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Low-temperature electronic and magnetic transitions in the antiferromagnetic
semiconductor Cr 0.5Mn0.5S
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Experimental-theoretical studies were carried out of the electrical and magnetic properties of the
antiferromagnetic semiconductor Cr0.5Mn0.5S in the temperature range 4.2–300 K. A
magnetic antiferromagnetic-ferrimagnetic phase transition was observed along with a semimetal-
semiconductor electronic transition. Monte Carlo calculations indicate that the changes in
the type of magnetic ordering and conductivity are due to the cooperative Jahn–Teller effect
caused by the Cr21 ions. © 1999 American Institute of Physics.@S1063-7834~99!02609-X#
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At present, compounds with perovskite structure sim
to La12xMexMnO3 ~where Me5Ca, Ba, Sr, etc.! are being
studied intensely.1 These compounds are interesting beca
they exhibit giant magnetoresistance and magnetically
electronically nonuniform states that preserve the co
pounds’ crystallographically uniform structure. Since t
mechanisms for magnetic biphase behavior and electr
stratification are not clear at this time, there is interest
studying compounds with a different crystal lattice but w
similar physical properties.

The compound Cr0.5Mn0.5S is a strongly doped antifer
romagnetic semiconductor, belonging to the group of s
fides MexMn12xS ~where Me is a 3d metal!, which crystal-
lize in the cubic NaCl lattice.2 Like the rare-earth manganit
compounds, the MexMn12xS sulfides exhibit changes in th
type of conductivity and magnetic order as the concentra
of 3d metal is varied. Thus, with Me5Fe, asx increases the
magnetic order changes from antiferromagnetic to ferrom
netic, which precedes an electronic semiconduc
semimetal transition~at xc; 0.4!.3 In the system Cr0.5Mn0.5S
(0,x,0.67), however, no noticeable change in the m
netic order is observed in the vicinity of the concentratio
induced semiconductor—semimetal transition (xc;0.67).
The semimetallic sulfides retain their antiferromagnetic or
with increasing Ne´el temperatureTN up to ;175 K for
x'0.5 (TN;148 K for x50!.4,5 Measurements of the mag
netic susceptibility,4 along with EPR data6 and neutron-
diffraction measurements,7 indicate that increases in the Ne´el
temperature with a simultaneous decrease~in absolute value!
in the negative paramagnetic Curie temperature do not
clude the possible formation within the MexMn12xS sulfides
of a magnetically nonuniform state in the temperature ra
T,TN and a transition to a ferromagnetic state with chan
in the temperature or magnetic field.

In this paper we investigate experimentally and theor
cally the magnetic and electrical properties of the antifer
magnetic semiconductor Cr0.5Mn0.5S in the temperature
range 4.2–300 K in order to study the low-temperatureT
,77 K! electronic and magnetic states of this compound
1521063-7834/99/41(9)/5/$15.00
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1. EXPERIMENTAL RESULTS

Polycrystalline samples were synthesized from pure e
ments~electrolytic Mn, Cr and S with purity 99.999%! in
vacuum quartz ampules over the course of a week. The t
perature dependences of the electrical resistance of t
samples were measured at constant current by a potent
eter method in the temperature range 4.2–300 K. The m
surements of the magnetization in the range 4.2–100 K w
made using a superconducting quantum interfere
~SQUID! magnetometer in fields up to 8 Oe.

According to x-ray structural data, our samples of C

0.5Mn0.5S were solid solutions with the fcc NaCl lattice cha
acteristic ofa MnS. Replacement of Mn ions with Cr ions i
accompanied by compression of the cubic unit cell and
crease in the lattice parameter froma55.222 (a MnS! to
5.165 Å while preserving the NaCl structure. Addition
phases were not observed in the solid solution Cr0.5Mn0.5S.

Figure 1a shows the temperature dependence of the e
trical resistivityr(T) for Cr0.5Mn0.5S. The behavior ofr(T)
in the range 77–300 K agrees with the data of Ref. 5 a
corresponds to the semimetallic type of conductivity, i.e.,
compound is in the degenerate- semiconductor state. In
range below;60 K a rapid increase~by an order of magni-
tude! in the electrical resistivity is observed, along with a
anomalous change in the temperature coefficient of the re
tivity dr/dT ~Fig. 1b!. In this case the activation energy o
the conductivityEa changes discontinuously with decreasi
temperature from 0.04 to 0.01 eV in the neighborhood
TN , and then decreases continuously down to;0.003 eV in
the range below;60 K ~Fig. 1c!.

