Physics of the Solid State, Vol. 46, No. 11, 2004, pp. 2067-2072. Translated from Fizika Tverdogo Tela, Vol. 46, No. 11, 2004, pp. 2000-2005.
Original Russian Text Copyright © 2004 by Aplesnin, Ryabinkina, Abramova, Romanova, Kiselev, Bovina.

MAGNETISM

AND FERROELECTRICITY

Spin-Dependent Transport in a-MnS Single Crystals

S. S. Aplesnin, L. I. Ryabinkina, G. M. Abramova, O. B. Romanova,
N.I. Kiselev, and A. F. Bovina
Kirensky Institute of Physics, Sberian Division, Russian Academy of Sciences,
Akademgorodok, Krasnoyar sk, 660036 Russia
e-mail: lir@iph.krasn.ru
Received January 29, 2004

Abstract—The electrical resistivity of single crystal a-MnSin crystallographic directions[111] and [100] was
found to be anisotropic in the temperature interval 77-300 K. The change in activation energy below the Néel
temperature was determined. M agnetoresi stance was revealed, and reversal of itssign in the (111) plane above
the Néel point was found. The experimental data are analyzed in terms of the s—-d model, with the manganese
ion holes interacting with localized spins assumed to be free carriers. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A new direction in science, spintronics, has recently
been undergoing explosive development [1]. Spintron-
ics draws on the dependence of conductivity on mag-
netic structure, which changes when acted upon by an
external magnetic field. The use of nanotechnology in
electronic devices places constraints on the area of
application of p— junction—based semiconductors and
calls for using alternative materials that have strongly
interrel ated magnetic and el ectronic properties. Manga:
nites figure among such materials. They have the
remarkable feature of exhibiting giant magnetoresis-
tance at room temperature, with the resistivity in an
external magnetic field varying over more than an order
of magnitude. The effect of magnetic order on transport
properties al so becomes manifest in the sulfide systems
Me,Mn,; _,S (Me = Cr, Fe), which are prepared on the
basis of the monosulfide a-MnS and exhibit colossal
magnetoresistance [2]. Off-stoichiometry inthea-MnS
magnetic semiconductor also brings about a changein
the magnetic structure and a substantial variation in
resistivity [3].

We report on a study of the relation between the
magnetic, electronic, and elastic subsystems in the
o-MnS magnetic semiconductor. The manganese
monosulfide a-MnS is an antiferromagnet with an fcc
lattice. Its magnetic structure combines ferromagnetic
ordering of the magnetic moments of manganese ions
in (111)-type planes and antiferromagnetic interplane
ordering with a Néel temperature Ty = 150 K [3, 4].
Antiferromagnetic ordering is also observed to set in
along the cube edges. It thus appeared reasonable to
investigate the effect of magnetic ordering on the trans-
port properties of an a-MnSsinglecrystal in (111)- and
(100)-type planes. The experimental data obtained are
analyzed in terms of the s—=d model in the strong-cou-
pling limit, where the conduction band width W < | (I

is the s—d exchange integral), which is valid for mag-
netic semiconductors with a narrow conduction band.

2. EXPERIMENTAL TECHNIQUES
AND EXPERIMENTAL RESULTS

An o-MnS single crystal was grown by saturating
liguid manganese with sulfur at T ~ 1245°C. X-ray
structural analysis was performed on a DRON-2.0 dif-
fractometer with CuK, radiation in the temperature
interval 77-300 K. X-ray fluorescence anaysis was
carried out on a SPARK-1 x-ray spectrometer. The
electrical resistivity in the (100) and (111) crystallo-
graphic planeswas measured in zero magnetic field and
intransverse magnetic fields of up to 15 kOeinthetem-
peratureinterval 77-300 K. The magnetoresistance was

calculated using therelation 52 = 2(H) =P(H=0) ,

p(H)
100%.

The x-ray diffraction measurements showed the a-
MnS single crystal to have a NaCl-type fcc lattice with
the parameter a = 5.222 + 0.001 A, which agrees well
with the data obtained on a-MnS single crystals grown
using chemical transport reactions [5]. The x-ray fluo-
rescence analysis suggests the absence of impuritiesin
the a-MnS single crystal. Figure 1 shows the tempera-
ture dependence of the lattice parameter, which
decreases nonlinearly with decreasing temperature.
The variation in a(T) is maximum in the region (166—
125) + 5 K, where the NaCl-type fcc lattice was shown
in [5] to undergo arhombohedral distortion.

