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The good solubility of Mn atoms in a matrix based on gapless semiconductors HgTe, HgSe makes
it possible to reconstruct smoothly the band structure of solid solutions Hg, _, Mn, Te and
Hg,_, Mn, Se from the inverted gapless structure to the usual semiconductor structure with a
finite energy gap between the valence band and the conduction band. The presence in solid
solutions of substitution atoms (Mn) with an uncompensated magnetic moment leads to a signifi-
cant change in the band spectrum in a magnetic field, which depends on the state of the magnetic
subsystem of the impurity ions. All this gives rise to a very specific behavior of the kinetic coeffi-
cients in charge-transport phenomena in the region of strong magnetic fields and of magneto-
optical phenomena at low temperatures. Such “anomalous’ properties as the splitting of the
peaks of the Shubnikov—de Haas oscillations as the temperature is increased, the nonmonotonic
temperature dependence of the amplitudes of these peaks, the sensitivity to temperature of the
spectra of magneto-absorption and other phenomena can be successfully explained only by taking
into account the magnetization of the band charge carriers by the molecular field of the localized
electrons of the Mn ions. The magnetic properties of semimagnetic semiconductors have also
turned out to be quite unique. Thus, in these crystals a concentration transition is observed from a
paramagnetic phase into a spin-glass phase. The review presents the most important and signifi-
cant results of the investigations of gapless and narrow-gap semimagnetic semiconductors ob-
tained recently.
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1. INTRODUCTION

In recent years considerable attention has been attract-
ed to a new class of materials—dilute magnetic semiconduc-
tors, or, as they have been called, semimagnetic semiconduc-
tors (SMS). Of particular interest are the narrow-gap SMS
which are solid solutions of mercury chalcogenides (HgTe,
HgSe) and the transition or rare-earth elements (MnTe,
MnSe, EuTe and others). Mercury chalcogenides are gapless
semiconductors, manganese, europeum and other chalco-
genides are magnetic semiconductors. The possibility of
varying over wide limits the composition of the solid solu-
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tions enables one to alter smoothly the electron band struc-
ture from a gapless inverted band spectrum for which the
energy gap between the closest bands of the s-type (I's) and p-
type (Is) is negative (e, = £(I's) — £(I'g) < 0), to a direct spec-
trum usual for semiconductors with ¢, > 0, i.e., to convert a
gapless semiconductor into a semiconductor with a gap.!
Below we shall consider the main features of only the
gapless and narrow-gap SMS which contain atoms of transi-
tion elements with unfilled d-shells and we shall not touch
upon the SMS with a wide energy gap of the type of
Cd, _, Mn, Te. We shall restrict ourselves to a description of
the properties of the gapless and narrow-gap SMS that have
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been more intensively investigated, specifically—the solid
solutions of mercury and manganese chalcogenides
Hg,_,.Mn, Te and Hg, _, Mn, Se.

Different aspects of the physics of SMS were discussed
at a number of international conferences on semiconductors
(Warsaw, 1977; Edinburgh, 1978; Kyoto, 1980; Linz, 1981;
Grenoble 1982277, Interest in these materials is determined
by their specific properties. Firstly, in contrast to traditional
magnetic semicondcutors the band structure of the basic
crystal of SMS (HgTe or HgSe) is well known. Secondly, the
high mobility of band electrons in SMS which exceeds by
many orders of magnitude the mobility in ordinary magnetic
semiconductors enables one to utilize practically the whole
arsenal of modern methods of investigating physical proper-
ties of solids. In particular, the possibility appears of deter-
mining quite reliably the values of exchange integrals. Final-
ly, in SMS a nontrivial concentration transition is observed
from the gapless state to the semiconductor state which is of
independent interest in itself.

In the absence of a magnetic field or at high tempera-
tures the properties of gapless SMS are similar in many re-
spects to the properties of solid solutions of gapless semicon-
ductors Hg, ,Cd, Te whose electron spectrum is well
described by the Groves-Paul inverse band scheme. Pidgeon
and Brown® have utilized for the calculation of the inverse
band structure the well known Kane approximation in
which the interaction between the 'y, T';, and I'g bands is
treated exactly, while the effect of the other bands is treated
as a perturbation. Such an approach is sometimes referred to
as the Pidgeon-Brown model. This model gives a good expla-
nation of the majority of electronic properties of gapless se-
miconductors of the type of HgTe. However, in the case of
SMS within the framework of this model it is not possible to
interpret a number of features of transport phenomena in the
range of strong magnetic fields and magneto-optic phenom-
ena at low temperatures. For example, such “anomalous”
properties, as the splitting of the peaks of the Shubnikov—de
Haas oscillations as the temperature is raised, the nonmono-
tonic dependence on the temperature of the amplitudes of
these peaks, the sensitivity of the magneto-absorption spec-
tra to temperature and others®!' can be successfully ex-
plained only when magnetization of the band charge-carri-
ers by the molecular field of d-electrons of the Mn ions is
taken into account”. The exchange interaction between va-
lence electrons and d-electrons localized on the impurity
ions leads to a radical restructuring of the energy spectrum
of the band charge-carriers in a magnetic field, and this
change depends on the state of the magnetic subsystem and
is proportional to the average values of the magnetic mo-
ment M(H, T') of the impurity ions. The Pidgeon-Brown
model which in addition includes the exchange interaction
between the band electrons and the electrons localized on
the impurity ions has made it possible to explain the ob-
served “anomalies™ and to predict new effects characteristic
only of SMS.

The magnetic and thermodynamic properties of the
SMS turned out to be quite unique. Investigations of mag-
netic susceptibility, specific heat and electron paramagnetic
resonance have shown that in these crystals there is a con-
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centration transition from the paramagnetic phase into a
spin-glass phase.'?

The state of investigations of SMS can be characterized
in the following manner. A clear insufficiency of experimen-
tal data is experienced. Some results are contradictory. A
number of experimental facts require explanation, and on
the whole there is a lot that remains unclear. It is just because
of this that we have decided to give at least a brief description
of the most interesting and important papers (references to
most of them are given) in order to clarify, as far as we are
able, the present state of affairs. We are quite conscious of
the fact that the investigation of SMS has not yet reached a
level which could be considered satisfactory. New work can
and must extend, make more precise, and in a number of
cases alter the interpretation of experimental data given be-
low. At the same time quite a bit has been achieved already—
many essential specific features of the properties of SMS
have been brought to light—and it is reasonable to draw
some conclusions.

2. ENERGY SPECTRUM OF BAND CHARGE CARRIERS
a) Energy bands in the absence of a magnetic field

The basis for the solid solutions of SMS discussed below
are the gapless semiconductors HgTe and HgSe. Therefore,
it is useful to recall certain specific properties of the band
structure of solids in which the gapless state is realized (cf.,
Ref. 13). The anomalously small forbidden band was first
found at the end of the 1950’s—beginning of 1960’s in
HgTe' and @-Sn."* S. P. Shubin and S. V. Vonsovskii have
pointed out the possibility in principle of the existence of
dielectrics with a continuous energy spectrum without a gap
already in the 1930’s.'6 At the present time a number of gap-
less semiconductors are known with an identically zero di-
rect energy gap between the conduction band and the va-
lence band. They differ from semiconductors by the absence
of a threshold energy required to produce an electron-hole
pair. They differ from metals by the significantly lower den-
sity of the electron gas which under external conditions can
vary over wide limits down to arbitrarily low values. The
gapless state in the case of gapless semiconductors of HgTe
type is due to the symmetry of the crystal lattice. It can dis-
appear only under the action of a perturbation which lowers
the symmetry of the lattice (uniaxial deformation, magnetic
field, etc.).

The order of arrangement of energy bands in the case of
gapless semiconductors (for example, HgTe) is opposite to
the one which occurs in ordinary semiconductors (for exam-
ple, InSb) with the same symmetry of the crystal lattice (Fig.
1). It is therefore said that gapless semiconductors have an
inverted band structure. In crystals with an inverted band
structure of the type of HgTe the band of light holes is de-
scribed in the neighborhood of the maximum (for a momen-
tum ik = 0) by wave functions of s symmetry (the irreduci-
ble representation I'¢) and is situated below the valence zone
for heavy holes which is described at the edge by functions of
p-symmetry (irreducible representation I'g). The states in the
valence band are classified in terms of the total angular mo-
mentum j = 3/2 (j =1+ s; 1is the orbital angular momen-
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FIG. l. The band diagram for semiconductors with zinc blende structure.
a—The inverted scheme of bands of HgTe (g, = £(T's)-£(T's) < 0); b—the
band diagram for InSb (g, > 0).

tum while s is the spin angular momentum). Two bands cor-
respond to the value j = 3/2, each of which is doubly
degenerate for k#0. For k = O the bands with j = 3/2 are
four-fold degenerate. As a result of the inversion the curva-
ture of one of the bands with j = 3/2 turns out to be positive,
while of the other band it is negative. In such a structure the
energy gap is identically equal to zero with a split
g, = £{T's) — €(I'g) < 0. The value j = 1/2 in gapless semi-
conductors corresponds to the valence band which is split off
from the two I'; bands by the value of the energy of the spin-
orbital interaction A.

X-ray investigations have shown that the solid solu-
tions Hg, _ . Mn, Te up to x ~0.35,"” and Hg, _, Mn, Se up
to x =~ 0.37'® have the structure of zinc blend just as the gap-
less semiconductors HgTe and HgSe. The Te and Se atoms
form one fact-centered cubic lattice, while the Hg and Mn
atoms are distributed more or less randomly over another
sublattice, The gapless state in SMS, and also in HgTe and
HgSe is due to the symmetry of the crystal lattice. The sub-
stitution of Hg atoms by Mn atoms leads to a smooth res-
tructuring of the band spectrum analogous to the one which
occurs in solid solutions Hg, _, Cd, Te. The I'g band in SMS
is formed from 6s2-electrons of Hg and 4s°-electrons of Mn,
while I'g and I'; bands are formed by the valence p-electrons
of Te or Se.

The dependence of the value of the energy gap £, on the
content of Mn in SMS has been determined by different
methods.®'"'"~?2 It turned out that for 0 < x<0.2¢, (x) varies
practically linearly with the concentration of manganese
(Fig. 2). The deviation of ¢, (x) from linearity for x> 0.2 is
apparently a consequence of the fact that the crystallogra-
phic structures of gapless semiconductors HgTe and HgSe
and magnetic semiconductors MnTe, MnSe are different.?
It should be noted that the value of the energy gap ¢, varies
with the composition x in the case of Hg, _, Mn, Te consid-
erably faster than in the case of solid solutions
Hg,_,Cd,Te, i€, a definite value of ¢, is attained in the
case of SMS for considerably lower values of x. Thus for
example in Hg, ,Cd,Te with a Cd content x = 0.22 we
have £, = 100 meV (T'= 4.2 K), while in Hg, _,Mn,Te
such a gap corresponds to the composition x = 0.11. The
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FIG. 2. Dependence of the energy gap £, on Mn content in SMS Hg, _,
Mnx Te:]_“’ 2_—31 3__[8, 4_211 5_62; Hgl - anx Se: 6—'16y 7—”, 8—
63

conversion of a gapless semiconductor into a semiconductor
with a gap occurs in the case of Hg, _, Mn, Te at x = 0.07
while in the case of Hg, _,Mn, Se it occurs at x = 0.065
(T = 4.2 K). The change of the gap ¢, as a function of the
temperature and composition for SMS is described well by

the following empirical formulas'’2"2*;
eg (1) = — 0,305+ 0.55T + 4.4z (eV),
Hegi-zMn,To { S 5.2.107 VK. M
T
gg ()= —0.27+ 4.4z (eV),

Hg,_.Mn_Se { deg

Te-=8-10" eV/K.

b) Energy spectrum of band electrons in a magnetic field

For the calculation of energy levels of gapless semicon-
ductors in a magnetic field a good approximation is the Pid-
geon-Brown model® in which the interaction between the
closely situated, I'g, I';, and I'y bands is treated exactly,
while the effect of the distant bands is taken into account up
to terms quadratic in k.

In this calculation both Luttinger effects for the Ty
band, and also the nonparabolicity arising as a result of
strong k - p interaction between the s and p states are taken
into account.

The energies of the Landau levels of the I'; and T’y
bands are the solutions of the secular equation correspond-
ing to the matrix of the Hamiltonian D [8 X 8].! If the inverse
asymmetry and anisotropy of the I'y band is neglected the
matrix D in the case of the propagation vector k, = 0 (the
magnetic field is directed along the z axis) breaks up into two
[4 X 4] matrices D, and D, :
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The eigenvalues of the Hamiltonian D, and D, are the ener-
gies of the electronic levels of the a, and b, series which
differ in spin (b, corresponds to levels with spin o = 1/2,
while for @, -levels o = 1/2).” The level energy in a magnetic
field in this case turns out to depend on 6 parameters: ¢, , P—
the matrix element of the momentum operator between the
I's and Iy states, A—the energy of the spin-orbit interaction
and ¥, ¥, k—the Luttinger parameters which take into ac-
count the influence of distant bands.