Figure 2 shows temperature dependences of the ma
tization of Cr0.5Mn0.5S samples measured in the range 4.
100 K, some cooled in zero magnetic field~ZFC samples,
see curve1! and some in a fieldH58 Oe ~FC samples, see
curve2!. It is clear from the figure that the material enters
state with spontaneous magnetization atTc'66 K. The be-
havior of the ZFC magnetization is typical of the initial su
ceptibility of a ferromagnet~the Hopkinson effect!.8 In the
0 © 1999 American Institute of Physics
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1521Phys. Solid State 41 (9), September 1999 Petrakovski  et al.
vicinity of ;35 K the ZFC magnetization curves exhibit a
additional weakly expressed maximum. Below this tempe
ture, the FC magnetization decreases with decreasing
perature.

2. DISCUSSION OF RESULTS

Analysis of the magnetic properties based on Mo
Carlo calculations show that the behavior of the magnet
tion of Cr0.5Mn0.5S in the 4.2–300 K range cannot be d
scribed in terms of magnetic ordering mechanisms that t
into account two- and four-spin exchange interactions, wh
are normally used to describe the properties of the magn
cally ordered state.9,10 These calculations show that the b
havior of the spontaneous moment in the fcc lattice
Cr0.5Mn0.5S is due to the cooperative Jahn–Teller effe
caused by the Cr21 ions.

The ground state of Cr21 ions in a lattice with cubic
symmetry is characterized by twofold orbital degeneracy
this case, two types of interactions are possible. The firs
an interaction of the degenerate orbitals with the lattice. H
Pauli matrices for the effective spint are introduced in orde
to describe the orbital wave functionseg .11 The ordering of
the pseudospins~orbitals! is accompanied by a structura
phase transition. The second is an interaction between o
als, which depends on the spins and is a function of

FIG. 1. Temperature dependences of the electrical resistivityr ~a!, the
temperature coefficient of the resistivitydr/dT ~b!, and the activation en-
ergy of the conductivityEa ~c! for Cr0.5Mn0.5S.
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pseudospin exchange integralJs5Js
01Jm^tgtg1r&.

11 Here
Js

0 is the exchange interaction integral between spins, andJm

is an interaction parameter between spins and orbitals
Js

0,0 andJm,0, it is possible for a critical temperature t
exist at which the sign of the exchange interaction betw
the spins changes from negative to positive.

Let us assume that the variation of the pseudospin c
relation function with temperature is analogous to that
spin-spin correlation function in the magnetically order
phase, i.e.,u^tgtg1r&u;(12T/TN)2b, whereb is a critical
index for the magnetization; it is known thatb50.35. As a
result, the exchange interaction between nearest neig
chromium ions depends on temperature likeJCr–Cr5JCr–Cr

0

1Jm(12T/TN)2b, where Jm is a fitting parameter deter
mined from the condition that the exchange constantJCr–Cr

should change sign at a certain critical temperatureTc . The
temperatureTc corresponds to the appearance of ferrom
netic ordering. As a rule, the ordering temperature of
orbitals should coincide with the temperature of a structu
transition and the Ne´el temperatureTN . In fact,x-ray analy-
sis indicates that a lattice distortion analogous to the dis
tion atTN observed ina MnS does indeed occur atTN'175
K in the solid solution Cr0.5Mn0.5S.12 In this temperature
range we observe4 a 10% discontinuity in the susceptibility

In our Monte Carlo calculations we used a lattice mod
of the solution Cr0.5Mn0.5S with six exchange interaction pa
rameters between the classical spinsSMn52.5mB and SCr