Figure 2 plots the temperature dependence of elec-
trical resistivity in the (111) and (100) crystallographic
planes obtained in zero magnetic field in the tempera-
tureinterval 77-300 K. When measured at ~300 K, the
electrical resistivity of thecrystal is3.17 x 10° Q cmin
the (100) plane and 5.98 x 10° Q cmin the (111) plane.
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Fig. 1. Temperature dependence of the lattice parameter of
amanganese monosulfide single crystal.

For temperatures T ~ 170-300 K, the conductivity can
be fitted by a relation typical of semiconductors, ¢ ~
exp(—E,/ksT), with activation energy E, ~ 0.2 eV. For
T < 160 K, the electrical resistivity in the (111) plane
increases, which is accompanied by the conductivity
activation energy decreasing down to E, ~ 0.04 eV
beow Ty. An analysis of the behavior of electrical
resistivity in the (100) plane measured in zero magnetic
field shows p(T) not to be activated thermally for
T<Ty.

The magnetoresistance of a-MnS was studied by
measuring the electrical resigtivity in the (111) and
(100) planes in the temperature interval 77-300 K and
magnetic fields of up to 15 kOe. Figures 3a.and 3b plot
temperature dependences of the magnetoresistance
measured in the (111) and (100) planes of a-MnS,
respectively, in a field of 10 kOe at temperatures of
100-300 K. It was established that the magnetoel ectric
properties, as well as the electrical properties, depend
on crystallographic orientation. The negative magne-
toresi stance reaches—12% at 10 kOe and becomes most
pronounced in the (111) plane at temperatures T ~
230 K. The maximum positive magnetoresistance in
the (100) plane in the same field is +11% in the region
of the magnetic transition point. As the magnetic field
increases, the minimum negative magnetoresistance in
the (111) plane does not change in magnitude but shifts
to low temperatures; indeed, in afield of 15 kOe, the
minimumisseen a T ~ 170 K. The observed variation
in magnetoresistance isreversible.

3. MODEL AND METHOD OF CALCULATION

Hall measurements performed for T <450 K suggest
[4] that the conduction in a-MnSis due to holesin the
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Fig. 2. Temperature dependence of the electrical resistivity
of a-MnSin the (111) and (100) planes.

3d levels of the manganese ion. This conclusion isalso
supported by calculations made using the electronic
density functional method [6]. For instance, the hole
concentration inthet,, and e, shellsis0.11 and 0.29 per
Mn?* ion, respectively. The rhombohedral distortion of
the fcc lattice occurring near the Néel temperature
brings about a weak overlap of the t,, shells of neigh-
boring manganese ions and the formation of a narrow
energy band. For T > Ty, the low mobility of the holes
caused by their being trapped by dynamic rhombohe-
dral distortions supports the validity of assuming anar-
row Mn?* band.

Since the hole concentration is much lessthan unity,
we neglect the Coulomb interaction of holes at a site
and consider a gas of holes interacting with the local-
ized manganese ion spinsin the s-d model, an instruc-
tive approach that simplifies a qualitative understand-
ing of the experimental results obtained.

We treat the magnetic and electronic properties in
the adiabatic approximation. We define the magnetic
structure in the Heisenberg model with antiferromag-
netic interaction between the nearest (J)) and next-to-
nearest (K) neighbors mediated by sulfur ions:

H = —;Ji,jssisj_;Ki,JSiSj_iZHiS’ (1)

where H; is an external magnetic field.

The electronic properties will be considered in
terms of the s—=d model with an Ising-type Hamilto-
nian [7]:
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H = Hyn+ Hin,  Hign = Etijarcaio,
v @
1 + +
Hine— —QJHZSZ(anan—auau)'

where § is the operator of the z component of the
localized spin at sitei; J isthe Hund exchange param-
eter; t; is the matrix element of hole transfer over the

lattice, which depends on the mutua orientation of
spins at sites i and j involved in the hole transfer; and

a. (a;,) isthe Fermi operator of creation (annihilation)

of aholewith spin ¢ at sitei. In second order of pertur-
bation theory in parameter W/J, (W is the band width),
one can switch from the original Hamiltonian H =
Hyin + Hie With smplified interaction (2) to the effec-
tive Hamiltonian

H = _tzcrccio_z‘]nnicnic' )

Here, J" is the indirect interaction between the nearest
neighbor sites (3" ~ t2/J,)), N, = Ci i, aNd Co(Cry ) IS
the Fermi-like annihilation (creation) operator for a

complex consisting of a localized spin at site i and a
hole with a parallel spin,

Co = 5(1+0)a, *

The states of sites at which the spins in the com-
plexes described by operators (1/2)(1 — oS )a, are
antiparallel are disregarded [8]. Inthelimitasz — oo,
the Hartree—Fock approximation of intersiteinteraction
becomes exact; therefore, the exchange term in Eq. (3)
can be linearized and the Hamiltonian can be recast in
the form

H = Zsocrocio_tzcrocim (5)

where g, = 1 — Z’ Jir} [h;,0 and p is the chemical
potential.

