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A review is made of the principal properties of mercury telluride which is a member of a new class of
substances—zero-gap semiconductors. The factors responsible for the zero-gap state of mercury
chalcogenides are discussed. It is shown that an inverted band structure is formed mainly because of
relativistic corrections. Specific properties of mercury telluride are related to its zero gap, p-type electron
states in the conduction band, nonparabolicity of this band, resonance impurity states, and permittivity
anomalies. An analysis is made of the conditions for the appearance of a forbidden gap in mercury telluride

under the influence of external factors.
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1. INTRODUCTION. ZERO-GAP STATE OF MATTER

The energy spectrum of electrons in an ideal lattice
of a solid, derived in the one-electron approximation
allowing for the symmetry properties of the periodic
electric potential acting on electrons, represents a sys-
tem of quasicontinuous bands separated by forbidden en-
ergy gaps. ! The dynamic properties of electrons are
described by the dispersion law E(k), where E is the en-
ergy of an electron and k is its wave vector. All the
electron states in the periodic potential field of a crys-
tal are characterized by wave vectors lying inside or on
"the surface of a Brillouin zone which represents a re-
gion in k space inside which the energy is a quasicon-~
tinuous function of k. The principal physical properties
of solids can usually be described on the basis of the
knowledge of E(k) in the direct vicinity of the valence
band maximum and the conduction band minimum, and
of the relative positions of these band extrema, If the
valence band is separated by a forbidden band, which
is usually called the energy gap, from an empty con-
duction band, the solid is an insulator, If the conduc-
tion band is partly filled or if the valence and conduc-
tion bands overlap on the energy scale, we are dealing
with a metal. A semimetal is the termusually employed
for a metal whose band overlap is slight and a semicon-
ductor is an insulator whose gap is so small (less than
2 eV) that significant amounts of electrons can be trans-
ferred thermally from the valence to the conduction
band.

A basically new situation appears when the band over-
lap in a semimetal becomes zero or when the gap in a
semiconductor disappears so that the valence and con-
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duction bands are just in contact. A substance with
such a band structure represents a boundary between
semiconductors and semimetals and is known as a zero-
gap (gapless) semiconductor or a metal with a point
Fermi surface. Since a zero-gap semiconductor can

be converted (for example, by pressure or a magnetic
field) into a material which is ordinarily a semicon-
ductor or metal, it is sometimes more convenient to
speak of the zero-gap state of matter, %

The main theoretical ideas on the zero-gap state and
its specific properties were developed by Abrikosov
and Beneslavskii. %! They demonstrated that, in some
cases, the symmetry conditions permit contact between
the valence and conduction bands at one point in the %
space.

In the case of cubic crystals, there may be contact
between several branches of the energy spectrum at a
singularity and the dependence E(k) in the vicinity of
this point may be purely linear, or two bands may be in
contact, one with a linear dependence and the other with
a quadratic, or two bands with the quadratic dependence
may be in contact. This conclusion follows from the
one-electron approximation and, therefore, an addi-
tional analysis has been made of the influence of the
electron—electron interaction on such an energy spec-
trum, It is justifiable to assume that the permittivity
g, of such a semiconductor is high and the interaction is
weak, so that it can be considered by perturbation theory
using the Green function of noninteracting particles as
the zeroth approximation. It is then found that, in the
case of semiconductors exhibiting a linear dependence
E(k), the spectrum has a slowly varying factor and the
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corrections due to many-electron effects are small, In
quantum electrodynamics, this situation is known as the
“zero-charge” case, The situation is quite different
for the quadratic dispersion law when the interaction
becomes strong in the vicinity of the band contact point
(this singular region is bounded by E,< m*e'/25%¢ on
the energy scale and by #,= m* ez/h’ze0 in the case of mo-
mentum), By analogy with quantum electrodynamics,
this can be called the “tight-binding” case. The one-
electron energy spectrum remains unchanged in the
range of large momenta k >k, but, in the singular re-
gion, the Green function of electrons may have poles
and these poles are complex with an imaginary part of
the same order as the real part, i.e., in this region,
the concept of quasiparticles breaks down. However,
the methods employed in the theory of phase transi-
tions'® can be used'®’ to find some parameters of such
a zero-gap semiconductor directly from Green functions
and not via the quasiparticle spectrum,. Green functions
and other quantities should then be sought in the form