In SMS the band carriers in s and p states can interact
through the exchange coupling with d electrons localized on
the manganese ions. Therefore, phenomena which depend
on spin must in SMS have specific features compared with
the corresponding phenomena in the semiconductor of the
type Hg, _, Cd, Te.

The exchange interaction between the band and the lo-
calized 3d electrons of the manganese ions is described by a
Hamiltonian of the Heisenberg type

=3 7(—R) sSr, (3)

where J (r — R) is the exchange interaction integral between
band carriers and the magnetic moment of the Mn ion, § and
S are the spin operators of the band and localized electrons
respectively.

Since the range of the exchange potential is of the order
of atomic dimensions, i.e., much smaller than the radius of
the electron wave function in a magnetic field (the magnetic
length) A = cfi/eH , then in calculating the energy spec-
trum of the band carriers in the SMS the interaction (3) can
be regarded as a contact interaction. In this approximation
the correction to the unperturbed Landau levels for the T’y
and T’ bands can be represented in the form®:

Bewyo= 2 13 (R) f (R) 8w | dQup (m)J (6) Suy (m); (4)
R

2,

here u ; (m) are the Bloch amplitudes for the I's and I'; bands:
1 ,
uij2 ( ) IS 1), w2 ( _T) =[iS]),

u3/2 _l +T> Us/2 —-g—)=|7i§X‘¢>,
sy =|V6(X¢ 224))
us (—3) =| 75 (X t+22), 5

the arrows indicate spin functions corresponding to the two
directions of spin; X* =X 4 /Y, and S, X, Y, Z are periodic
functions which transform as the functions s, p, , p,, p, un-
der transformations of the tetrahedral group 7,. The quan-
tities f (R) are harmonic oscillator eigenfunctions. Integra-
tion in (4) is carried out over the volume of an elementary cell
Q.

For Bloch amplitudes (5) the contribution of the ex-
change interaction (3) to the energy of the Landau levels of
the band electrons is described by two parameters

a=S|JNIS), p=X|JNIX) (6)
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corresponding to the I'g and I'y bands. In calculating the
exchange correction to the energies of the electronic levels
Aey,, thelocalized spin operator.Sis replaced by the average
value (S ) (the brackets (. - -) denote both the thermodyna-
mical average and averaging over the random distribution of
the Mn ions in the crystal). As a result of averaging over the
direction of the magnetic field H| |z there remains only the z-
component (S Y ={8)*,({(S* +iS¥) = 0), whichisdirectly
related to the magnetization of the SMS:

M = —Nugpg (5%); (7)

here N, = Ny x is the concentration of the manganese
atoms in the SMS, N, is the number of elementary cells per
unit volume, g = 2 is the spectroscopic splitting factor of the
d electrons of manganese, g is the Bohr magneton.

Within the framework of the three-band model (I, I';,
I';) the explicit expressions for the exchange energy of the
electrons of the I'y band have the form'"

B 8N —1

leg | +e
AEN.+1IZ=Nm (Sz) (_6_ Wi g N, +1/2

leg 1 +2ey 112

%EN, +1/2 )
* leg |-+2en, 442

(8)
8N+9 legltey s
ANE3 Teg | +2y _1,2
ey _1/2 .
JaTEE Sy
here £y , 1, are the unperturbed values of the energy of the
band electrons in a magnetic field, V=0, 1, 2... is the quan-
tum number characterizing the number of the Landau level.
For a quadratic dispersion law which is not a bad ap-
proximation for the electrons with large values of the gap
leg |, the exchange energy is described by simple expres-
sions'®2%:

Aey, _1;2=Nn (5% (—g

8N —1 i
—_ 0= 4=
N AN +1° 2
Aey, o =2 0(8T) { 8N +9 1 ®)
wy3 T3

From formula (9) it follows that for N = O the signs of
the exchange corrections Aey , to energy £y, are the same
foro = + 1/2,and for N3 1 the signs are opposite. For N3 |
the exchange correction evidently does not depend on the
number of the Landau level.

In SMS with a finite gap (¢, > 0) the addition to the
energy of the electrons of the I' band in the approximation
of the quadratic dispersion law has the form

(0= 5). (10)

The exchange interaction affects also the g-factor of the
band electrons, which characterizes the spin splitting of the
levels in a2 magnetic field. The energy of the spin splitting of
the Landau levels is, by definition,

Aey, g=alN 0 (5%

gsp (V) = €y, ~1/a — &p, +1/2a = gupH. (11)

For the Kane nonparabolic band the g-factor of the electrons
in a semiconductor with the gap £, > O [for £, <O the term
3¢, is absent from the denominator in (12)]
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m A
e=2{t+[(1—5) mrm, T ) (12)
where m,, is the mass of a free electron, £g is the Fermi ener-
gy, m, is the effective mass of the electron at the bottom of
the band. In case of small effective mass (m, <m,), which
usually holds in the case of semiconductors with a small val-
ue of the direct gap £, = |(T's) — £(T'g)|, the g-factor for the
band electrons is negative, in contrast to the g-factor of a free
electron which by definition is equal to -+ 2.

The exchange interaction in the SMS leads, as can be
seen from formulas (8) and (11), to a renormalization of the g-
factor for the band electrons, which becomes a function of
the magnetic field and temperature. For a quadratic disper-
sion law the renormalized g-factor is
8N me (57)

ppH  ?
where §=a or §=f for the [ and I'; bands respectively,
c=1.

It follows from formula (13) that if the signs of g and §
are the same, then the spin splitting of the Landau levels
under the action of the exchange interaction can only in-
crease. For sufficiently great exchange correction degener-
acy can be initiated and even an inversion of the spin sublev-
els corresponding to the different Landau levels. However,
in this case the temperature dependence of |g*(T')| will be
monotonic, since (5% ) for any magnetic systems decreases
with increasing temperature. A more curious situation can
arise when the signs of g and & are opposite. In this case the
spin splitting of the Landau levels decreases as a result of the
exchange correction. In such a case in actually attainable
magnetic fields degeneracy of spin sublevels related to a sin-
gle Landau level (g* = 0) can occur. A further increase in the
contribution of the exchange interaction to the energy will
lead to an inversion of the spin sublevels and to an increase of
the effective g*-factor. In such a case the evolution of spin
sublevels must, evidently, lead to a nonmonotonic depen-
dence of |g*(T)|.

This exchange interaction also exerts a strong influence
on the restructuring of the energy levels of the heavy holes of
the valence band. Fig. 3 shows the results of calculation of
the dependences of the energy of the Landau levels for
k, =0 on the magnetic field for two temperatures for
Hgo 06 Mg o4 Te crystals.'® From calculations it follows that
the exchange interaction affects particularly strongly the
variation of the lowest electronic £+ and the upper valence
&y energy levels. As the magnetic field is increased the levels
£c and gy can cross. The overlap energy of these levels will
increase until the addition to the energy of the valence level
ey which is proportional to {S$®) reaches saturation
{{§% ) ~5). The further motion of the &y, level as the magnetic
field is changed is determined by the dependence on the field
ofthecyclotron energy of the hole fiw, = eH /m,c(m, isthe
effective mass of the heavy hole), which in the final analysis
leads to a decrease in the overlap of the levels &y and £.¥. In
a certain magnetic field H = H_, the overlap e, =&y — &¢
becomes equal to zero (H,, = 37kOe forx =0.004at T =2
K'% H = 80-100 kOe for x <0.06 for T = 4.2 K.*¢

The same effect also results from an increase of the

gr=g+ (13)
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FIG. 3. Dependence of the energy of Landau levels in the I'y band for
k, =0 on the magnetic field for Hg, _ , Mn,Te of different composi-
tions.® The arrows 1, denote the spin state, V¥ is the top of the valence
band.

manganese content in Hg, _, Mn, Te at a constant magnetic
field and fixed temperature. As the manganese content is
increased in Hg, _, Mn, Te the energy of the valence level ey
increases so rapidly that for certain values x = x_, the upper
valence level £y also turns out to be placed higher in energy
than the lowest level of the conduction band £ . In this case
the SMS becomes a semimetal (Fig. 4). The magnitude of the
overlap of the energy levels £y and & (6o =€y — &c) de-
pends on the external magnetic field, the temperature and
the concentration of the transitional element (Mn) in the
SMS. Such an unusual evolution of the energy levels of band
carriers leads to a number of special features of the thermo-
galvanomagnetic coefficients in the SMS some of which will
be discussed below.

3. MAGNETIC PROPERTIES

The magnetic properties of gapless semiconductors
HgTe and HgSe on the one hand and the magnetic semicon-
ductors MnTe and MnSe on the other hand differ apprecia-
bly. Manganese telluride and selenide are typical antiferro-
magnetic substances.” 3

Evidently, as the manganese content is increased in the
solid solutions Hg; _, Mn, Te and Hg, _, Mn, Se the nature
of the exchange interaction between the localized angular
moments must change, and this will lead to a change in the
magnetization of SMS. The kinetic and magneto-optic phe-
nomena in the SMS are quite sensitive to the state of the
magnetic subsystem of the crystal. Therefore, a knowledge
of the nature of the exchange coupling between the localized
magnetic moments is required, in particular, in order to in-
terpret the kinetic and magneto-optic properties of the SMS
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and, moreover, to understand the special features of the be-
havior of disordered magnetic material.

In order to obtain a general picture of the magnetic
properties of SMS numerous measurements of the magnetic
susceptibility, specific heat, paramagnetic resonance and
other effects were made in a number of laboratories. Results
of the measurements showed that in narrow-gap SMS as the
content of manganese is increased a continuous transition is
observed from the paramagnetic phase to the spin-glass
phase. In the SMS with a wide forbidden band
Cd,_,Mn, Te and with a high manganese content (x £ 0.70)
a magnetically ordered phase was observed which is not
present in the narrow-gap SMS.

a) Paramagnetic phase

Experimental investigation of the magnetic properties
of the SMS?°° showed that a magnetization M different
from zero appears, in the case of the solid solutions
Hg,_,.Mn,_Te and Hg, _, Mn, Se and begins to increase as
an external magnetic field is switched on and its intensity is
increased. In the temperature range 10-60 K the magnetiza-
tion of the SMS with a manganese content x < 0.16 increases
up to magnetic fields A ~ 60 kOe, as in the case of typical
paramagnetic substances in direct proportion to the intensi-
ty of the magnetic field*':

M = yH. (14)

The paramagnetic susceptibility y does not depend on the
magnetic field, but depends strongly on the temperature and
on the content of the Mn”* ions in solid solution.

An analysis of measurements of the temperature depen-
dence of the magnetic susceptiblity showed that for a suffi-
ciently low content of manganese ions in the SMS (x = 0.005)
the magnetic susceptibility is well described by the Curie
law*!

2
y = NmS(S;};‘:;) (gtB) , (15)
where k5 is the Boltzmann constant.

This experimental fact can be explained by the extreme-
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ly weak exchange interaction between the Mn>™ ions the
distance between which is great when their concentration is
so low. The magnetic moment of the ion introduces in this
case an additional contribution to the total magnetization of
the SMS. The average value of the localized spin which en-
ters into the expression for the magnetization (7) is deter-
mined by the expression

2y __ EP’BSH
(5= — 5B (#5277 ), (16)
where the Brillouin function is given by
25 +1 2 1 1
By (y)=25F oth ( s y)—ogoth g, (17)

For comparatively low temperatures or strong magnet-
ic fields when gug SH> k g T, the linear relationship between
M and H breaks down and according to (7) as H increases the
magnetization  approaches  saturation at  which
M= — mg)uB .

As the concentration of manganese in the SMS in-
creases above x ~0.005 the magnetic susceptibility of solid
solutions is no longer described by the Curie law {15). In the
region of high temperatures and for x> 0.005 it obeys the
Curie-Weiss law

2
X=Nm5:;]£§-(f-Til(gl)lB) , (18)
where the characteristic temperature © is negative. The exis-
tence of a characteristic temperature which is different from
zero indicates the appearance of exchange interaction
between manganese ions, and the negative sign of ® indi-
cates that this interaction is antiferromagnetic. The depen-
dence of ® on the content of Mn?~ ions at concentrations
x %0.3 is practically linear.*>®

At low temperatures the relationship y ~'(7") deviates
from a linear one and as the temperature is decreased y !
tends to zero. Such a behavior of the magnetic susceptibility
can be explained within the framework of a model in which
the formation in SMS of magnetic clusters is assumed which
consist of several closely situated Mn2* ions. Between the
magnetic moments of the manganese ions forming the clus-
ter there is a direct exchange interaction of an antiferromag-
netic nature, and this is what determines the sharper vari-
ation of the magnetic susceptibility y as the temperature is
lowered. The magnetic susceptibility in the presence of mag-
netic clusters in a crystal can be represented in the form

Y=Y+ %+ %+ (19)

where y, is the susceptibility of the isolated Mn** ions
which form a cluster of type O. The value of y, is determined
by expression (15). The value of y, is the contribution to the
susceptibility of clusters consisting of two magnetic Mn”*
ions (clusters of type D). According to Ref. 30
N,

=20 (20)

here N, is the concentration to type D clusters, while

5
(sup)? SZ 5 (S+1) (25 +1) exp [— 18 (S+1)/2kg T)
Cp= =

= 7 (21)
3kp D) (2S+1)exp [—J,8 (S+1)/2k,T]
8=0
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FIG. 5. Probability of finding the Mn>* magnetic ion in a cluster of a
definite kind in the case of a random distribution of manganese in SMS.*®

J, is the exchange integral describing the exchange interac-
tion between magnetic moments within the cluster D. The
values of the exchange integral obtained from measurements
of the magnetization of Hg, _, Mn_ Te crystals are equal to:
J, = 0.7 meV for x = 0.02 according to Ref. 9 and J, = 0.84
meV for x = 0.05 according to Ref. 39. The susceptibility y,
characterizes the contribution of clusters consisting of three
Mn?* ions.