Using a specia diagrammatic technique, 1zyumov
and Letfulov [8] obtained the following coupled equa-
tions to determine the magnetizations m® and m of itin-
erant and localized spins, respectively, and the chemi-
cal potential p:

T
m = tanhz)\,
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Fig. 3. Temperature dependence of the magnetoresistance
6,?( =[(p(H) —p(H =0))/p(H)] x 100% of a-MnSinamag-
netic field H = 10 kOein (&) the (111) and (b) (100) planes.

_ Ly Lt ©PB( —v —a, cost)
A= nJ;d“n1+ expB(y, +Vv —a, cost)’

N (6)
m*= nm”+[1—(m)7] ZG %Jdtsinztf(accost +0V),
o 0

d 1ﬂ .
n= Z(1+om )]—_Jdtsmztf(aocost+ov).
o 0

Here, y, = u + 1,n/2, n =, O [y, Qv = (U2)Im®, 1}, =
2

2" a; = (U/8)WA(1 + ont), B = UT, and f(x) is the
Fermi distribution function.

We will use these equations to determine the chem-
ical potential, bandwidth, and hole concentration as
functions of localized spin magnetization in the (111)
plane. For temperatures above the Néel point, we will
include the interaction of holes with the short-range
localized spin order, i.e., the parameter (mf)? =

(4/L) Zr”“ [5(0)S(r)C.

The magnetic structure and thermodynamic charac-
teristics for localized spins were calculated using the
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nation shells, respectively, plotted vs. normalized tempera-
ture T/Ty.

Monte Carlo technique (MC) in classical Heisenberg
model (1) with the exchange energy ratio K/J = 1.85
determined earlier in [9]. The procedure used periodic
boundary conditions imposed on a 20 x 20 x 20 grid
with 30000 MC steps per spin.

4. RESULTS AND DISCUSSION

The fcc lattice of a-MnS contains the maximum
number of frustrated spin exchange bonds: the numbers
of nearest neighbors with parallel spins and with anti-
paralel spins are equal, and the local energy for Ising

spinsisEy,/d = Zhli .SS, =0.

In the classica Heisenberg model, frustration
accounts for a noncollinear spin arrangement. For T <
Ty, the contribution from the transverse spin compo-
nents to E,;/J is=2, which is approximately 3% of the
maximum contribution, and their contribution to the
exchange interaction energy in the second coordination

shell Ey,/J = (K/J) Z[} ~°S,S, isabout 12%. For certain
directions, the sign of the spin—spin correlation func-
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vs. temperature for wave vector Q < 0.

1 1
160 240 280

tions of transverse spin components does not coincide
with the sign of the spin—spin correlation functions of
longitudinal spin components calculated for the cube
face diagonals. Figure 4a presents graphs of typical
temperature dependences of the nearest neighbor corre-
lation functions in the [011] direction. The transverse
spin components in the (111) plane are possibly disor-
dered.

As one crosses the Néel temperature, the short-
range magnetic spin order for T > Ty, correspondsto the
long-range magnetic order. The correlation length of
the spin—spin correlation functions in the paramagnetic
phase decreases following a power law. The exchange
interaction energy in the second coordination shell Ey,
falls off rapidly, whereas the energy Ey, is practicaly
independent of temperature (Fig. 4b). In the vicinity of
the temperature T* = 1.6T, the type of short-range
magnetic order changes. Indeed, as seen from Fig. 4a,
the nearest neighbor spin—spin correlation function
[F40)SA(r = 1)[becomes negativein the (111) plane. An
external magnetic field applied perpendicular to the
(111) plane reduces the correlation length and
decreases the temperature at which the type of short-
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range order changes. The magnetic structural factor in
the (111) plane also decreases in magnitude. The corre-
sponding relative change 0S4 Q) = [SHQ, H) — SAQ,
H = 0)]/S4Q, H) with temperature (Q is the wave vec-
tor) is displayed graphically in Fig. 5. Near the Néel
temperature, the magnetic field suppresses a noncol-
linear spin arrangement and thereby increases the cor-
relation functions of longitudinal components. This
caseisatypical for frustrated systems, where an exter-
nal magnetic field brings about destruction of anoncol-
linear structure.