of self-similar (scaling-invarient) functions of their
own arguments with power-law asymptotes, The rela-
tionship between the various power exponents is found
from self-consistency requirements. In this way, only
two power exponents remain unknown but it is possible
to form such combinations of physical quantities which
depend on these exponents that they disappear from the
expressions and only the universal constants remain,

Abrikosovt® later used new methods of the theory of
phase transitions!”®! in a detailed investigation of the
region in the vicinity of the band contact point, He
found that the effective electron and hole masses be-
came equal in this region and that the valence and con-
duction bands should become “isotropic.” Moreover,
the singular region (E< E, and k< k,) could be divided
into a region with E,<E<E, k<k<k, (E;~2.5X107*E,
ky~1,6x107%,), where the electron-electron interac-
tion was important but the spectrum was still of the
single-particle type, and the region of true tight binding
E<E, and k<k;, where the one-electron spectrum was
strongly damped. Abrikosov calculated, for both re-
gions, the exponents in the power laws describing phys-
ical quantities.

Abrikosov and Beneslavskii’® obtained frequency,
temperature, and other dependences of such zero-gap
semiconductor properties as the permittivity, magnetic
susceptibility, electronic specific heat, conductivity,
and Hall coefficient. A comparison of these dependences
with the behavior of the corresponding physical prop-
erties of semiconductors, metals, and superconductors
shows that zero-gap semiconductors represent a basical-
ly new state of matter, which differs in its properties
from those known already.

There are several substances in which the zero-gap
state is stable and related to the symmetry of the crys-
tal (these are known as the symmetry-induced zero-gap
semiconductors).!’ These materials crystallize in the
diamond or zinc-~blende structure and include gray tin
(a-Sn) and mercury chalcogenides: HgTe, HgSe, and
B-HgS. In these materials, the bands come into con-
tact at the point in the Brillouin zone with the highest
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symmetry and the contact is not affected by any factor
that does not change the crystal symmetry, However,
we must point out immediately that it has not yet been
possible to observe the zero-gap state described int?~%
in its pure form, This is due to the fact that the prop-
erties of a substance can be governed largely by the
many-electron effects near the band contact point only

if the temperature of the substance is low and the sub-
stance itself is extremely pure and free of imperfections.
The first condition is easy to satisfy by modern cryo-
genic methods. However, in the case of the second con-
dition, we find that, for example, in the case of HgTe,
the impurity concentrations have been reduced below
10% em™ and the energy range E,~10°° eV~ E; has been
approached for 7,~1x10" cm™, However, the energy
range E< E,;~10™E, cannot yet be attained experimen-
tally for any of the substances in question, Neverthe-
less, studies of HgTe have revealed several phenomena
associated with the zero-gap state and such properties
of HgTe as the anomalously high electron mobility,
valence band structure, behavior of impurity levels,
and frequency dependence of the permittivity cannot be
explained correctly at all if the electron-electron in-
teraction is ignored.

We shall consider the specific properties of mercury
telluride which is the most thoroughly investigated mem-
ber of the class of zero-gap semiconductors.