52mB ~Mn–Mn, Cr–Cr, and Mn–Cr in the first and secon
coordination spheres!. Some of these exchange interactio
parameters were determined previously4 from the concentra-
tion dependence of the Ne´el temperature for CrxMn12xS (0
,x,0.67): JMnCr /JMnMn520.4, KMn–Cr/JMnMn521.9,
and KMnMn /JMnMn521.8. The Cr–Cr exchange interactio
parameters for the first and second coordination spheres
determined in the present paper. For an fcc lattice consis
of N543123 sites we calculated the magnetization, t
susceptibility, the Edwards–Anderson parameterqa

5(1/N)A( i 51
N ^Si

a&2 (a5x,y,z), and the magnetic static
structure factor along the cube edges and diagonals of
planes. Based on these characteristics, we determine the
sition temperature from the antiferromagnetic state
a ferrimagnetic state with a spontaneous mom
m'(1/3)SCrmB for T→0. The magnetic Hamiltonian for the
solid solution Cr0.5Mn0.5S can be written in the form

H52 (
a,b5Cr,Mn

I ab (
i 51

N

(
D51

Z1

Pa~ i !Pb~ i 1D!Sa~ i !Sb~ i

1D!2(
a,b

Kab (
i 51

N

(
h51

Z2

Pa~ i !Pb~ i 1h!Sa~ i !Sb~ i

1h!2(
a

H(
i

Pa~ i !Sa
z ~ i !,

where I ab and Kab are exchange interaction integrals b
tween nearest neighbors (Z156) and next-nearest neighbo
(Z2512),H is the external magnetic field, and the projecti
operatorPa( i ) equals unity at sites occupied by spinSa .
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FIG. 2. Temperature dependences of the magnetizations for samples cooled in zero magnetic field~ZFC—curve1! and in a field of 8 Oe~FC—curve2! for
Cr0.5Mn0.5S. The inset shows the temperature dependence of the normalized value of the magnetic moment:1—calculated by the Monte Carlo method
2—experiment.
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According to these calculations, the dependence of
Fourier spectrum of the pairwise spin correlation function
wave vector in the antiferromagnetic temperature range
65),T,(180610) K exhibits two maxima: atq50 and
p/a in the direction@101#, as is shown in the inset to Fig. 3a
This indicates that spins in the four sublattices located at
vertices of a tetrahedron are pairwise antiparallel~Fig. 4a!.
The first effect of decreasing the temperature is propaga
of the long-range ferromagnetic order along the spins of
chromium ions. BelowT<130 K, ordering of the moment
of the manganese ions contributes to the magnetic struc
factor, leading to a considerable increase in the magnit
S(q) and the appearance of a modulation of the magnitud
the antiferromagnetism vector in the direction@101# with
q5p/12a. The quantityS(q) calculated by the Monte Carlo
method exhibits a satellite peak at temperatures below;140
K. For Tc56565 K, the intensity of the magnetic structur
factor atq5p/a ~curve1 in Fig. 3a! reduces to zero, and
peak inS(q) forms atq 5 0 ~curve1 in Fig. 3b!, i.e., ferro-
magnetic order is established along two directions of
planes~Fig. 4b!, which leads to the formation of a spontan
ous moment. The temperature dependence of the mag
moment calculated by the Monte Carlo method~the inset to
Fig. 2! is in good agreement with the experimental resu
At Tc , the lifting of orbital degeneracy causes the sign of
exchange interaction between chromium ionsJCr–Cr to
change from negative to positive. By comparing the exp
e
n
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mental and theoretical values ofTc and TN , we can deter-
mine the value of the exchange constants betw
Cr–Cr ions: JCr–Cr/JMnMn522.7, KCr–Cr/JMnMn56, and
Jm /JMnMn522.5, whereJMnMn5(7.860.3) K.

From our calculations of the magnetic structure facto
follows that the ions of chromium and manganese are loca
randomly in the lattice and form two infinite clusters conta
ing chromium and manganese respectively. The Edwar
Anderson parameter~Fig. 5! exceeds the value of the mag
netic structure factor by a few times. This indicates th
independent finite clusters are also contained in the mate
and randomly distributed. The temperatures of t
paramagnetic-antiferromagnetic (TN) and antiferromagnetic-
ferrimagnetic (Tc) phase transitions determined from th
temperature dependences of the Edwards–Anderson pa
eter ~Fig. 5! are in good agreement with the data obtain
from the magnetic structure factor:TN'180610 K, Tc'70
66 K.