The probability P (x) of the formation of magnetic clus-
ters of different configuration as a function of the manganese
content in SMS on the assumption that the Mn?™* ions are
randomly distributed along the sublattice, are shown in Fig.
5. For clusters consisting of three manganese ions a distinc-
tion is made between open (TO) and closed (TC) clusters. In
TO clusters the first of the magnetic Mn>* ions interacts
with the second, the second with the third, and there is no
coupling between the third and the first ions. In TC clusters
each magnetic Mn>* ion interacts with the other two. The
probability of formation of a cluster of a definite kind is
shown in Table L.

An analysis of the probabilities of formation of magnet-
ic clusters of different configurations under the assumption
of a random distribution of Mn?™* ions in the sublattice has
shown that in a SMS with a Mn content x < 0.03 it is suffi-
cient for the description of magnetization to take into ac-
count only clusters of type O and D. The average value of the
localized spin appearing in the expression for magnetization
(7) in this case takes the form

TABLE I
Type of cluster P(x)
LI/ (1—z)12
«e—se D 12 z (1 —2z) 18
e—eo—e 70 18 22 (7T—z) (1—1z)2®
o—¢o
TC 24 22 (1—2z) 22
\/
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b

(8% = Py (2) (8™ + P(2) 4870 -+ PP(2) (S5, (22)

where P, (x) is the probability of formation of a cluster of type
O, while PV and P are the probabilities for the formation
of D clusters with the distances between the Mn?* ions equal
to a,v2 and a, respectively (a, is the lattice constant), (S7) is
the average value of the localized spin in a cluster of type i.

Within the framework of the above cluster model Bas-
tard et al.’” obtained the following expression for the mag-
netic susceptibility in the limit gug SH <k T:

_ (e S S+ Netr (1),
= o (23)
B(T—6 (1)

here N_;(T') is the concentration of those localized magnetic
moments which make a contribution to the magnetization of
SMS at a temperature T; O(T) is the effective Curie-Weiss
temperature. The analysis carried out by the authors of Ref.
37 showed that the quantities V.4 and ® are very sensitive to
temperature. Thus, at low temperatures (7—0) we have

Nogt (T - 0)=Q'N Py (2),
S(S+1)zP
0(r—>0)=—IEXRE@ 5 ym,y),  (24)
Rija

where () is the volume of the crystal, J (R;) is the exchange
integral which describes the interaction between the local-
ized spins Sy, and Sy ;

In the high temperature range (7— o)

Nett (T — 00)=Q7IN,
& (T — o0)
S(S-+1)z [Py (z) 4+ P{V (z)+ P (z)]
- D I O S TRy (29)

Rij>“'

Thus, at low temperatures the contribution to the mag-
netization of SMS is made only by single clusters of type O,
while the contribution of clusters of type D is practically
equal to zero. In the range of high temperatures the magneti-
zation of the SMS is determined both by clusters of type O,
and clusters of type D. The expression (23) gives a good de-
scription of the experimental curves of the magnetization
M(T) for the Hg,_, Mn, Te crystals with x =0.03.>! How-
ever, the neglect in the calculation of clusters greater than
pairs did not allow the authors of Ref. 37 to describe the
magnetization of crystals with a manganese content
x>0.03.

In samples of Hg, _, Mn, Te with manganese content
exceeding 3% the number of clusters containing a large
number of Mn** ions increases sharply. Therefore it is nec-
essary to take into account the contribution to the magneti-
zation from triple and even larger clusters. In such a situa-
tion the exchange interaction is significant not only between
the nearest neighbor Mn2* but also between more distant
ions. A quantitative treatment in this case is practically im-
possible to realize due to the excessively great mathematical
difficulties.

However, another method is possible for the descrip-
tion of the magnetization of SMS which is free from such
difficulties. We assume that the distribution of the Mn2*
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TABLEI1
x=10,03 x=9,05
Type of
cluster Py | P | P | Pyo
0 0,72 0,23 0,40 0,46
D 0.20 0,59 0,% 0,47
TC 0,01 0 0,02 0
TO 0,05 0 0.05 0,07

ions in the SMS lattice does not obey the statistical laws, so
that the concentrations of clusters of types O, D, TO, TC
calculated according to the Poisson distribution P (x) does
not correspond to their actual distribution in the crystal.
One can introduce a certain modified distribution P,, (x) ac-
cording to which the process of formation of clusters must
begin at significantly lower manganese concentrations than
in the case of the Poisson distribution. Selecting by an em-
pirical method contributions to the magnetization of the
SMS from clusters of types O, D, TO and TC one can at-
tempt to describe the dependence of the magnetization on
the temperature and the magnetic field. Such a procedure
was carried out by authors of Refs. 38, 39 who investigated
experimentally the magnetization of Hg, _, Mn, Te crystals
with a manganese content x =~0.03 and x = 0.05. The results
of this work are illustrated in Table II. It gives for compari-
son the probabilities of formation of magnetic clusters in the
case of a random P (x) and modified P,, (x) distributions. Uti-
lizing the values of P,, (x) the authors of Refs. 35, 38 could
describe quite satisfactorily the experimental curves of the
magnetization of Hg, _ . Mn, Te and Hg, _, Mn, Se over a
wide range of temperatures and magnetic fields.

However, it is clear that the problem of the adequacy of
the obtained empirical distribution of the Mn?™ ions and
their actual distribution in a SMS requires a further thor-
ough investigation.

In the domain of low temperatures and strong magnetic
fields the magnetization of the Hg,_ . Mn,Te and
Hg, ,.Mn, Se crystals with a manganese content of
x> 0.05, as it turned out, can be well described by the se-
miempirical formula

2 gupSH
(S = —SoBsp2 (m) ’ (26)

where S, and T, are adjustable parameters which can be
determined from a comparison of expression (26) and the
experimentally obtained dependence of the susceptibility on

TABLE III
Hg, ., Mn,Te Hg, , Mn, Se
T K x==0,1 x=0,12 x=0,14 x = 0,145
So To So To So To So To
1,7 | 1,02 9,9 10,87 { 14,7 0,77 | 12,1 | 0,67 9,9
4,2 1,02 8,6 {0,89 | 14,0 0,79 | 11,2 | 0,70 9,4
10 0,83 8,6 | 0,94 | 14,1 (0,85 [ 12,9 [ 0,74 | 10,7
20 1,14 | 23,4 | 1,18 | 22,7 [ 1,03 | 18,5 | 0,86 | 14,9
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FIG. 6. The dependence of the magnetization of Hg, _,Mn, Te and
Hg, _ . Mn, Se crystals with different content of Mn on magnetic field and
temperature.*'  1—HgggssMng145Se,  2—HgogeMng , Te, 3—
Hg, 9 Mn,, Te (solid lines are the results of calculations, the symbols de-
note experimental data).

the temperature. The values of S, and T}, determined from
the measurements of magnetic susceptibility*' are shown in
Table III.

The correspondence between the experimental curves
and the theoretically calculated values of the magnetization
for Hg, _,. Mn, Te and Hg, _, Mn, Se is shown in Fig. 6.

b) The spin-glass phase

Investigating the temperature dependence of the mag-
netic susceptibility of the Hg,_,Mn_ Te crystals with
0.12<x<0.20 the authors of Ref. 42 have demonstrated a
nonmonotonic variation of the magnetic susceptibility in the
range of temperatures 2—10 K for samples with a manganese
content of x>0.13. A similar behavior of the magnetic sus-
ceptibility was found for Hg, ¢s Mn, 35 Te in the temperature
range 8<7<12 K.*® The appearance of a characteristic
break in the y(7') curve and its shape, as the investigations of
Ref. 38 have shown, depend in an essential manner on
whether the sample was cooled in a magnetic field or in its
absence (Fig. 7). Such a behavior of the magnetic susceptibil-
ity is characteristic for substances which have been given the
name of spin-glasses (for example, CuMn, AuFe).** The
transition from a paramagnetic phase into the spin-glass
phase was also found in studying the specific heat of SMS.?*

Spin-glasses are characterized by having a definite tem-
perature 75 below which a magnetic moment different from

2
5 7
=
s
~
z
.
L 1 I I
7 7 R A

FIG. 7. Dependence of the magnetic susceptibility of Hg, _ , Mn, Te on
the temperature.®® 1—x = 0.012, 2—x = 0.036, 3—x = 0.35.
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zero is present at the ith node of the lattice ({S;) #0 for
T < Ts and {S;) = 0for T'> Ts) whichis “frozenin” along a
certain arbitrary axis. The distribution of these axes in space
is random, so that the configuration average {S;) = 0 for all
temperatures. It is important to note the radical difference of
the spin-glass phase from the paramagnetic phase: in the
latter the directions of the magnetic moments fluctuate in
time continually and randomly. In a spin-glass for T'< T
the directions of the magnetic moments are “frozen” and do
not change further with passage of time. The distribution of
magnetic moments arising in the spin-glass phase is not the
only one possible, it represents one of many almost degener-
ate ground states of the system.

The values of the critical concentration of manganese
x.. which separates the paramagnetic phase and the spin-
glass phase in Hg,_,Mn,Se is x_ =0.16.>° This value
agrees well with the values which follow from the flow the-
ory: x,; = 0.17%, x., = 0.20.**> The existence of the spin-
glass phase for SMS with £, <0 has been demonstrated by
the authors of Refs. 46, 47 who investigated Hg, _ . Mn, Te
with a manganese content of 0 <x £0.075. The concentra-
tion of manganese in the investigated samples was signifi-
cantly less than the flow concentration x, . It appeared that
at such a low content of Mn?* the SMS must remain a para-
magnetic substance right down to the very lowest tempera-
tures. However, as is well known, in semiconductors an indi-
rect exchange is possible between the magnetic ions Mn? ™ as
a result of the virtual transitions of electrons from the va-
lence band into the conduction band. This mechanism is rel-
atively weak in semiconductors with a finite value of the
forbidden band (g, > 0), since the indirect interaction is pro-
portional to exp[ —am,e,R;/#i] (R; is the distance
between magnetic ions). At the same time in gapless SMS
(g, <0) the role played by virtual transitions in establishing
the interaction between the Mn>* ions {(we shall return to
this topic below) is sufficiently great as a result of which the
formation of the spin-glass phase becomes possible.

With the aim of determining the possibility of a correla-
tion between the magnitude of the gap £, and the tempera-
ture T of the transition to the spin glass the authors of Ref.
47 carried out a number of experiments using Hg, _ . Mn, Te
crystals for which a study was made of the influence on the
value of £, of pressure acting on all sides. As the pressure is
increased the value of |¢, | decreases, becomes zero at a cer-
tain pressure & = Z, at which the I'; and T', terms are

inverted, and later for % >%_, a direct gap
gy = £(I's) — £(T'g) > 0 opens up in the SMS. The results of
these measurements shows that the transition of the SMS
into the spin-glass phase occurs only in the region of the
gapless state. After the inversion of the I'g and I'y terms such
a transition was not observed. This, apparently, indicates
that the existence of the spin-glass state for £, <0 is due to
the exchange interaction of the Mn** ions which is brought
about with the aid of virtual interband transitions of elec-
trons through the zero forbidden band. The spin-glass be-
havior in this case is the result of the random distribution of
the magnitude and the sign of the integral of the indirect
exchange interaction between neighboring magnetic mo-
ments.

At sufficiently high concentrations of Mn, when the
SMS crystals have a finite gap, the indirect exchange due to
the virtual transitions cannot be responsible for the occur-
ance of the spin-glass phase. One might think that in this
case the frustration mechanism®*’' is responsible for the
transition to the spin-glass phase. The essence of this mecha-
nism is as follows. In an SMS with a gap the Mn?* ions form,
as has been established, a large number of magnetic clusters.
The minimum in the energy of the magnetic ferro- or anitfer-
romagnetic interaction between the Mn** ions within the
limits of each cluster corresponds to a certain “optimum”
ferro- or antiferromagnetic orientation of magnetic mo-
ments within the cluster. As the temperature is lowered the
magnetic moments of the clusters do not form a magnetical-
ly ordered phase: The minimum of the energy of the crystal
below a certain critical temperature 7= 7 characteristic
for the crystal corresponds to the spin-glass phase in which
the magnetic moments of the clusters turn out to be “frozen”
and form a frustrated® system in a random manner. We note
that the location of the magnetic moments of Mn®™ in the
ground state of a frustrated system is not unique: a large
number of equivalent states of the system is possible.