2. GENERAL DESCRIPTION OF MERCURY
TELLURIDE?

Mercury telluride is a binary compound which is
formed as a result of the interaction between equiatomic
proportions of an element belonging to group II in the
Mendeleev Table (mercury) and a group VI element
(tellurium). Like other II-VI and HOI-V compounds,
mercury telluride has the zinc-blende (sphalerite)
structure. The zinc-blende lattice consists of two in-
terpenetrating fcc lattices displaced relative to one an-
other along the cube diagonal by one quarter of the
length of this diagonal. This structure differs from that
of diamond because the atoms in the sublattices are
different and, in particular, one sublattice of HgTe con-
tains mercury atoms and the other tellurium atoms.
Mercury has two valence electrons (subshell 6s) and
tellurium—six valence electrons (subshell 5s and partly
filled subshell 5p); the sum of the valence electrons
of two nearest-neighbor atoms is always eight. Thus,
as in diamond, each atom has four valence electrons to
form four valence bonds directed along the axes of a
regular tetrahedron. The formation of four valence
bonds requires four unpaired electrons. It follows from
the Pauli principle that one of the s electrons should be
transferred to a p orbital, Thus, a quadrivalent sp®
state is formed: one valence electron is in the s state
and three of them in the p state., Moreover, the differ-

DMoreover, the transition to the zero-gap state under the ac-
tion of external factors (change in composition, hydrostatic
pressure, etc.) was observed experimentally in Bi;.,Sb,
alloys of semimetals'?*! and in semiconductor alloy systems
Pb;.,Sn,Te and Ph,_SnSe, 1011

A summary of the principal properties of HgTe is given in!12],
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FIG. 1. Dependence of the energy gap E; on the average atomic
number Z of I-VI compounds with the zinc-blende structure.

ence between the charges of the atomic cores of Hg®*
and Te® is responsible for the mixed ionic—covalent
binding in HgTe. Another important property of the
zinc-blende structure, associated with the presence of
two different atoms, is the absence of a center of in-
version.

One of the features of mercury telluride is that con-
siderable deviations from stoichiometry arise easily in
this compound. Therefore, the properties of HgTe are
largely governed by the presence of point defects which
are equivalent—from the point of view of electrical
properties—to atoms of foreign impurities. Mercury
telluride can be obtained in n- and p-conduction forms.
The donor and acceptor concentrations in HgTe are
usually controlled by deviations from stoichiometry
produced by heat treatments carried out at certain tem-
peratures and mercury vapor pressures,

The understanding of the energy band structure and
principal properties of mercury telluride has depended
largely on the progress in the technology of preparation
of this material, Single crystals are now available in
which the 4.2 °K electron density is n=1x10% em™? and
the mobility is #,~ 1x10°% cm? - V-1 gec™?, (1314

The first measurements of the electrical properties
of HgTe, carried out by Soviet scientists back in the
fifties, {33 demonstrated that the thermal width of the
energy gap (forbidden band) of this compound is un-
usually small. In the next decade, considerable ex-
perimental material on mercury telluride and alloys
based on it was accumulated in many laboratories in the
world but the proposed band models failed to explain
or match some of the most important properties of this
compound. For example, galvanomagnetic measure-
ments have established that the thermal gap of HgTe
does not exceed several millielectron-volts. Since the
effective electron mass is approximately proportional
to the energy gap, this very narrow gap should corre-
spond to a very small effective mass. However, in the
case of HgTe, the mass is found to be equal to the mass
of electrons in indium antimonide whose gap is ~0.23
eV, Another unexplained observation is the mobility
of electrons which is higher in alloys of mercury and
cadmium tellurides (with low cadmium concentrations)
than in HgTe, although disordered solid solutions have
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more defects and this should reduce the mobility com-
pared with the pure binary compound, These contra-
dictions are removed completely by the inverted band
structure model proposed by Groves and Paul'!®! to ex-
plain the properties of gray tin,