The decrease in magnetic moment at low (T,30 K!
temperatures and the temperature hysteresis of the mag
moments of ZFC and FC samples are probably due to
formation of domain structures in weak magnetic fields. It
also known that the originala MnS exhibits a structura
transition atT'25 K.13 This transition is probably preserve
in the solid solution Cr0.5Mn0.5S as well, leading to a chang
in the exchange constants between Mn ions due to lat
distortion and the appearance of non-Heisenberg type
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FIG. 3. Temperature dependence of the magnetic structure factorS(q). a: Curve1—q5p/a in the direction@101#; curve2—q5p/12a in the direction@011#;
b: curve1—q50 in the direction@101#; curve2—q50 in the direction@110#. The inset shows the Fourier spectrum of the pairwise spin correlation func
for the direction@101# ~1! and @110# ~2! at a temperature 115 K.
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interactions, for example biquadratic and four-spin. T
causes the modulus of the spin on a site to contract, the
decreasing the noncollinearity of the spins. Our Monte Ca
calculations show that this structural transition can decrea
the exchange parameterJMnMn by a factor of 2, which in turn
decreases the magnetization by about 15% at 4 K.

Based on this model we can predict two effects. In
magnetic field, the sign of the spin-spin correlation functi
^SgSg1r& changes from negative to positive at a distan
r /a51 in the vicinity of the Ne´el temperature, increasing th
exchange interaction between orbitalsJt5Jt

01Jm^SgSg1r&,
which in turn increases the temperature for orbital orderi
This will enhance the orbital correlations^tgtg1r& and de-
crease the exchange interaction between chromium ato
leading to a decrease in the Ne´el temperature and an increa

FIG. 4. Sketch of magnetic order in the solid solution Cr0.5Mn0.5S: a—unit
cell of the fcc lattice; b—antiferromagnet (T.Tc); c—ferrimagnet (T
,Tc).
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in the Curie temperature for ferrimagnetism with increas
field. As a result, in strong magnetic fields there should e
a tetracritical point where the phase transition linesTc and
TN are in contact. Uniaxial pressure along a principle diag
nal of the cube should lead to an analogous effect.

In light of these magnetic calculations, we can expla
the behavior of the electrical resistance of Cr0.5Mn0.5S in the
following way. According to Ref. 5, the temperature beha
ior of the electrical resistivity of the sulfides CrxMn12xS
arises from changes in the activation energy of the cond
tivity Ea due to a red shift in the mobility edgeEc caused by
the contribution of the ferromagnetic component of the e
change interaction in the second coordination sphere of
NaCl lattice. In this picture, the Fermi levelEF is located in
the vicinity of thed atom-like states of the chromium atom

FIG. 5. Temperature dependence of the Edwards–Anderson parameteqEA

for the longitudinal components of the spin.
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and the top of the valencep2d hybridized band. The shif
dEc in Cr0.5Mn0.5S as it enters the antiferromagnetic pha
EaPM2EaAFM'0.05 eV, and the activation energy of th
conductivity below the Ne´el temperature reaches values
;0.01 eV. As the temperature decreases, the shiftdEc is
probably increased by the appearance of a contribution f
the ferromagnetic exchange interaction in the first coordi
tion sphere. This leads to a still larger decrease in the c
ductivity activation energy. However, the Jahn–Teller tra
sition lifts the orbital degeneracy of thed levels of chromium
ions located near the valence band, and the splitting betw
eg sublevels increases as the magnitude of the exchange
in the ferromagnetic phase increases. As a result of this s
ting, the Fermi level can end up in an energy range w
lower density of states, increasing the magnitude of the e
trical resistance despite the fact thatEc;EF .

Thus, at low temperatures the antiferromagnetic se
conductor Cr0.5Mn0.5S exhibits a magnetic transition from
antiferromagnet to ferrimagnet, and an electronic transit
from a semimetallic to a semiconducting phase. The mec
nisms for these transitions can be explained by the coop
tive Jahn–Teller effect caused by Cr21 ions.

The authors are grateful to E. V. Kuz’min for usef
discussions of this work.
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