Using the known hole concentration n = 0.1 [4] at
T= 435 K, we caculated the indirect interaction
parameter 1, = 9.3 meV and the Hund exchangeintegral
Jy = 4 eV. The calculated parameters correlate well
with J, =3.8eV and W=1eV from[3]. Theinteraction
of the hole spins with localized spins exhibiting short-
range magnetic order in the (111) plane splits the upper
and lower hole band edges. This effect manifests itself
particularly clearly below the Néel temperature, as seen
from Fig. 6. Because of the strong s—d coupling, alocal-
ized spin is bonded in a complex with a band hole,
which resultsin efficient attraction of the holeto the site
and in agap opening at the Fermi level below Ty in the
(111) plane. The temperature dependence of the gap is
showninFig. 7.

Manganese ions arranged along the cube edges are
coupled by indirect antiferromagnetic exchange inter-
action mediated by sulfur ions, and hole hopping with-
out spin flip is possible by the double exchange mecha-
nism. The double-exchange model alows the forma
tion of a weak ferromagnetic moment (m, <€ my) [7]
and nonactivated conductivity in the [100] direction. In
amagnetic field, the magnetic structural factor changes
(Fig. 5) and the position of the chemical potential
changes relative to the Fermi level (inset in Fig. 7). As
a result, the electrical resistivity in the (111) plane
undergoes a change, because Inp ~ (Ex — W)/kgT. The
calculated temperature ranges corresponding to nega-
tive and positive changes in the quantity {(Er — 1)y —
(Er — Wy -0} arein good agreement with those over
which positive and negative values of magnetoresis-
tance are observed.

The temperature derivative of the chemical potential
du/dT has a minimum tending to zero at the Néel tem-
perature. The temperature behavior of u(T) isshownin
Fig. 6. According to [8], the thermopower is propor-
tional to du/dT. The experimentally observed growth of
thermopower for T > Ty, [4] agrees qualitatively with
our results. The compressibility coefficient k is defined
as the second derivative with respect to energy and is
given by

on? Lol

The compressibility coefficient reverses sign from
negative to positive near the Néel temperature at T =

1 _9°E _ on7*t
o= ™
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Fig. 6. Temperature dependences (1, 2) of the upper and
lower edges of the (1) spin-up and (2) spin-down subbands
and (3) of the chemical potential.
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Fig. 7. Temperature dependence of the difference between
the Fermi energy and the chemical potential. Inset: calcu-
lated shift in chemical potential relative to the Fermi level

8" = [{(Er — W — (EF — Wy = H/(Er — W] x 100%ina
magnetic field H = 8 kOe plotted vs. temperature.

162 K. The dependence of the hole concentration on the
chemical potential is presented graphically in Fig. 8.
The negative compressibility coefficient in the temper-
ature interval 125 < T < 162 K should be attributed to
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ical potential normalized against the hopping integral t.
Inset: temperature dependence of compressibility coeffi-
cient dn/du for ahole gas.

the sharp increase in the hole concentration. This brings
about a decrease in Coulomb interaction between the
ions and, possibly, a change in the elastic modulus of
the a-MnS crystal. Furthermore, additiona ferromag-
netic exchange interaction mediated by delocalized
holes appears between the localized spins in the (111)
plane, which gives rise to arhombohedral distortion of
the fcc lattice observed to occur in a-MnS[4]. Thedis-
tortion angle is directly proportional to the exchange
interaction J" and inversely proportional to the elastic
modulus of the crystal [10]. Exchange-induced stric-
tion compresses the lattice. The calculated temperature
interval over which the compressibility coefficient is
negative correlates well with the temperature region in
which the lattice constant is observed to undergo the
maximum change (Fig. 1).

5. CONCLUSIONS

The pronounced increase in the resistivity anisot-
ropy observed in an a-MnS single crystal below the
Néel temperature isinduced by the hole spins interact-
ing with ferromagnetically ordered localized spins in
the (111) plane and by gap formation at the Fermi level,
which correlates qualitatively with the activated char-
acter of the conductivity in the (111) plane. The sign
reversal of magnetoresistance in a-MnS in the (111)
plane is initiated by a change in magnetic order for

PHYSICS OF THE SOLID STATE Vol. 46

APLESNIN et al.

T > Ty; indeed, the disappearance of long-range mag-
netic order gives rise to positive magnetoresistance at
T~ 160 K and the destruction of short-range magnetic
order causes negative magnetoresistance at T ~ 230 K.
The additional exchange interaction created by the
holes leads to compression and rhombohedral distor-
tion of thelatticein the (111) plane below the Nédl tem-
perature.
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