3. INVERTED BAND MODEL AND ITS APPLICATION
TO MERCURY TELLURIDE

The application of the Groves-Paul model to the band
structure of mercury chalcogenides was an important
step forward in studies of the properties of HgTe and its
alloys, The model is based on a comparison of the en-
ergy gaps exhibited at the center of the Brillouin zone
T by isoelectronic series of III-V and IOI-VI semicon-
ductors. In these semiconductors, the edges of the con-
duction band I'y and of the valence band I'y are located
at the center of the Brillouin zone, The gap between
them is the forbidden band width, It has been estab-
lished empirically that an increase in the average
atomic number of a compound Z should result in a more
or less monotonic reduction in the gap (Fig. 1). Groves
and Paul’!®? postulated that, in the case of semicon-
ductors formed from elements in the lower rows in the
Mendeleev Table, the states I'q and I'; might not only
approach each other but might be even inverted, i.e.,
Ey=E(T4) - E(T'y) might become negative, However, the
simple empirical law E,=f (Z) fails to explain why 8-
HgS and HgSe with Z =48 and 57 have E,~ - 0.2 eV,
whereas CdTe with Z=50 has E;=+1.6 eV, In view of
this, we have to consider in greater detail the relativ-
istic effects in the formation of an inverted band struc-
ture and of its features in HgTe.

A. influence of relativistic corrections on band distribution
in zinc-blende semiconductors

The relativistic effects!?”1%1 must be allowed for in
the calculations of the energy band structure of semi-
conductors formed from heavy-element atoms whose
nuclear charge Ze is large. These effects can be de-
scribed on the basis of the relativistic Dirac equation
approximated by the nonrelativistic Pauli equation. In
this case, the relativistic correction to the total Hamil-
tonian can be expressed in the form

Hrel = FHp+ H mi- + Hsos

here, § p is the Darwin correction, which is sometimes
called the contact interaction operator (it governs the
additional energy of the interaction of s electrons with
the nucleus); H,, , is the correction to the kinetic ener-
gy operator due to an increase in the mass of a particle
with its velocity; H,., is the spin-orbit interaction oper-
ator. The spin-orbit interaction adds a new term to
the Hamiltonian, shifts the energy levels, and (a point
of particular importance) splits these levels in the case
of degeneracy because the states are now classified not
in accordance with the orbital momentum [ but in ac-
cordance with the total momentum j; the s states (or-
bital quantum number ! =0) remain unchanged, whereas
the p states (I =1) are split into states in which the spin
is parallel (j=3/2) and antiparallel (j=1/2) to the or-
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TABLE 1. Relativistic corrections (eV) for
s-type conduction band and p-type valence band
at [ in Brillouin zone of II-VI compounds with
zinc-blende structure!!”! (A and E%, |, represent
spin-orbit splitting and shift due to mass in-
crease in p state; ES=E; | +E,, where EJ,
and Ej are displacements due to mass increase
and the Darwin term for s states).

Compound z A ES ER; Bexp
Zn$S 23 0.11 —0.,42 | —0.07 0.07219
ZnSe 32 0.50 —0.63 | —0.36 | 0.4319
InTe 4 1.06 —0.94 | —0.82 [ 0.91®
CdTe 50 1.09 —1.54 | —0.86 | 0.9220
HgS 48 0.24 —3.91 | —0.26

HgSe 57 0.63 —4.12 | —0.48 | 0.45%
HgTe 66 119 | —4.43 | —0.86 | 1.082

bital momentum, The Darwin correction and that due
to the dependence of the mass on the velocity have the
same symmetry as the potential. Therefore, these
corrections cannot split degenerate levels but simply
shift them, and the shift is much greater for the valence
s electrons closer to the nucleus than for the p valence
electrons, The Darwin correction for the p electrons
is generally zero.

The relativistic effects in crystals are allowed for in
the same way as for free atoms but the central field of
an atom is replaced with the periodic field of the crys-
tal. It should be noted that in the case of II-VI com-
pounds the conduction band state of I';-type symmetry
is formed from atomic functions of the s electrons of
the metal and the valence band state I'y is formed from
the atomic functions of the p electrons of the chalcogen.
This is illustrated clearly in Table I, which shows that,
for example, in the case of tellurides, the corrections
A and E? ;| to the state I'y are almost unaffected, where-
as the corrections to I'y(E®) increase strongly on transi-
tion from Cd to Hg because of the increase in Ze of the
metal atom.

