the samples smoothly decreases from
132K for MnSe¢Teq ; to 118 K for MnSeq ¢Teq 4 (Fig. 6).
The paramagnetic Curie temperature (0), determined from
the high-temperature region of the inverse susceptibility, is
also decreased with increasing tellurium concentration
(Fig. 6). MnSe has a second type of magnetic ordering,
where the magnetic transition temperature Ty is determined
by the exchange interaction in the second coordination
sphere (J) Tn=2/35(S+ 1)Z,J, (Z,=6). The paramag-
netic Curie temperature is determined by two exchanges J5,
J1 is exchange between nearest-neighbor exchange and the
form is 6 =2/3S(S+ 1)[Z,J, + Z,J>]. Substitution of sele-
nium by tellurium leads to change in three bonds (J5).
The Néel temperature for MnSe;_,Te, compounds can be
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Figure 4 Magnetoresistance 8y = (p(H)—p(0))/p(0) temperature
dependence of the MnSe; _,Te, chalcogenides with x=0.1(1) (a)
and 0.2(2) (b) under H=1T. Fitting functions for concentration
x=0.1(3) from Eq. (1) under H=0.8 T, B=0.13 T~ ' in the region
T>Ty, and B=0.05T ! in T< Ty; for x=0.2(4) from Eq. (5)
with parameters 7, =280K, T#*=160K, n=2/3, A=0.1, con-
centration of clusters x = 0.08. Inset: The temperature dependence
of the magnetoresistance for MnSe.

written as Tn(x) = 2/35(S + 1)[3J5 se(1—x) 4 3J2 1ex + 3J2 sl
for small concentration x < 1. As aresult of the independence
of the Néel temperature on concentration for x =0and x= 0.1
the exchange interaction in the second coordination sphere
does not change on substitution.

For small concentrations, the paramagnetic Curie
temperature can be represented as 6=2/35(S+ D{Z;[J; se
(1=x) + Jy 1e X1+ Z5J>}. The normalized dependence 6(x)/
6(MnSe) = 1-0.5x(1-J; 1e/J1 se) is used to determine the
sign of the exchange J,(Mn-Te-Mn) = -0.1J;(Mn—Se—Mn)
(see Fig. 6).

3 Theoretical model Anionic substitution induces
the chemical pressure that leads to an increase in the
octahedron crystal field as a result of the difference in the ionic
radii of selenium and tellurium. The growth of the crystal-field
splitting gives rise to rearrangement of the electron density
between t,, and e, orbitals, i.e., to the transition of electrons
from e, orbital to #,, orbital and to a change in the spin state of
the manganese ions in the vicinity of tellurium ions at low
concentrations. The sign of the exchange interactions will
change, as a result of the appearance of the kinetic exchange in
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Figure 5 The temperature dependence of the magnetization:
(1) cooling at zero magnetic field (ZFC) and (2) measured on
cooling of samples in a magnetic field of 0.8T (FC) for
composition x=0.1 (a) and x=0.2 (b). Inset: The temperature
dependence of the relative change of the magnetic moment
dm = (Mgc—Mzrc)! Mzgc for the same compositions.

the electron subsystem. Distortion of the octahedron induces
the splitting of ,, orbitals with different orbital momentum
projection + L* on the selected axis. Orbital ordering can
cause condensation of the polar mode, for example, an
octahedral rotation mode in the 200-250 K temperature range.
To explain the experimental results we suppose formation of
ferromagnetic clusters in the vicinity of tellurium ions with

(/0 Vnsey TN TN(MnSe)

0,7 -5 T T T T T T T
0,0 0,1 0,2 0,3 0.4

X

Figure 6 Concentration dependence of the paramagnetic Curie
temperature (1) and Néel temperature (2).
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random orientation of the anisotropy axes and orbital
moments. Two temperature ranges can be chosen in
MnSe; _,Te, solid solution for x=0.1 in the vicinity of the
Néel temperature and for x = 0.2 in the paramagnetic region
above the Néel temperature. For composition with x=0.1,
the current carriers are spin-polaron or ferron. In this case
the resistivity derivative dR/dT has a maximum near the
Néel temperature. The ferron states in antiferromagnetic
semiconductors are stabilized by the electron-induced polar-
ization of the ionic crystal lattice [4]. An electron captured
by a ferromagnetic microregion polarizes the lattice much
more strongly than a free electron and the process reduces
the electron energy. The electron—phonon interaction
is double the ferron stability. A ferron may exist in a
paramagnetic phase at temperatures considerably higher than
the Néel temperature.

A competition between electron kinetic energy, polar-
ization of the ionic lattice, and antiferromagnetic exchange
interaction of localized spins causes the change in the
electron localization radius on temperature.

Magnetoresistance in semiconductors, the conductivity
of which is described in the model with variable-range
hopping, has an exponential dependence

p(H) = p(0) _
0 exp(—BH§) — 1

e [ BH } 1
f— X _—— JR— s
T

where B is a parameter, H is the external magnetic field,
&€ =1/|1 — T/Tx| is the radius of the electron localization
[31-34]. Experimental data on the magnetoresistance are
satisfactorily described in the framework of this model with
field H=0.8 T and parameter B=0.13 T ! for T> T, and
B=0.05T"" in the magnetically ordered region. Fitting
functions are shown in Fig. 4 .