Fig. 8 shows phase diagrams for the SMS
Hg,_,Mn,Te and Hg, ,Mn,Se obtained by means of
magnetic measurements. For Hg, _, Mn, Te two regions of
the spin-glass phase can be seen. However, if one takes into
account the tendency towards the formation of clusters even
for a relatively low content of manganese in SMS, and also
the data from the investigations of SMS with a wide forbid-
den band (Cd, _, Mn, Te*?), according to which the spin-
glass phase is realized for crystals with a manganese content
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of x = 0.01 and x = 0.05 at 0.01<7<0.1 K, it is not possible
to disregard the probability of existence on the phase dia-
gram of a single region of the spin-glass phase. It is clear that
it is necessary to investigate the SMS Hg, _ . Mn, Te with an
intermediate content of manganese from x=0.05 to
x =0.10 (cf., Fig. 8).

¢) The indirect interaction in the gapless crystals Hg,_ ,Mn,
Te

With a low content of manganese in the SMS the orbits
of the strongly localized d electrons of the manganese ions
overlap very little. In this case the direct exchange interac-
tion between the localized moments, which is due to the
overlap of the wave functions of the electrons of neighboring
ions, becomes negligibly small. Nevertheless the exchange
coupling between magnetic moments localized on ions can
arise even in the absence of a direct exchange as a result of
the indirect exchange through the band charge carriers
(RKKI interaction)”. However at low temperatures the con-
centration of band charge carriers in gapless SMS of the type
of Hg,_,Mn, Te (x50.07) is relatively not very great
~10"-10'® cm~2. As estimates in Ref. 24 have shown this
number of charge carriers turns out to be insufficient to en-
sure effective RKK1 interaction between localized magnetic
moments. The absence of an energy gap in Hg, _,.Mn, Te
crystals with x $0.07 results in the fact that the indirect ex-
change coupling between Mn>™ ions can be brought about
by virtual electrons excited from the valence band into the
conduction band. Such a mechanism for the indirect ex-
change was discussed for the first time in the paper by
Bloembergen and Rowland as applied to an antiferromag-
netic dielectric substance.>® For semiconductors with differ-
ent variants of mutual placing of the maximum of the va-
lence band and several minima of the conduction band the
mechanism of indirect exchange via the virtual electrons was
studied in the papers of Abrikosov.>*

Due to strong spin-orbit coupling of electrons in
Hg, _, Mn, Te the indirect exchange interaction is no longer
described by the simple expression in the Heisenberg form
~8,S, but has a more complicated form*’

He, =2 A"*S,8;, (a, B=z, v, 2)- (27)
ap

The tensor A*? describing the indirect exchange cou-
pling between manganese ions is characterized in the general
case by nine independent constants. This number, generally
speaking, can be decreased, if one takes into account the
placing of a pair of Mn?™ ions with respect to the atoms of
the lattice.*® The symmetric part of the A® tensor is the sum
of the Heisenberg exchange interaction

HL,=42SS, (28)
and the anisotropic pseudodipole interaction
Ry45S1) (RS
Hi=p[ss,—3fuSy Rl 1, (29)
here R,, = R, — R,, and the constants 4 and B are ex-

pressed in terms of the diagonal components of the A® ten-
49
sor.

Estimates of the exchange integrals made in Refs. 56, 57
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on the assumption that the valence band is completely filled,
and the conduction band is empty (the case corresponds to
T = 0) have shown that the pseudodipole interaction (29)
introduces a greater contribution to the exchange coupling
of (Mn — Mn) than the isotropic interaction (28).

Therefore the estimate of the temperature of magnetic
ordering which was earlier made by Bastard and Lewiner,>’
who considered only the isotropic interaction {28), is incor-
rect: The presence of a large anisotropic interaction must
lead to the “freezing” of localized moments, i.e., to the for-
mation of a spin glass. Investigations of the magnetic suscep-
tibility of gapless semiconductors Hg, . Mn, Te*” indeed
showed that at low temperatures a spin-glass phase is real-
ized.

4. MAGNETO-OPTICAL PROPERTIES

A study of intraband and interband transitions execut-
ed by band charge carriers on absorbing light in a magnetic
field enables one to obtain information on the energy spec-
trum, the effective masses and the g-factor of the charge car-
riers.

Experiments on investigations of magneto-optical tran-
sitions in SMS were carried out both for the Faraday config-
uration (k||H) and for the Voigt configuration (kLH) (k is the
wave vector of the electromagnetic wave). The energy of the
radiation utilized by different investigators to excite both
intraband (transitions between Landau levels within the lim-
its of the same band I';—T ) and also interband (transitions
of the type I'¢—T) transitions amounted to several meV
(3.68 %%, 6.36 °%, 10.45 ') to hundreds of meV (230-370)%%¢!,
600."° All the experiments were carried out in the tempera-
ture range from 4.2 K to 80 K. The concentration of manga-
nese in the SMS crystals that have been investigated was
varied over quite a wide range x £0.001 *°, x50.02 ¢,
x<0.152, %%, x<0.27 °*. In other words, both gapless (¢, <0),
and semiconducting (e, > 0) SMS samples were investigated.

a) Magneto-optical transitions in gapless SMS

Selection rules which were satisfied by the magneto-
optical transition in the gapless SMS that were investigated
are shown in Table IV: here £” corresponds to the longitudi-
nal,ando* corresponds to the right and left circular polari-
zations of the electromagnetic wave.

The first characteristic feature discovered in the ab-
sorption spectral of gapless SMS turned out to be their
strong temperature dependence in the temperature range 2—
4 K.° As the manganese concentration was increased the
position of the observed absorption maxima was shifted in
the direction of lower magnetic fields.

TABLE 1V
Polariza- Transition
tfion
ot by (N +1) > b, (V)
- ap, (M)~ ap, (V+1)
La» apy (N) > bp, (N +1)
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FIG. 9. Dependence of the energy of the spin splitting £,,(N = 1) on the
magnetic field for Hg, _ ,Mn, Te and HgTe®.

Compared to the energies of transitions observed in
gapless Hg, _ ., Mn, Te crystals at a temperature of 4.2 K
with corresponding transitions in Hg, _,Cd, Te crystals
with the same value of the energy gape, = &(I's) — (I}, the
authors of Ref. 10 have established that these transitions for
the case of ¢” polarization practically coincide for both types
of crystals while for the o~ polarization the position of the
corresponding transitions in Hg, _ , Mn_ Te is shifted in the
direction of the lower and for the o* polarization is shifted
in the direction of greater energies compared with the posi-
tion of the corresponding transitions in Hg, _ , Cd, Te. This
fact indicates that the energy of the spin splitting &, (V) in
SMS increases. An analysis of the magneto-optical spectra
showed that the energy of the spin splitting in SMS depends
both on the composition x, and on the temperature. A typi-
cal dependence of the energy of the spin splitting £,, (N = 1)
on the magnetic field found for Hg, _ , Mn_ Te from the dif-
ference in the energies between the transitions (2+-—17) for
the o polarization and (2~ —17) for the " polarization is
shown in Fig. 9.

Figure 10 illustrates the dependence of the energy of
spin splitting on the magnitude of the energy gap ¢, i.e., on
the content of Cd or Mn in Hg,_,Cd,Te and
Hg, _  Mn, Te crystals in a magnetic field of H = 20 kOe.
We note that the change in the energy of spin splitting in
SMS with temperature and with composition leads to a dif-
ferent dependence of the difference in the energies of the
transitions § = £(1*—2%) — £(1 " —07) on the value of the
energy gap £, than in the case of the gapless semiconductors
of the type Hg, _, Cd, Te. Thus, if for the Hg, _,Cd, Te
crystals with £, <0 the value of § increases as the tempera-
ture and the Cd content increase, then for the SMS the value

H#=20 kOe

20+ 4
a-7

A, 0-7

300 200 5, meV

FIG. 10. Dependence of the energy of spin splitting for Hg, _ , Cd, Te (1)
and Hg, _, Mn, Te (2) on the value of the energy gap ¢, °.
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FIG. 11. Dependence on the magnetic field of the energy of the I'(—I'
Hgg9oMng o Te at T=2 K.° Dotted lines—theory, symbols—experi-
ment.

of § decreases and becomes negative. Thus, for the SMS
Hg, .Mn, Tewithe, = — 270meV the value of § is nega-
tive. 5560

In contrast to spectra of gapless semiconductors of the
type Hg, _ . Cd, Te in the magneto-optical absorption spec-
tra of gapless SMS an interchange between the magnetoab-
sorption curves for ¢ and ¢~ polarizations was observed.
Thus, as the manganese content in Hg, _ ,Mn, Te with
x<0.02 was increased, the curve corresponding to the
1~—0" transition turns out to be situated higher in energy
than the curve which corresponds to the | *—2* transition
in Fig. 11."7°

We have already noted that in gapless SMS the energy
of the valence level at low temperatures increases as the mag-
netic field is increased so strongly that the level b ( — 1) turns
out to be higher in energy than the lowest electronic level of
the conduction band. It is evident that in this case one should
expect in the magnetoabsorption spectrum the appearance
of additional lines associated with the transitions of band
electrons to this level. Such transitions have been actually
identified in Hg, _ . Mn, Te crystals with a manganese con-
tent in the range 0.004<x <0.08 at a temperaturesof 7'= 2 K
(Fig. 11).

Finally,inHg, , Mn_Tewith x > 0.04 a transition was
observed in magneto-optical spectra from the Landau levels
of the ', band to an acceptor level lying in the 'y band. As
the analysis of Ref. 10 has shown the energy of the transi-
tions e —€, asthe magnetic field is made to approach zero
tends to the valuee, + £, while for the transitions £, —¢y,
it tends to the value ¢, . The value of £, found in this manner
turned out to be equal to 2-3 meV for Hg, _ ,Mn_Te crys-
tals with £, =150 meV.""

b) Magneto-optical transitions in SMS with a finite gap

We examined briefly the magneto-optical phenomena
in SMS with a finite value of the energy gap (g, > 0). The
selection rules which are obeyed by the magneto-optical
transitions are the same as in ordinary semiconductors®
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TABLEV

Polariza- Transition
tion
c* ap, (N)—>op, (N+1),  bp, (N} —>bp (N-+1)
- ap, (N) > ap, (N+1), by, (V) by (V1)
e apy (N—1) = by, (N), by, (N-H1) = ap, (V)
(Table V).

The analysis of transition probabilities shows that for
the o™ polarization the contribution from the transitions
from the heavy-hole band is considerably weaker than for
theo™ and &” polarizations. For the £ polarization the tran-
sitions

ar, (N+1)_+bl"| (N)1

are the dominant ones from the heavy-hole band, while for
the o~ polarization the principal transition is one of the type
of

by (N—1)—br, (N),

In this case the transitions from the bands of heavy and light
holes are equivalent.®®

In accordance with the selection rules stated above and
the transition probabilities the magnetoabsorption spectra
for o~ and &£” polarizations turn out to be considerably
richer than spectrum for the o+ polarization, where only a
very weak structure has been observed.®°

The temperature dependence of the magnetoabsorption
spectra in the case of SMS with a gap is considerably weaker
than in the gapless semiconductors.®>® This is due, as has
been noted, to the increase in the probability of formation of
large magnetic clusters as the manganese content in SMS is
increased. The contribution to the magnetization made by
the cluster can in this case turn out to be smaller than in the
case of individual manganese ions. Thus, for example, if the
localized spins of the Mn?™ ions in a cluster are situated in
an antiparallel fashion, then the magnetic moment of the
cluster will be lower than in the case of an individual Mn
ion.*! A confirmation of an increase in the role of magnetic
clusters as the concentration of manganese ions is increased
is provided by the increasing deviation of the experimental
magnetization curves from the Brillouin curve for
Hg, _,Mn, Te.®

Just as in the case of gapless SMS, in the magneto-opti-
cal spectra of Hg,_,Mn,Te with a finite energy gap
(0.12<x<0.17)°" a transition was observed from an acceptor
level to the level b (1) of the conduction band. The depen-
dence of the energy of the acceptor level £4 on the magnetic
field found by the authors of Ref. 61 at 7= 2 K, is shown in
Fig. 12.

An analysis of the magneto-optical spectra in SMS with
a gap showed that the energy of the transition
er,( — 1)—>&,(0) decreases as the magnetic field is in-
creased. This effect is evidently due to the fact that just as in
the case of gapless SMS the exchange correction to the ener-
gy of the valence level b ( — 1) shifts it upward in energy, and

N=0

N>0.
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FIG. 12. Dependence of the energy of an acceptor level on the magnetic
field in Hgo 5, Mng ;5 Te (£, =219 meV)at T=2 K.%'

this leads to a decrease in the energy of the transition.