The formation of bands at the point I" is demonstrated
schematically in Fig. 2 for cadmium telluride (a) and
mercury telluride (b). A comparison of the energy band
structures of these two substances is justified because
their lattice constants differ by less than 0.5% and the
change in the energy gap due to the reduction in the in-
teratomic distance on transition from CdTe to HgTe
should not exceed 0.09 eV, 1231 go that the role of the
relativistic corrections can be studied in its purest
form.

If the relativistic effects are ignored, the states of
the I'g and I'; symmetry in CdTe and HgTe are sepa-
rated by approximately the same initial energy gap E;,.
Without allowance for the spin, the state I'g is nonde-
generate and the state I';, formed by the p functions, is
triply degenerate. In the case of CdTe, the corrections
Epand E,; result in the displacement of I'; and I'y but
their relative positions are not greatly affected, The
spin—orbit interaction lifts partly the degeneracy by
splitting T’y into two levels: one is a doubly degenerate
state I'y, forming the valence bands of the heavy and
light holes Ey, and Ey,, and the other is a state I';, re-
sponsible for the split-off valence band E,,. The state
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I'g forms the conduction band E.. The gap between I'y
and I'y, denoted by Ey=E(T'g) - E(T), is the forbidden
band (Fig. 2a).

The forms of the conduction band E, and of the light-
hole band Ey, are governed largely by the interaction
between them. The intensity of this interaction is pro-
portional to P?/|E,| (P is the matrix element of the mo-
mentum operator representing the “interaction’” be-
tween the states 'y and I';) and it governs the curvature
of these bands and, consequently, the effective masses
of the carriers in them,'®) The valence band E,, does
not interact with the conduction band and only allowance
for the influence of the more distant bands makes the
effective masses of the heavy holes differ from the
free-electron mass.

The energies E; and E,, ; for HgTe are considerably
larger than for CdTe, so that the state I'q is located
much lower on the energy scale (Fig. 2b). The spin—
orbit interaction, which splits the valence bands, shifts
the state I's below I';. Thus, we can expect the bottom
of the conduction band TI'g to be located below the top of
the valence band I'y and the conduction band to intersect
two valence bands at 2#0. However, such a band dis-
tribution is impossible: states with the same momentum.
but with different symmetry cannot intersect. This
gives rise to an inverted band structure: the band cur-
vature changes its sign when the sign of the energy dif-
ference E,=E(I';) - E(I'y) between them changes; then,
the state I'; forms the light-hole band Ey, and the state
Ty, which interacts with the latter band, gives rise to
the conduction band E;. Since the heavy-hole band Ey,
does not interact with I'g, its curvature does not change
as a result of inversion of Ey, and E.. The state I'y
remains degenerate but it is now in contact with the
heavy-hole and conduction bands, i.e., a zero-gap
semiconductor is formed. The quantity E;, sometimes
called a negative forbidden band of semiconductors with
an inverted band structure, is not the forbidden band
width in the generally accepted sense in solid state
physics: it simply governs the interaction between the
conduction and light-hole bands.

The first experimental proof of the inverted band
structure of mercury telluride was obtained'®®! in hy-
drostatic pressure experiments based on the fact that
in all the diamond or zinc-blende semiconductors the
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FIG. 2. Formation of energy bands at the point I' in the case
of CdTe (a) and HgTe (b).
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state I'y moves upward with pressure faster than I,

In ordinary semiconductors, such as CdTe and InSb,

this increases the energy gap (forbidden band width),
Measurements of the thermoelectric power carried out
on heavily doped n-type HeTe demonstrated that this
power decreased with rising pressure but the Hall co-
efficient and, consequently, the electron density were
independent of pressure. In the case of a strongly de-
generate electron gas, we have a <1/E; if n=const and
the rise of the Fermi energy can only be due to a reduc-
tion in the effective electron mass m*, Since the matrix
element of the interaction between I'y and I'y is approxi-
mately the same for all the zinc-blende materials, i.e.,
it depends weakly on the lattice constant, in the first
approximation we may assume that the value of P is in-
Jependent of pressure. Since m* C’CED/P"", the reduction
in the effective mass can occur only if E, decreases

and the fall of E, under the action of pressure is possible
only if I'y lies above I'y,