For composition x=0.2 the ferromagnetic exchange
value is much smaller than the antiferromagnetic interaction
one and electrons are localized within the lattice constant
in the potential wells, the width of which is fixed and the
potential barrier depends on the temperature. In this case
the model of spin-polarized electron tunneling between
potential wells may be used:

pH) -p0) 1
0(0) 1 + xPP;cosf

(1)

(2)

where x is the concentration of wells, Py, is the electron
polarization degree, 6 is the angle between the axes of
electron polarizations. Spin-polarization of electrons is
due to orbital ordering. Assume that the polarization values
P, , for all clusters are equal and disappear at the orbital
ordering temperature 7, according to the power law
Piy = Po(1 = T/Ty)""*.

For a qualitative understanding of the processes of
electron tunneling between clusters, the polarization axes of
which are in the range of angles 0 <6 <, will consider a

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

simple model. In this model, the anisotropy field H, is
orthogonal to an external magnetic field.

As a result of competition between the Zeeman
interaction and anisotropy field, the electron spin (polar-
ization direction) will be turned in the direction of the
external magnetic field with increasing temperature. The
correlation between the spins is determined by the orbital
moments. The magnetic system energy is given by

E = —SHcosf — SHcos(y — 6), (3)
where H , is the anisotropy field, and y is the angle between
the external magnetic field and the anisotropy field. The
minimum energy is achieved at an angle:

cosf = 1/\/(1 + Hsin’y/(H + HAcosy)z). 4)
The anisotropy field decreases on heating as a power law
Hx=K(-T/T*)", where T* is the temperature at which
the anisotropy field associated with rhombic distortion
disappears. The ratio of magnetic field to the anisotropy
constant is denoted by 2 = H/K. Then, the dependence of the
magnetoresistance versus temperature is represented as

p(H) — p(0) _ 1
p(0) xP3(1 —T/Ty)"?

+
\/1 +(1=T/T*)* /7

(5)
1

In Fig. 4b, function (5) describes well the experimental
results with parameters T, =280K, T*=160K, n=2/3,
A =0.1; concentration of clusters is x = 0.08. The model of
electron tunneling between degenerate orbital states
explains the magnetoresistance.

The temperature behavior of magnetic susceptibility
versus the prehistory of the sample is explained in terms of
an orbital glass model. In the presence of the spin and orbital
moments interacting by means of a lattice, it is necessary to
consider the interaction between them as

H==>"JsSS — > 4In(SiS)(LiL)

- ZJL(LiLj)a (6)

where Jg is the magnetic exchange interaction, Jy, is the
interaction between spin and orbital moments, and Ji is
the parameter of interaction between orbital moments. The
effective integral of magnetic exchange Jgs depends on the
orbital correlation J = Jg +4J(L:L;). The orbital corre-
lator is increased on cooling in the vicinity of temperature of
orbital ordering and correlator is raised also in orbital glass
under a magnetic field. The magnetic susceptibility of
antiferromagnetic is the inverse of exchange interaction
x~1/J and enhancement of orbital correlation in a
magnetic field leads to the decrease of magnetic
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Figure 7 Temperature dependences of the spin susceptibility
calculated by Eq. (6) using the parameters Js=-135K, J,=
~50K, My =my (1-T/Tp)*>, Ty =210 K, my =0 (3), 0.1 (2), 0.2(1).
Inset shows the relative change of the spin susceptibility (xs(m)—
xs(0))/xs(0) for my =0.1 (1) and 0.2 (2).

susceptibility in orbital glass at Jg <0, J,, <0. The total
susceptibility can be represented as x = xs-+ xo+ Xso»
where xs is the magnetic susceptibility of localized spins
and xo and xso are the orbital and mixed susceptibilities,
respectively.

Below the temperature of the transition to the
orbitally ordered state, the spin and mixed susceptibilities
do not obey the Curie-Weiss law and depend on the
orbital ordering parameter M; whose temperature
dependence is described by the power-law function.
The spin susceptibility at the wave vector of the structure
has the form [35]:

_ T +Jm(Q)/[4(1 — 4M7)]
T? + 2 [Jm(Q) — Js(Q)] — 9/ [4JmJs(1 — M)’
(7)

xs(Q)

where J,, is the Fourier transform of the exchange integral
characterizing the exchange interaction between spin and
orbital moments and Jg(Q) is the exchange integral
between spins at wave vector Q =m. The spin suscept-
ibility xg is presented in Fig. 7 on the assumption that MI%
is proportional to the correlator (L;L;) that is decreased
versus temperature by the power law.

4 Conclusion A magnetoresistance effect of about
100% in the vicinity of the Néel temperature was found in
the antiferromagnetic semiconductor MnSe;_,Te, at the
substitution concentration x =0.1. The resistance decreas-
ing in a magnetic field is associated with the increase in
the electron localization radius in the potential wells. For
x=0.2, a negative magnetoresistance effect in the para-
magnetic state, caused by tunneling of the spin-polarized
electrons between the orbital states with random orientation
orbital moments that are lifted by the external magnetic
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field, was found. The change of the spin susceptibility in
paramagnetic state on cooling of samples in a magnetic field
and cooling in zero magnetic fields was found. Such
behavior of magnetization is associated with orbital glass
arising at high temperature. A correlation between the
temperature behaviors of the magnetization and the
magnetoresistance of samples was established.
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