All the above “anomalous™ magneto-optical properties
of SMS can be interpreted if one takes into account the ex-
changeinteraction of the band charge carriers with the local-
ized d electrons of the manganese ions. Indeed, a change in
the temperature and the manganese content leads to a
change in the magnetization of the sample, which in turn
determines the change in the energy of the band carriers.
Evidently the values of the magnetic fields corresponding to
the magneto-optical transitions also change in this case both
with temperature and with the manganese content in SMS.

5. KINETIC PROPERTIES

In this section we examine the effect on the kinetic prop-
erties of the SMS of the renormalization of the electron ener-
gy spectrum due to the exchange interaction of band elec-
trons with the ions of transition elements.

a) Shubnikov-de Haas (ShH) oscillations

One of the methods of studying the energy spectrum of
charge carriers that provides the most information is the
ShH effect. The ShH oscillations of the longitudinal and
transverse magnetoresistance were studied in SMS in steady
state (up to 60 kOe) and in pulsed (up to 300 kOe) magnetic
fields in the temperature range of 1.7-77 K.%'#6°-73 In both
the gapless SMS and those with a gap special features of the
ShH oscillations were found which do not occur in semicon-
ductors which do not contain magnetic ions. We list these
special features.

1. In the quasiclassical region of magnetic fields, where
the ShH oscillations are determined by the Landau levels
with high quantum numbers N, the harmonic picture of os-
cillations in the case of gapless SMS breaks down—beats and
nodes appear (Fig. 13).%°

2. The amplitudes of the peaks in the oscillations change
with temperature in a nonmonotonic fashion (Fig. 14).9%° A
similar character of the dependence on the temperature of
the amplitude of the de Haas-van Alfven oscillations was
observed earlier in the case of the Cu:Mn alloys.”” It is clear
that similar changes in the amplitudes of oscillations in the
case of gapless SMS do not allow one to use the usual method
for determining the effective mass of electrons based on the
temperature dependence of the amplitudes at a fixed value of
the magnetic field. As the analysis of Ref. 69 has shown, the
ratio of amplitudes at two temperatures can take on values
both greater than and less than unity for different oscillation
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FIG. 13. Formation of oscillation nodes (indicated by arrows) in
Hg, ,Mn_Se(x =0.013;n =9 . 10" cm?)at different temperatures.®®

peaks. Negative masses would correspond to the latter case.

3. Investigation of the ShH oscillations over a wide tem-
perature range showed that the positions of the oscillation
peaks are shifted considerably with temperature. As the tem-
perature is increased some of the peaks are shifted in the
direction of higher magnetic field. But usually as a result of
the partial lifting of the degeneracy of the electron gas by the
magnetic field the peaks are shifted in the direction of lower
fields. Moreover, as the temperature is increased, some of
the peaks are split (Fig. 15).%° The appearance of a doublet
structure of the peaks is associated with the spin splitting of
the Landau levels. However, in contrast to usual semicon-
ductors where the splitting of the levels as the temperature is
increased is smeared out, in the case of SMS it appears and is
increased. The special features of the ShH oscillations in the
case of SMS, just as the effects found in the investigations of
the magneto-optical spectra, are due to the effect of the ex-
change interaction on the energy spectrum of the band
charge carriers.

Let us analyze the oscillation picture in the range of
magnetic fields where peaks that are not split according to
spin are observed. In the quasiclassical limit N3 1 the oscil-
lating part of the magnetoresistance is

APy pd n
—go = ) 4, cos (2nr T “Z) , (30)

r=1

where the amplitude of oscillations is given by

R

14}, arb. units
T

1X
7 2 J 4 LK

FIG. 14. Temperature dependence of the amplitude of the oscillation peak
for Hg, _ ,Mn, Se (x =0.013,n=3-10"" cm?.%
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FIG. 15. Effect of temperature of the spin splitting of oscillation maxima
in Hg, _ ,Mn, Se®
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) cos (nv*r),
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here y = 272k, T /#iw,,

& z
T is the Dingle temperature, which characterizes the
nonthermal smearing of the Landau levels. The factor
cos(mv*r) appears as a result of the spin splitting of the Lan-
dau levels.

Electrons of the two spin sublevels ¢ = + 1/2 make an
additive contribution to the magnetoresistance which can be
represented in the form of harmonics with the same period
but displaced in phase. If v* does not depend on the magnetic
field H, as is the case in usual semiconductors, then the su-
perposition of each pair of harmonics with a given value of »
leads to a decrease of the total amplitude of the oscillations
A,. Thus, for example, for v* = 1/2 the amplitudes of the
first and all the odd harmonics are identically equal to zero.
As is well known, this is manifested by the doubling of the
period of oscillations.

If v* varies weakly with the field over the range of peri-
odicity of the function cos(27e /fiw, ), the factor cos(mv*r)
modulates the amplitude of the oscillations and describes
beats of the fundamental harmonic with 7/ = 1. In fields H,
that satisfy the condition v* = (2/ 4 1)/2(/ =0, 1, 2...), the
amplitude of the first harmonic vanishes, while the ampli-
tude of the second harmonic (» = 2) is in this case a maxi-
mum. Under such conditions no sharply expressed node is
observed, but in a certain neighborhood of the field H = H,a
“disruption” of oscillations occurs. Along the oscillation
curve an appearance of whole series of nodes becomes possi-
ble, corresponding to different values of / =0, 1, 2... . How-
ever, according to estimates that have been made, nodes with
1=2, 3, 4... must be situated at very low magnetic fields,
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where the oscillations are poorly resolved, and the node with
! =0, on the contrary, must be situated in the region of
strong magnetic fields where the description of the oscilla-
tion picture with the aid of harmonic formulae is no longer
reasonable. Therefore, in the experiments of Ref. 69 only
nodes with / = 1, 2 were successfully observed.

b) g-factor of band electrons

As is well known, the position of the zero peak of the
ShH oscillations in a magnetic field is associated with the g-
factor of the electrons:

%
=[] 52
In studying the evolution of the first (from the side of higher
magnetic fields) oscillation peaks as the temperature is var-
ied, itis possible to analyze the effect of the exchange interac-
tion on the energy of the band charge carriers in SMS.” It
has been established experimentally that as the temperature
increases the zero peak is shifted noticeably into the region of
higher magnetic fields. The values of the g-factor have been
determined by the authors of Ref. 73 from the positions of
the zero peak taking into account the corrections for the
incomplete degeneracy of the electron gas:
|g*|=%(~‘/—’;ﬂ1—o.535]/kﬂ) . (33)

hog

The results for Hg, ,Mn,Se with x = 0.01{(n = 3.10"
cm 3 and x = 0.12(7 = 1.3-10"” cm~3) are shown in Table

VL
From Table VI it can be seen that for the gapless SMS as

the temperature is lowered from 77 to 4.2 K the exchange
correction leads to an increase in the energy of the spin split-
tinge,, = |g*|up H. The anomalously large values of |gF | at
low temperatures indicate that the exchange integral BN,
for electrons of the I'y band is negative. As the temperature
increases |g%s| decreases monotonically approaching the
value of |g| given by the Kane theory (12).

For SMS with a finite energy gap the situation is differ-
ent. In view of the fact that
alNyz (5%)

ppH

and £r, < 07
the exchange integral a N, for electrons of the I' band must

be positive. Since as the temperature is increased the spectro-
scopic splitting factor decreases monotonically then, evi-

lete |=ter, [+ <|egr,|

TABLE V]

1,7 —35 4,0

3,5 —~35 3,7

4,2 —35 3,6
14 —31 2,4
25 —27 1,6
64 —18 0
77 —16 0
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FIG. 16. Effect of exchange interaction on the energy spectrum of band
charge carriers in narrow-gap (a) and gapless (b) SMS (qualitative repre-
sentation).

dently, the exchange interaction leads to the inversion of the
Landau spin sublevels, i.e., £,1 > £,! (Fig. 16). With a further
increase of temperature in a certain magnetic field # = H,
evidently a degeneracy of spin sublevels (g* =0 for
£o, (H,) = &¢, (H,)) must evidently occur, after which |g*(T')|
will again increase, and &4l >¢£,t. In the sample of
Hg, ¢ Mn,, ;, Se investigated by the authors in Ref. 73 this
corresponds to a region of temperatures where the ShH os-
cillations, unfortunately, have not been resolved. Apparent-
ly, such an effect should be expected in the case of SMS with
a lower concentration of manganese (x $0.10). Thus, for
SMS with a finite gap the temperature dependence of |g} |
must be nonmonotonic, in contrast to gapless SMS.

¢) ShH oscillations in the quantum limit

It is well known that the dependence of the Fermi ener-
gies of the electrons on the magnetic field in the case of usual
semiconductors (for example, in the case of InSb) does not
alter the period of the ShH oscillation, but is manifested only
in the positions of the peaks i.e., in the values of the magnetic
field at which the peaks are situated.! The first peak from the
side of the high magnetic fields (0~ -peak) corresponds to the
crossing of the Fermi level with the spin sublevel &, _,,,
while the next peak (17 -peak) corresponds to the equality
EF =&y, 4172+

For a SMS with a finite gap (¢, > 0) quite a different
situation is possible. Indeed, in the case £, > 0 in magnetic
fields

o alNyz

H’H1=IEIMB (34)
an inversion of the Landau spin sublevels occurs, and this
under the conditions of the quantum limit when only the
lower Landau level is populated (g, < (3/2)fiw. ), leads to ad-
ditional nonmonotonic behavior in the dependence of the
Fermi energy on the magnetic field. The main special feature
of this additional lack of monotonic behavior of the curve of
er(H) consists of the fact that at electron concentrations
1 52.7-10" cm ™3 the Fermi level crosses the Landau suble-
vel (bottom of the sub band) ¢, _, ,,, twice in magnetic fields
H < H;, crosses the Landau sublevel ¢, _,,, at H> H; and
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FIG. 17. Variation of the Fermi energy £ (H ) and of the Landau levels for
different concentrations of the conduction electrons in Hgyo Mny Se.
n{cm ™% =1.3-10" (1), 2.0 - 10"7(2) and 3.5 - 10"7(3). On curve 2 arrows
indicate thecrossing of the curves forg,,  ,, and £ (H ) where appearance
of zero oscillation peaks is possible.

only then, in stronger fields, tends to the sublevel &, . 1/,
(Fig. 17).

From Fig. 17 it is clearly seen that, as a result of the
inversion of Landau sublevels g, _;,, and &,  ,,, in the field
H; additional peaks can rise in stronger magnetic fields to-
gether with the O;" peak observed in the case of usual semi-
conductors, which is due to the coincidence of the Fermi
level with the upper Landau sublevel g, ;.

The results of calculating the transverse conductivity
o, for different values of the collision broadening of the
Landau level I'’® confirm the qualitative considerations that
in the region of magnetic fields H —~ H; two additional maxi-
ma of the magnetoresistance arise (at I' =~ 3 K) (0," and 0;)
which correspond to the intersection of the Fermi level with
the spin sublevels &, , ,, (for H<H;) and &, _,,, (for
H > H,). Calculations show that the resolution of the 0;" and
0, peaks depends to a considerable extent on the collisional
broadening parameter I". For large values of I' (I" = 5 K) the
0,t and O peaks are smeared out into a single maximum
situated in the magnetic field H = H;.

An analysis of the ShH oscillations of the longitudinal
magnetoresistance p,, (H ) has shown’® that, just as in the
case of the transverse magnetoresistance it is possible for
three oscillation peaks to appear in magnetic fields satisfying
the condition e (H) =&, ,,,. However, in contrast to the
transverse magnetoresistance the longitudinal magnetore-
sistance p_, (H ) can lack oscillation maxima in fields H =~ H,
when g* = 0 and the energy of the spin splitting is less than
I". Under these conditions one of the maxima in the fields
H < H; or H> H; can also disappear.

Thus, an analysis of the ShH oscillations in the quan-
tum limit in the case of SMS points to the essential role
played by the dependence of the Fermi energy on the mag-
netic field. However, as a rule, in interpreting the results of
measuring the magnetoresistance of the Hg, _ , Mn, Te and
Hg, _, Cd, Te crystals it was assumed'”%° that the Fermi
level does not depend on the magnetic field and remains con-
stant even in very strong fields. Possibly it is just because of
this that the authors of Ref. 80 could not explain the reason
for the appearance of additional peaks of p,,(H) in
Hgg 30 Mng 1, Se in magnetic fields 100-200 kOQe.
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TABLE VII

SMS x aNy, eV BNy, eV
Hg,-xMn,Te, 42K | (,08 1,478 —2,37
Er-a s e | 0,73 147
0—0,09 | 0,459 —0,762, —9,63 53
0,02 0,65 79,75 | —1,47%, —0,75%
Hg-xMn,Se, 10K 0,0 0,918 —1,518
Erx T8 01026 - —0.978
0—0,1212| 1),357¢ —,776
0,01 0,469 —(),28 89
0,12 0,287

d) Estimate of the values of exchange integrals

The values of the exchange integrals aN, and SN, for
Hg, _.Mn,Te and Hg; _,Mn,Se determined from the
magneto-optical measurements and the ShH oscillations are
shown in Table VII.