Later measurements of several electrical properties
and, particularly, magneto-optic experiments yielded
reliable proof of the inverted band structure of
HgTe, [26:27

Several theoretical calculations have been made of
the energy band structure of HgTe and other conductors
of the same class on the basis of the one-electron model.
The correct energy band spectrum is obtained by modi-
fying the calculations so as to allow for the relativistic
effects. The need for this allowance is self-evident if
we consider methods similar to those based on first
principles, particularly the orthogonalized plane wave
(OPW) method. Thus, self-consistent OPW calculations
of Herman et al, , #8 in which the crystal potential was
formed by a spatial superposition of nonrelativistic po-
tentials of atoms and molecules, {2%1 could not even give
the correct sign of the energy gap £, of «-Sn and mer-
cury chalcogenides. The relativistic effects in the OPW
method can be allowed for as first-order corrections
to perturbation theory, 3 but it is more correct to use
the method of Soven, 11 who calculated the energy band
structure of thallium (Z = 81) directly from the Dirac
equation. Relativistic OPW calculations of the spectra
of a-Sn™2! and mercury chalgogenides®3! based on a
similar approach gave results in good agreement with
the experimental data, For example, without any em-
pirical corrections, Pollak ef al,'3) used the relativ-
istic self-consistent Liberman potentials™® and the ex-
change potential in the Kohn-Sham approximationt3®! to
obtain E,=-0.416 eV for «-Sn (the experimental value
was Eg=—0.413 eV, 38,

In empirical and semiempirical methods, the refer-
ence points in the -calculations are the most reliable
parameters determined experimentally and, therefore,
an inverted position of the I'g and I’y levels is regarded
as an a priori known quantity, The freedom of choice
of the adjustable parameters is frequently such that
good agreement is obtained between calculations and
experiment even without allowance for the relativistic
effects but the mathematical procedure used to achieve
this may have no physical meaning, Thus, in the meth-
od of empirically corrected OPW’s proposed by Her-
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mant®¥37 the nonrelativistic band structure of HgTe and
HgSe, calculated from the first principles, is corrected
in accordance with the experimental data on interband
optical transitions. The adjustable parameters are the
correction to the symmetric component of the Fourier
coefficient of the crystal potential AV,,, and the correc-
tions to the energies of the core states of cations AES:
and anions AE}%. The first correction displaces the
potential in the intervals between the lattice sites,
whereas the second and third displace the core poten-
tials of the indicated ions. The energy spectra of a-Sn,
HgTe, and HgSe, calculated in this way, are in good
agreement with the experimental results since the shift
of the energy levels produced by these corrections
“simulates” allowance for the relativistic effects and,

at the same time, compensates simplifications of the
OPW method such as the approximate nature of the ex-
change potential and lack of allowance for many-electron
effects.

In the Green function method, whose relativistic vari-
ant was used by Overhoft®® to calculate the band struc-
ture of HgSe and HgTe, the adjustable parameter is fre-
quently the potential between atomic spheres V,, which
is varied to achieve agreement between E{™°" and E§™,
However, Overhof'® obtained the necessary value of
the gap and avoided a positive V, by displacing the atomic
s levels of HgTe, i.e., by selecting the potential V to
be different for the s bands and for the p and d bands,

The empirical pseudopotential (EPP) method depends
even more strongly on the expefimental results, In its
relativistic modification, applied by Bloom and Berg-
stresser'®! and by Chadi e al.'*? to mercury teluride,
the form factors of the pseudopotential V5'4 are selected
s0 as to obtain the best agreement with the experimental
values of the energy gap at several points in the Bril-
louin zone from which the spin—orbit splittings are ex-
cluded. Then, the spin—orbit form factors are ad-
justed to obtain agreement with the spin—orbit splitting
at the points I'.and L, The form factors obtained in
this way are in good agreement with those of. the model
pseudopotential, **!? where they are selected on the basis
of the results of ionic spectroscopy. The model pseudo-
potential method, including allowance for the screening
of the ionic potential in the form suggested by Penn,
was also used in the calculation of the spectrum of
HgTe. [421]