The noticeable differences in the values of the exchange
integrals, both of aN,, and BN,, obtained by different auth-
ors from the ShH oscillations are due, as analysis has shown,
firstly, to the use of different methods of reducing the results
of measurements; and secondly, and this is the determining
factor, to the different form of recording the magnetization
energy Aey .. Thus, the authors of Refs. 18, 77 utilizing the
procedure of fitting the parameters have calculated the de-
pendence of the energy of the Landau levels ¢y, on the mag-
netic field and the temperature, and then have determined
the position of the oscillation maxima of the magnetoresis-
tance from the condition g (H ) = £ (0) = £y, . The depen-
dence of the Fermi energy on the magnetic field in this case
was not taken into account, i.e., it was assumed that
£p(H ) = e = const. The criterion for the correct choice of
the parameters was the coincidence of the calculated and
experimentally observed positions of the peaks in the magne-
toresistance. We note, however, that in the region of magnet-
ic fields close to the quantum limit it is extremely important
to take into account the dependence of the Fermi energy on
the magnetic field. The function e (H ) without appreciably
distorting the periodicity of the oscillations not only signifi-
cantly affects the position of the oscillation peaks, but also,
as was mentioned in Sec. 5c can give rise to the appearance of
new additional ShH oscillations in SMS.

In order to estimate the parameters of the exchange in-
teraction the authors of Ref. 69 took into account the fact
that for Hg, o, Mng 45 Se with a concentration of the conduc-
tion electrons of n=3.2X 10" cm ™2 at 7<4 K the Landau
levels £, ,/,, and €, _;,, merge in the magnetic field of 80
kOe. The values of the exchange parameter calculated under
these conditions should, evidently, be regarded as more reli-
able than the values found without taking into account the
dependence of the Fermi energy on the magnetic field.

The apparent differences in the numerical values of the
exchange parameters AN, in Table VII are due to the fact
that the different authors in interpreting the experimental
data utilized different forms of recording the magnetization
energy Aey .. Thus, in Refs. 18, 75, 77 it was assumed that
the charge carriers in the I'; band are classified, just as in the
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I's band according to the value of the spin. In this case the
expression for Aey , (V> 1) has the form

Aey, 5 = = PNoz0 (5%, (35)

while the values of the exchange parameters found from the
ShH oscillations and magneto-optical measurements turned
out to be equal to 1.4-1.5 eV. In Refs. 62, 58, 76 values of
BN, have been obtained that are lower by a factor of two,
specifically 0.65-0.75 eV. One can only assume that the
authors of these articles utilized for determining the energy
Agy, . the expression (35) where the coefficient is 1/3 instead
of 1/6. The authors of Ref. 69, starting from the fact that in
the case of a degenerate I'; band the states should be classi-
fied not according to the spin but according to the total an-
gular momentumj, have ascribed to the electrons of the band
an “effective spin” of j = 3/2. In this case Acy,, for N> 1 is
determined by the expression

Aty s 1, 6= PN 2o (S*),

while for BN, values are obtained of (0.25-0.30) eV. The
values of SN, calculated with such a classification of the
states coincide with the exchange parameter aN, = 0.28
eV,” obtained from the ShH oscillations for Hg, gs Mn,, ;, Se
crystals with a finite value of the forbidden band. The values
of aN, calculated by other authors turned out to be (cf., Ta-
ble VII) lower by a factor of two than the parameters SN,
that have been obtained.

e) Special features of magnetoresistance in gapless
Hg,_,.Mn,Te crystals

In contrast to the gapless Hg, _ ,Mn, Se crystals for
which the concentration of band electrons usually amounts
to ~10'7-10"® cm~? in the case of Hg, _ , Mn, Te crystals,
unless they are specially doped, the concentration, as a rule,
is lower: n~10""-10'® cm~3. At the same time the Fermi
energy of gapless Hg, . Mn, Te turns out to be comparable
with the energy of an acceptor level €, , which lies in the
conduction band. The contribution to the conductivity of
charge carriers of the impurity acceptor band gives rise to
many unique features of transport phenomena in
Hg, . Mn,Te.

Thus, in the caseof Hg, _ , Mn, Te crystals of the p type
with 0.02<x<0.06n ~(2-13)x 10"® ¢cm ™3 a maximum has
been observed on the curves of the transverse magnetoresis-
tance p,, (H ),5"°® which as the temperature is increased is
broadened and is shifted in the direction of high magnetic
fields (Fig. 18). On the curves of the longitudinal magnetore-
sistancep,, (H ) in magnetic fields corresponding to the maxi-
mum of p,, (H ) there either are no special features, or a very
weak maximum in p, is observed. In the case of
Hg, _ . Cd, Tecrystals which in their parameters are close to
the Hg, ,Mn, Te crystals that are being described (but
which do not contain ions with an uncompensated magnetic
moment!) a similar decrease in the transverse magnetoresis-
tance as a function of the field is not observed.

The observed special features of p,,(T,H) were ex-
plained®® within the framework of a model according to
which the contribution to conductivity is made by the holes
of the acceptor band o %, together with the band electrons
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FIG. 18. Variation of the transverse p,, (T'=2.9, 4.2 and 6.5 K) and
longitudinal p,, (T = 1.6 K) magnetoresistances with the magnetic field
for Hg, _ ,Mn, Te (x =0.03, 7 = 1.2. 10'* cm™3),%

oy,

A'decreasein o7, as the magnetic field is increased gives
rise to a significant increase in p, (H ) in fields of H < 5 kOe.
In strong magnetic fields (H>7 kOe), as estimates have
shown, the contribution of band electrons to o,, becomes
vanishingly small. From this it is clear that a decrease in
Px {H )for H> TkOe can be brought about only by a change
in the contribution to the conductivity of the charge carriers
of the impurity band. One might think that a decrease in
Pxx (H ) in strong magnetic fields for samples for which the
Hall coefficient does not change significantly, is due to an
increase in the mobility of the holes. The point is that as the
magnetic field is increased ordering occurs in the system of
the manganese magnetic ions whose magnetic moments be-
come oriented along the field. This evidently leads to a de-
crease in the efficiency of the scattering of holes by them and,
therefore, to a decrease in the resistance. As far as the longi-
tudinal magnetoresistance is concerned, in this case the elec-
trons which do not undergo a Larmor deflection are the
principal charge carriers since their mobility greatly exceeds
the mobility of the holes. But for electrons the wavelength
A. =h/m,v (v is the average electron velocity) is greater
than the average interimpurity distance (r;) between the
Mn?* ions while for the acceptor holes with an effective
mass m, >m, the wavelength is A, = h /m,v~r;. There-
fore, the system of Mn>™ ions is not an efficient source for
the scattering of electrons.

Naturally, one should keep in mind that in investigating
the processes of charge transfer along the impurity band
which in essence is a disordered system, in which the con-
ductivity is of a diffusion nature, it is not possible, strictly
speaking to utilize all the concepts that are useful for period-
ic structures. It is also not clear how justified it is to consider
the magnetic moments of the manganese ions of which a
crystal contains ~ 10°° cm~3, as sources for scattering
charge carriers of the impurity band.

It is well known that in gapless semiconductors of the
type of Hg, _ , Cd, Te an energy gap appears'” in a magnetic
field between the terms of the Iy valence band and the con-
ductivity band. In this case the acceptor level associated with
the top of the valence band can land in the gap that is formed.
An analysis of experimental data has shown®® that in gapless
SMSHg, _,Mn,Te,justasin the caseof Hg, _ ,Cd, Teina
magnetic field there also occurs the effect of “freezing out”
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of electrons onto acceptors which fall into the energy gap
that has been formed. In particular, this can be clearly seen
in investigating the change in the magnetoresistance p,, and
Pxx as the magnetic field is varied in the case of samples with
x> 0.065. Thus, the longitudinal and transverse magnetore-
sistance in a sample with x =0.073 (the value of ¢, is close to
zero) increases sharply already for H < 1 kOe. As the mag-
netic field is increased further p,, (H ) and p,, (H ) practically
coincide and this, as is well known, is characteristic for con-
duction along an impurity band. And this means, that the
conductivity is brought about only by the carriers of the im-
purity band, while the electrons in the conduction band in
fields H > 1 kOe have already been ‘‘frozen out™.

f) Anomalies of the specific resistance of Hg, _,Mn,Te at low
temperatures

Investigations of the temperature dependence of specif-
ic resistance p(T') and the Hall coefficient R (T') allow one, as
is well known, to obtain information on the nature of the
scattering of the charge carriers. Of particular interest in the
study of transport phenomena in SMS are the ultralow tem-
peratures when the thermal activation of electrons from the
valence band becomes insignificant and one can expect that
the special properties of the galvanomagnetic effects which
are manifested for 72 1.7 K must become apparent more
clearly. Such investigations were carried out by the authors
of Ref. 47 at low temperatures down to 7~0.04 K using
Hg, _ ,Mn, Te crystals of the p type with manganese con-
tent of 0 < x £0.07. The concentration of donors in crystals
that have been investigated amounted to (1—4) - 10'* cm 2.
The measured dependence of the Hall coefficient on the
magnetic field in the temperature range 1.7 7<4.2 K indi-
cates that in the Hg, _ , Mn, Te crystals that have been in-
vestigated the conductivity o is realized by two types of
charge carriers with strongly differing mobilities: electrons
with a mobility of 10°-10° cm?/V - s and the less mobile car-
riers of the impurity acceptor band (which overlaps with the
conduction band) giving a positive contribution to the Hall
coefficient.

An analysis of the experimental dependence of the spe-
cific resistance p(T') and Hall coefficient R (T') on the tem-
perature enable the authors of Ref. 47 to divide all the speci-
mens that have been investigated into two groups. The first
group includes specimens for which the Hall coefficient
practically does not change in the temperature range from
0.1 to ~5 K while the specific resistance increases by a fac-
tor of 5-7 as the temperature increases. For this group of
specimens o, »0, (0, is the conductivity for which the band
electrons are responsible, o, is the conductivity along the
impurity band). The second group comprises specimens for
which o, ~0o,. The value of the specific resistance for the
specimens increases by a factor of 2-5 as the temperature
increases from 0.1 to 4.2 K, while the Hall coefficient mea-
sured in fields of 20-50 Oe in the same temperature range
decreases sharply (by a factor of 5-70). Typical dependences
of p{T') and R (T) for both types of specimens are shown in
Fig. 19.

In all the specimens that have been investigated well-
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FIG. 19. Temperature dependence of the specific resistance p and the Hall
coefficient R on the temperature for Hg, _,Mn, Te.*” a—x = 0.065; b—
x =0.036.

defined ShH oscillations are seen whose period and, conse-
quently, also the concentration of band electrons in the
range 0.1<7<4.2 K is practically independent of tempera-
ture. Therefore it is natural to assume that the changes in
p(T)and R (T') observed experimentally are associated with
the change in the mobility x, of the band charge carriers.
What can then explain the anomalous decrease in 4, in the
temperature range where the thermal energy k5 T is lower
than the Fermi energy by a large factor? One succeeds in
explaining this decrease if one assumes that as the tempera-
ture increases the number of charged centers changes which
for k 3 T<ep limit the magnitude of the mobility 4, .

The explanation proposed in Ref. 47 of the anomalous
behavior of p(T }and R (T ') is based on the following assump-
tions. Donors in GS do not form bound states even at T=~0K
and are therefore positively charged centers (their concen-
tration is N ™, ). The electrons that have left the donors fill
the conduction band and partially the impurity band formed
by the acceptors. As a result of this a fraction of the accep-
tors becomes negatively charged (their concentration is
N ~ 4 ). These acceptors correspond to the states in the impu-
rity band occupied by electrons. In contrast to ordinary se-
miconductors, where the charged acceptors arise only as a
result of thermal excitation of electrons from the valence
band, in GS they can (with a sufficiently high concentration
of donors and acceptors) exist at the very lowest tempera-
tures down to T — 0.

Asaresult of the Coulomb interaction between charged
donors and acceptors donor-acceptor pairs can be formed. If
the wavelength of a band electron in such a case is much
greater than the average distance between a donor and an
acceptor forming a complex (just such a situation is realized
in the samples of Hg, _ , Mn, Te that have been investigated
with N, =3 - 10'°-1 . 10" cm™3), then the scattering of an
electron by this complex will be ineffective. Electrons will be
scattered primarily by charged donors not bound into pairs.
It is evident that not all charged centers participate in form-
ing donor-acceptor complexes, since n electrons from their
total number are in the conduction band. A decrease in the
mobility g, will be the greater, the greater is the fraction of
neutral complexes that decays and forms individual charged
centers N3 + N, . Therefore for those specimens in which
the conductivity along the impurity band is o, ~0,,, the de-
crease in the mobility x4, is considerably greater than for
specimens for which o,, >0, . As the temperature is increased
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FIG. 20. Dependence of the specific resistance and the Hall coefficient
upon the magnetic field for Hgy g, Mng ;3 Te.”® I—T= 1.7K,2—T=4.2
K.

an electron from an acceptor can move over to another ac-
ceptor near which there is no donor (in the GS crystals that
have been investigated the concentration of acceptors is al-
ways higher than the concentration of donors). Thus, donor—
acceptor pairs will start breaking up as the temperature is
increased, and this is accompanied by a considerable in-
crease in the number of charged centers. As a result the mo-
bility of band electrons must be decreased.

It should be emphasized that the observed special be-
haviorof p(7T")and R (T ) are apparently not related directly to
the presence in Hg, _ , Mn, Te crystals of localized magnetic
moments, since similar anomalies were found also in the case
of the gapless semiconductor Hg, _ , Cd, Te. At the same
time, in contrast to the usual GS in the case of an SMS there
is an additional factor which facilitates the stabilization of an
excess electron on an acceptor: a large number (in compari-
son with the number of acceptors) of uncompensated mag-
netic moments. Therefore in Hg, _ , Mn, Te crystals of the p
type at sufficiently low temperatures the exchange interac-
tion of an excess electron with the magnetic moments of the
manganese ions must lead to polarization of the latter and as
a result of this to its self-localization on an acceptor.

g) Characteristic features of the magnetoresistance of
narrow-gap p-Hg, _ ,Mn, Te crystals

The presence of acceptors in Hg, _, Mn, Te crystals
with a finite forbidden band exerts a significant influence on
transport phenomena, in particular in a magnetic field. Fig-
ure 20 shows characteristic dependences on the magnetic
field of the longitudinal p,,(H ) and the transverse p,, (H)
magnetoresistances and the Hall coefficient R (H) for
Hg, _,.Mn,Te’® atlow temperatures (T = 1.7 K and 4.2 K).
Similar behavior of p,. (H) and p,,(H) was observed for
Hg, _ . Mn, Te crystals with a manganese content of 0.12<
x<0.177° and with x = 0.19 and x = 0.14.%°

In contrast to the narrow-gap semiconductors p
Hg, _ . Cd, Te with closely similar parameters in the case of
p Hg, _ . Mn, Tecrystals a large negative magnetoresistance
is observed both in the case of the transverse as well as longi-
tudinal orientation of the magnetic field with respect to the
crystallographic axes. The resistance of the specimens falls
by one to three orders of magnitude as the magnetic field
increases to ~40 kQOe. At the same time the transverse mag-
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netoresistance in all the specimens that have been studied in
the temperature range 1.8<7<25 K turns out to be lower
than the longitudinal one. In the ranges of temperatures
1.8<T<25 K and of magnetic fields H<40 kOe that have
been investigated the Hall coefficient decreases as the mag-
netic field is increased and this usually occurs if carriers of
two types participate in charge transfer. From the nature of
the variation of R (H ) one can conclude that the charge carri-
ers are light and heavy holes presumably belonging to the
valence and impurity bands (or to the valence band and the
tail of the density of its states, if the concentration of accep-
tors is higher than the critical concentration of Mott transi-
tion, when the impurity and the valence bands merge.

An analysis of the temperature dependence of the resis-
tance in the absence of a magnetic field”*° showed that the
conductivity of the p Hg, _ . Mn, Te crystals in the tempera-
ture range 5<7<25 K is of an activating nature, with the
different temperature ranges corresponding to different acti-
vation energies.

In the temperature range 10<7'<25 K the conductivity
of p Hg, _ ., Mn, Te is determined primarily by the valence
holes with an activation energy £,. The quantity &, repre-
sents an energy gap between the acceptor and valence bands
(with a very low concentration of acceptors this is the ioniza-
tion energy for an isolated acceptor).

In all the specimens of p Hg, _ , Mn, Te investigated in
Refs. 78-80 a decrease in the activation energy £, was found
as the magnetic field was increased. In the case of narrow-
gap semiconductors which do not contain atoms of transi-
tion elements the nature of the change in the activation ener-
gy &, as a function of the magnetic field is significantly
different. For weak magnetic fields #iwp <#/m,a}, or, what
is the same, a, <A (@, =eH /m,¢c, a, = #*x/m e is the
Bohr radius, m,, is the effective mass of heavy holes, x is the
static dielectric permittivity) the activation energy practical-
ly does not change. In the case of strong fields a, >4 the
magnetic field compresses the wave functions of the impuri-
ty electrons in the transverse direction. As a result of this the
overlap of wave functions of electrons on neighboring accep-
tors decreases with increase in field, the impurity band nar-
rows down to a discrete narrow level, while the activation
energy £, increases up to the value of the ionization energy of
an isolated acceptor. As a result the specific resistance of the
crystal increases. Therefore one may think that the decrease
in the resistance and in the energy &, observed for p
Hg, _ . Mn, Te crystals as the magnetic field is increased is
associated with the special features of the spectrum of the
valence band of an SMS which differs from the spectrum of
the valence band of an ordinary semiconductor due to the
effect of the p—d exchange interaction.

Before discussing the question of the dependence of ac-
tivation energy €, in an SMS on the magnetic field we shall
examine briefly the effect of the exchange interaction on the
energy spectrum of the degenerate valence band I'y in an
SMS with a finite energy gap. For simplicity we shall assume
that the dispersion laws for heavy and light holes in the ab-
sence of an exchange interaction are isotropic and quadratic
with effective masses m, and m; (m, »m;).

We now examine the range of magnetic fields for which
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the cyclotron energy of the charge carrier is small in com-
parison with the exchange energy fiw, <fiw, €4, 4 =(1/
6)BN,x{(S*), w, =eH /m,c. Taking into account the ex-
change interaction leads to the splitting of the I'y band with
j=3/2 into four sub-bands with j, = + 3/2, + 1/2 with
the splitting energy being j, |4 | for k = 0.

The dispersion laws for light [¢ (k)] and heavy [¢ , ;,
» (k)] holes can be found, as usual, from the secular equation
obtained from the Schrodinger equation. For the wave vec-
tors k|[(S*) and kL1(S%) the dispersion laws for light and
heavy holes are obtained in the form of simple analytic ex-
pressions. The value of the shift of the energy levels for
k =0, due to the exchange p—d interaction depends in an
essential manner on the modulus of the wave vector and on
its orientation with respect to the magnetization of the crys-
tal M (M? ~ ($7)).

For k1($*) the dispersion laws for the holes have the
form®'

2
ez (0 = — 3 [ (o + o) (2B -]
=341,
\ . . (37)
13 1 ;

ee1p(0) = =5 [ (g + 5 ) B2+ K) + 7= K]

FlA].

From formulas (37) it may be seen that the exchange
interaction affects the band of heavy holes more than the
band of light holes. The isoenergetic surfaces that are spheri-
cal in the absence of the exchange interaction are deformed
as a result of exchange and are converted into ellipsoids of
revolution with significantly different values of the effective
masses along and perpendicular to the direction of the mag-
netic field. In the case under consideration (m; <m, ) the ef-
fective mass in the transverse direction m, is close to the
mass of the light holes m,. The band with £ _3,,{(k) turns out
to be the highest in energy.

Analysis shows (cf., for example,®), that in the case
when the energy of orbital motion is comparable with ex-
change energy the splitting of the I’y band and the shift of
levels in the magnetic field are of the same nature for gapless
and narrow-gap SMS. The level with j, = — 3/2 corre-
sponds to the highest energy state of the valence band:

SR by hok+314),  (39)

where k is the Luttinger parameter, w, is the cyclotron fre-
quency of a free electron, while @, is the cyclotron frequency
corresponding to the transverse effective mass (m, = my/
{¥, + 7)) of the £ _5,,(k) band (37).

The energies |4 | and #iw , which determine the position
of thelevel b ( — 1), under actual conditions of an experiment
can turn out to be comparable in magnitude with the activa-
tion energy £, in zero magnetic field €9 = #*/2m_aZ. There-
fore the problem of finding the activation energy in a mag-
netic field £ can be solved analytically only in some special
cases when it turns out to be possible to introduce a small
parameter.

Thus, in the region of weak fields
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&> 1A, fioy (39)

the energy of the exchange interaction |4 | can be regarded as
aperturbation. In this case the activation energy decreases in
a magnetic field:*?

el =e]—0.8| 4] (40)

{we recall that |4 | in weak magnetic fields increases as the
field increases).

The other limiting case in which it also turns out to be
possible to obtain an analytic expression for £{ is the range of
magnetic fields for which

hoy, |A4|>el. (41)

As a result of the p—d exchange interaction the valence level
b(— 1) moves quite far away from the other levels of the
valence band. Therefore their effect on the acceptor level
situated above the level b ( — 1) is relatively small and the
ground state of this acceptor level will be determined largely
by the wave functions of the highest valence level b ( — 1).%3

In ordinary narrow-gap semiconductors such a situa-
tion is realized in the range of strong magnetic fields for
which the magnetic length A is considerably smaller thana, .
However, in the case of an SMS the approximation being
considered corresponds to a relatively wide interval of mag-
netic fields which also includes the region of weak fields for
which A»a,. Under these conditions there is a small param-
eter a, /A, and this enables one to obtain an approximate

analytic expression for £:3

e [1-0m ()] @

From formula (42) it may be seen that in the zero order
of approximation in terms of the parametersa, /4 theenergy
€7’ does not depend on the effective mass m,, . As the magnet-
ic field is increased £{" also increases. If one compares the
quantity 7" (42) with €] = #/2m a?, then it turns out that
in magnetic fields for which A»a,, the energy {'is still lower
than the activation energy in zero field 9. Thus, the energy
£¥ decreases in weak (39) and increases in strong (41) mag-
netic fields.

A numerical calculation which also includes the inter-
val of intermediate magnetic fields {0< H<40kOe)* has con-
firmed that the function £¥ is indeed nonmonotonic. As the
magnetic field is increased the activation energy £¥ at first
decreases in accord with the results of Ref. 82 and then be-
ginning with a certain field H = H,(for p-Hg, _ ,Mn_Te
with x = 0.155 H, = 25 kOe)®* £ begins to increase. Esti-
mates have shown that for band parameters Hg, _ . Mn, Te
in the field H = 25 kOe the ratio a,/4=0.1 and, conse-
quently, the condition for the applicability of formula (42) is
satisfied.

The increase in £%, in accordance with the theory of
Yafet, as has been mentioned already, begins in the region of
magnetic fields for which the magnetic length A is compara-
ble with the Bohr radius of the charge carrier. In the case
under consideration A»a,, but at the same £{ increases as
the field is increased. If, however, one takes into account the
anisotropy of the isoenergetic surface of the holes it is not
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difficult to convince oneself that in the region of magnetic
fields A»a, the magnetic length can turn out to be compara-
ble with some effective Bohr radius @} which is determined
by the combination (m}) of the longitudinal m, and trans-
verse m, effective masses. If one starts from the relation
A =a*=#x/m¥ ¢, then for a magnetic field of H, = 25
kOe we obtain m¥ =0.04 m,. This value is close to the value
of the effective mass of the density of states for an isoenerge-
tic surface having the form of an ellipsoid of revolution:
m* = (m,m})">=0.06 m, In the region of the fields
H > H (A <a}¥) the compression of the wavefunctions of the
impurity electrons leads, just as in the case of ordinary semi-
conductors, to an increase in £7.

For all the specimens that have been investigated it was
established that the activation energy £¥ diminishes as the
magnetic field is increased. According to Ref. 80 the rate at
which £ falls off with the magnetic field amounts to
(— 0.16) meV/kQe.

The values of the activation energy &5 for different com-
pounds p-Hg, _ , Mn, Te are shown in Table VIII.

It should be noted that the value of £9 which is given by
the authors of Ref. 79 {x = 0.155) differs appreciably from
the value of €9 for Hg, _ ., Mn, Te crystals with x = 0.13 and
x = 0.19 used by other authors (i.e., the data of Refs. 78-80
for crystals with manganese content from 13 to 19% clearly
do not agree among themselves).

The measurements of magnetoresistance using Hg, 5,
Mn,,, Te crystals showed that in a magnetic field of
H, = 20 kOe the activation energy is £7° = 0. As the field
increases further (H> H,) the resistance continues to de-
crease. The same holds also for crystals with x =0.11: In a
field of H, = 50 kOe we have £ = 0, while the resistance
continues to decrease.