All these calculation methods give a general energy
band structure of HgTe along the principal symmetry
axes with the same precision as for other II-VI and
II-V semiconductors, Generally, the energy band
structure of a zero-gap semiconductor is basically simi-
lar to the band spectrum of an ordinary semiconductor,
with the exception of the vicinity of the point I" (Fig. 3).
However, as pointed out above and as will be shown
specifically for HgTe in Sec. 5C, the vicinity of the con-
tact point cannot be described by the one-electron ap-
proximation.

It is interesting to note that the inversion of the states
I'y and Ty in mercury chalcogenides can also be demon-
strated without calculation of the band structure but
simply on the basis of spectroscopic parameters de-
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FIG. 3. Energy band structures of CdTe (a) and HgTe (b) cal-
culated by the empirical pseudopotential method. 4%

scribing covalent and ionic contributions to the tetra-
hedral bonds of these compounds, 37 This was done in
detail for Pb,_.Sn,Te by Wemple, ‘4! who showed that
the replacement of lead with tin in this compound inter-
changed the role of anions and cations and that the ion-
icity vanished at the transition point corresponding to
inversion of the states Lg and Lg.

B. Overlap of valence and conduction bands in mercury
telluride

The absence of a center of inversion from the zinc-
blende structure gives rise to linear terms in E(k), It
follows from the perturbation theory that the correc-
tions for terms linear in k are negligible for the states
I'; and their presence results in the splitting of the band
maxima and their shift away from the point k=0, The
large effective mass results in the greatest shift of the
heavy-hole band Ey,. In the case of InSb, the magneto-
reflection measurements indicate that the maxima of the
heavy-hole band are displaced and the energy shift along
the [111] direction, measured from the energy at the
point k =0, amounts to about 0.1 meV, i.e., the forbid-
den band seems to decrease by this amount. A basical-
ly different situation appears in the case of an inverted
band structure in which the heavy-hole and conduction
bands are degenerate at the point k=0, In HgTe, the

467 Sov. Phys. Usp., Vol. 19, No. 6, June 1976

displacement of the heavy-hole band maxima results

in an overlap AE between Ey, and E; (Fig. 4). The
maximum overlap is found along [111] axes and vanishes
along (100). The value of AE of mercury chalcogenides
has not yet been determined by direct methods. Theo-
retical estimates'®42] give AE=~ 0, 3-0.1 meV for HgTe.
An analysis of the temperature dependence of the Hall
coefficient of a sample of HgTe, retaining its intrinsic
conduction to the lowest temperatures (at T=0.1 °K,

we have n=p=5,7x10'"* cm™), is given in'6}, The
maximum possible overlap found in this way is 1,0
meV. This value of AE follows for the same sample
also from the Shubnikov—de Haas effect,t!*! However,
in the case of a sample with n=2,1x10% c¢m™, the same
method gives the overlap AE~1,5 meV, 7 i.e., there
is a tendency for the overlap to depend on the electron
density. The hypothesis of the influence of the impurity
(extrinsic) electron density on the energy spectrum of
HgTe, also put forward in a different form inf*41 g
particularly interesting because it explains the anomal-
ously large band overlap in other mercury chalcogenides
HgSe and B-HgS. These substances can be obtained
only in the n-type form with electron densities of at
least 10!” ecm™? in the case of HgSe and at least 10!8 ¢m™?
in the case of B-HgS. The overlap calculated for these
densities amounts to several tens of millielectron-
volts, 5951 which cannot be attributed simply to the ab-
sence of an inversion center. Some authors®3 put
forward the hypothesis of the presence of a side valence
band in HgSe and g-HgS (for example, in the vicinity of
the point L in the Brillouin zone), which would give rise
to an additional overlap with the conduction band, How-
ever, this band structure is in sharp contrast to the
structures of all other compounds with the zinc-blende
lattice and is not supported by theoretical calculations,
It is more reasonable to assume that the large overlap
is due to the distortion of the band structure by elec-
trically active lattice defects, which are always present
in these compounds. In fact, g-HgS is generally un-
stable under normal conditions (at room temperature,