In order to explain the decrease of the resistance as the
field increases for H > H, the authors of Ref. 78 assumed
that the valence level b ( — 1) crosses in fields H > H, with an
acceptor level which thus becomes a resonance level. The
concentration of holes at the b ( — 1) level with increasing
magnetic field must increase until a complete exhaustion of
acceptors is attained which will occur when the acceptor
level crosses with the Fermi level situated deep within the
valence band. The intersection of the valence b ( — 1) level
with an acceptor level was also noted in the case of the nar-
row-gap Hg, _ . Mn, Te crystals with x = 0.125 by the auth-
ors of Refs. 60,61 who investigated magneto-optical transi-
tions in SMS. According to Refs. 60,61 the b( — 1)levelin a
field of H = 40 kOe is situated above the acceptor level by 12
meV. Here it is assumed that this is not the ground acceptor
level, but one of the excited ones. At the same time, with the
aid of a variational calculation the authors of Ref. 84 arrived
at the conclusion that the activation energy is e > Oand that
its minimum value amounts to ~(3-5) meV. Thus, accord-
ing to the calculation, the ground acceptor level must not
cross with the valencelevel b ( — 1). Therefore another expla-
nation for the decrease in the resistance p(H ) seems to us to
be more likely also for H > H,,. There is no doubt that for an
impurity concentration of (¥, ~2 - 10'” cm~?) the accep-
tors form not a discrete level, but an impurity band of finite
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TABLE VIII

From From
Ref. 9 | Ref. 80

0,155 0,19

x | From Ref. =s

0,09 | 0,11 ) 0,13

€], meV 0,5 | 1,4 | 3,2 8,2 3,5

width. Then for H = H,, and £{* = 0 the acceptor band only
begins to overlap with the valence band and the conductivity
is due to holes of both bands. As the magnetic field is in-
creased in the range H > H,, the acceptor band merges in-
creasingly with the valence band, and holes of the acceptor
band are converted into valence ones whose mobility is con-
siderably higher—the resistance continues to decrease. And
only when all the acceptor holes have been converted into
valence holes, i.e., when the acceptor states are completely
exhausted (this usually occurs when the center of gravity of
the acceptor band submerges into the valence band to a
depth of £7), the decrease in resistance with increasing mag-
netic field should cease. According to the experimental data
of Ref. 78 for p-Agy sy Mny ,; Te with N, ~2.5 . 107 cm—?
the resistance ceases to decrease in magnetic fields H~ 110
kOe. Thus, the explanation of the decreaseinp(H ) for H > H,,
which takes into account the formation of an acceptor band
removes the contradiction between the results of the calcula-
tion of Ref. 84 and the experimental data of Ref. 78.

In the temperature region T<10 K the conductivity in
p-Hg, _, Mn, Techanges by jumps with an activation ener-
gy €%. For all the specimens that have been investigated it
was established that the activation energy £¥ decreases as the
magnetic field is increased. According to Ref. 80 for crystals
of HgosMng s Te e;(H=0)=2 meV and ¢,(H =24
kOe)=1 meV.

Qualitatively the effect of the decrease in £% as the mag-
netic field is increased can be explained in the following man-
ner. As we have already stated, the & { — 1) level continues to
move away from the other levels of the valence band I'; due
to the strong influence of the exchange interaction on this
level compared with others. Here also there is an increase in
the contribution of the cyclotron energy fiw, (m, €<m,)to the
energy of the b ( — 1) level [cf., (38)]. Therefore the effective
Bohr radius of the charge carriers in the acceptor band in a
magnetic field becomes larger: It is determined not by the
effective mass m,,, but by the mass m},<m, which is close to
the mass of the light holes 7, . This leads to an increase in the
overlap of the wave functions of the electrons of neighboring
acceptors, and this must lead to a decrease in the activation
energy ¢35 for the hopping conductivity along the acceptors.
A considerable overlap of the wave functions can lead to a
complete disappearance of the hopping conductivity
(¢2 = 0) and to a transition to metallic conductivity along
the impurity band.

We have noted above that in the region of hopping con-
ductivity the transverse magnetoresistance is lower than the
longitudinal one. We suppose that the reason for this fact,
unusual for “normal” semiconductors, lies in the fact that,
as has been stated already, the exchange interaction leads to
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an anisotropy of the isoenergetic surface: The spherical sur-
face is converted into an ellipsoidal one with effective masses
m,, and m, . The effective mass in the transverse direction m,
is considerably smaller than the longitudinal mass m, and,
consequently, the overlap of the wave functions in the trans-
verse direction is greater. Since the hopping conductivity in
a given direction is determined primarily by the hopping of
charge carriers specifically in this direction, the probabilities
of hops in the transverse and longitudinal directions must
differ.
According to Ref. 85, in this case we have
pxx () ™y
Pzz (H) mp ’

h) Temperature oscillations of magnetoresistance

The increment to the energy of the band charge carriers
of an SMS made by the energy of the exchange interaction
which depends on the temperature can, generally speaking,
lead to the appearance of oscillations of kinetic coefficients
as the temperature is varied at a fixed magnetic field.?® This
effect must to some extent be analogous to the ShH effect:
the Landau levels cross the Fermi level as the temperature is
changed (in the ShH effect as the magnetic field is changed).
The temperatures at which such thermal oscillations should
occur are determined from the conditioneg (H ) = £, ifone
neglects the weak dependence of the Fermi energy on the
temperature. In the region of magnetic fields which satisfy
the inequalities #iw_ > kp T and gug SH S k5 T, the expres-
sion for the temperature Ty, which corresponds to the
crossing of the Landau levels with the Fermi level on the
assumption of M 2% ions which do not interact with one
another can be written in the form

Btz 1
[ BN yzenpllS (S-L1) 4N -1 2’ (43)
N o7 24BN, 5 8N -9 g L
s T T

1fN,(,:(N+;_) ho,—o | g) nsH — ex (H) .

Figure 21 shows the dependences of the transverse mag-
netoresistance for Hg, _  Mn, Te crystals with x = 0.009%¢
on the temperature for several values of the intensity of the
magnetic field. The authors of Ref. 86 interpreted the two
maxima that have been observed as thermal oscillations. An
analogous maximum at 7’55 K {H > 7 kOe) was found in
studying Hg, . Mn, Te crystals with x = 0.02.°” A careful
analysis of the measurements made by the authors of Ref. 67
showed, however, that the maximum of the transverse mag-
netoresistance observed for 7<5 K cannot be regarded as
due to thermal oscillations. Indeed, the aforementioned
maximum is also observed in samples of Hg, _, Mn, Te in
which the position of the peaks of the ShH oscillations does
not depend on the temperature at all. Moreover, the change
in the magnetoresistance at its maximum is considerably
greater than the amplitude of the largest (first) Shubnikov
peak at the lowest temperature. An additional argument
against the assumption that the aforementioned maximum is
due to thermal oscillations is also the fact that the maximum
at T35 K is not present on curves of longitudinal magnetor-
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FIG. 21. Variation of the transverse magnetoresistance p,, with tempera-
ture for Hg, _  Mn,Te (x = 0.009, n = 6.25 - 10"* cm?).%¢

esistance. A more likely reason for the origin of the maxi-
mum in the magnetoresistance at low temperatures appears
to be the change in the contribution to the conductivity of
band electrons and impurity holes as the temperature
changes.®’

In all the samples that have been investigated the ampli-
tudes of the ShH oscillations sharply decrease as the tem-
perature is raised above 4.2 K. Therefore it is difficult to
expect thermal oscillations to appear at all at high tempera-
tures 25<T<40 K, as the authors of Ref. 86 suppose. More-
over, at T'> 25 K for all the specimens that have been investi-
gated®®"! the condition for the degeneracy of an electron gas
is poorly satisfied (for these samples (¢ /k g T') ~ 1.5) which s
needed for a more or less clear manifestation of the ShH
oscillations. Therefore a maximum in the region of high tem-
peratures®® evidently also is not due to thermal oscillations.
The special feature observed at T>25 K can be due, for
example, to the change in the mobility of electrons as a result
of their being scattered by optical phonons.?” The effect of
thermal oscillations should, apparently, be sought in the re-
gion of sufficiently low temperatures <1 K. Due to the fact
that in the gapless SMS Hg, _ , Mn, Te there is an impurity
acceptor band into which the Fermi level is most frequently
“frozen in” (ep ~&, ), these crystals are not convenient ob-
Jjects for the observation of the effects due to the temperature
dependence of the energy of the exchange interaction. The
SMB Hg, _, Mn,Se for which £¢>¢, appear to be more
suitable materials for the study of thermal oscillations.

i) Threshold scattering of band electrons

We have already mentioned that in the case of SMS the
upper level of the valence band £, can in a sufficiently high
magnetic field turn out to lie higher in energy than the lowest
level of the conduction band £.. The amount of overlap of
the energy levels £y and £ attains at a certain magnetic field
a maximum value, and then begins to decrease as the field is
increased until an inversion of the levels £, and £ occurs
and a gap opens up. Such an unusual evolution of the energy
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levels in the case of SMS must open a new channel for the
scattering of electrons brought about by their transition
from a conduction band into the valence abnd. Such scatter-
ing will, evidently, be of a threshold nature: The channel will
beopenaslongase,, =€y — & >0.

The effectiveness of the threshold mechanism of scat-
tering was estimated in Ref. 88 on the assumption that the
band charge carriers are scattered by charged centers. It
turns out that threshold scattering can even exceed intra-
band scattering in the range of magnetic fields where the
valence band and the conduction band overlap. In this case,
according to Ref. 88, the dependence of the Longitudinal
magnetoresistance p,, (A ) on the magnetic field is deter-
mined by the function

o, =V 220 _Shog - BV 5y o (44)

Since the average value (S%) tends to saturation as the
magnetic field is increased, while the first term in the expres-
sion for ®(T,H ) increases monotonically with magnetic field,
the longitudinal magnetoresistance as a function of the con-
centration of manganese ions can either decrease, or remain
unchanged in the range of magnetic fields where £, >0.
Such a variation in p,, (H ) was observed experimentally,®®
although so far it is not clear whether it is associated with
threshold scattering of electrons.

6. CONCLUSION

One can distinguish three main directions of research
on SMS. The first is associated with the progress in the tech-
nique of preparing semimagnetic materials. Success has al-
ready been achieved in the synthesis of SMS not only on the
basis of the elements of IT and VI groups (ZnMnTe), but also
on the basis of elements of groups IV and VI (PbMnTe) and
ITand V groups ((CdMn);As,). SMS are being produced with
other magnetic ions (HgFeTe,HgEuTe). It is to be expected
that the SMS “family” will continually increase.

Progress in understanding the magnetic properties of
SMS will undoubtedly turn out to be useful also for investi-
gating the more general problem of the physics of disordered
magnetic materials. Therefore the second important direc-
tion is the detailed study of the physical properties of SMS
over a wide range of magnetic fields, temperatures and con-
centrations of magnetic ions.

The range of variation of the properties of semimagne-
tic crystals is even wider than in the case of narrow-gap semi-
conductors (for example, in the case of Hg, _ , Cd, Te) which
have already found wide application in electronic technolo-
gy.?® Therefore the third direction in the study of SMS is
associated with the possibility of their practical application.
First reports have appeared on the use of SMS as generators
of electromagnetic radiation. It is evident that it is of the
utmost importance to achieve progress in the technology of
preparing semimagnetic materials with stable parameters.

Among the purely physical problems which await solu-
tion one can enumerate the following:

1. Elucidation of the mechanism responsible for the for-
mation of a spin-glass phase, in particular at low concentra-
tions of a transition element.

370 Sov. Phys. Usp. 28 (5), May 1985

2. Investigation of the physical properties of SMS at
ultralow temperatures, where among other distinctive fea-
tures one might expect the manifestation of thermal oscilla-
tions.

3. Study of the effect of magnetic excitations which
must occur in SMS with a concentration of the transition
element exceeding 10-15% on the galvanomagnetic, mag-
neto-optical and other properties.

4. Investigation of properties of semimagnetic thin
films which until now have been studied neither experimen-
tally nor theoretically.

UFor convenience we shall refer to ions of transition elements as impurity
ions, although, being substitution atoms, they are not impurities in the
generally accepted sense (but nevertheless they still distort the crystal-
line potential).

?The magnetic semiconductor MnTe crystallizes in a hexagonal lattice,
while MnSe crystallizes in the rock salt lattice.?

YFor gapless semiconductors of the type of HgTe, in contrast to ordinary
semiconductors, the electron states £, and £, are, strictly speaking, not
characterized by different spins, since in gapless semiconductors the
conduction band I’y is degenerate, and therefore the wave functions of
the electrons are a superposition of functions with spin values of
o= +1/2.

“Such a strong effect of the exchange correction on the energy of the
valence level is due to the relatively low value of the orbital energy of
heavy holes which have a large effective mass m,»m,,.

The Néel temperature for MnTe is T = 307 K%, while for MnSe
Ty =223K7

9The term frustration refers to destruction or derangement in the present
case of magnetic order.

"'The exchange interaction between band electrons and electrons localized
at anode may become the reason for the appearance of effective exchange
coupling between localized electrons even in the absence of a direct ex-
change between them. This type of indirect exchange through the con-
duction electrons is called the Ruderman-Kittel-Kasuya-Yoshida
(RKKY) interaction.*®
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