it can be stabilized only by introducing a large number
of impurities), whereas the effective Szigeti charge of
HgSe is €% = 0. 76, ®¥ which is close to the ionicity
maximum (0, 785) above which the zinc-blende lattice
loses its stability, as predicted by the theory of Phillips
and Van Vechten, This assumption is also confirmed

by the fact that, for the minimum donor concentration
ny=1,1x10'" em™ Krevs et al.'5" obtained the band
overlap AE =18 meV for HgSe, whereas Lehoczky et

Kk ———

FIG. 4. Dependence E(k) for the valence band of HgTe along
various directions. 1451
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FIG. 5. Temperature dependences of E; of cadmium telluride
(D and mercury telluride (II). The values of E, for CdTe are
taken from!®!; 1) data from'®; 2) from!®!!; 3) from!®!.

al. 3 found by an analogous calculation method that
AE =5,0 meV for purer samples (n,~3.6x10'* cm™3),
which was close to the overlap of HgTe.

Formally, the presence of the overlap makes mer-
cury chalcogenides semimetals. However, the negligi-
ble size of the overlap is resonsible for the observation
that mercury telluride has all the properties of zero-
gap semiconductors. This justifies fully the classifica-
tion of HgTe as a zero-gap semiconductor, ©%%

What are the most obvious consequences of the zero
gap in HgTe? First of all, the temperature dependence
of the intrinsic carrier density is not an activation-type
law, n, <exp(- E,/kT), but is a power law, n,x T8/2,
Moreover, in the case of a perfectly pure crystal at
T=0, any electric field (no matter how weak) can trans-
fer electrons from the valence to the conduction band,
i.e., the current-voltage characteristic should not have
an ohmic region. " Ivanov-Omskii and his colleaguest®®
observed experimentally a steep rise of the electron
density with the electric field. In particular, they estab-
lished that the electric-field heating of pure HgTe crys-
tals was, to some extent, equivalent to thermal heating.
For example, in a field of 12 V/cm, the electron den-
sity in a sample at 4.2 °K was the same as that in a
near-zero field at 20 °K.

C. Anomslous temperature dependence of energy gap £,

The unusual temperature dependence of the energy
gap E, in lead chalcogenides is one more consequence
of the inverted band structure.

In ordinary semiconductors, where E, is the forbid-
den band, its temperature dependence is due to two fac-
tors'l): the thermal expansion of a crystal, i.e., the
change in the lattice constant (8E,/8T),, and the inter-
action of carriers with phonons (8E,/8T),,. These two
coefficients are negative for all zinc-blende semicon-
ductors and the net result is 3E,/8 T< 0 with the change
in E, due to the electron—phonon interaction increasing
with temperature. Therefore, in the range of tempera-

"tures much lower than the Debye value, the contribution
(8E,/8T),, is negligibly small and E, varies rapidly at
high temperatures. A good illustration of this depen-
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dence is Ey(T), reported for cadmium telluride (curve
I in Fig, 5).

Mercury chalcogenides and, particularly, HgTe be-
have quite differently (curve II in Fig. 5). It is clear
from Fig. 5 that, for these compounds, we have, first-
ly, 8E,/8T>0 and, secondly, E, varies linearly with
temperature right down to the lowest values of the lat-
ter, If we bear in mind that the lattice constant of HgTe
decreases with temperature'® in the same way as the
lattice constants of other III-V and II-VI compounds,
we have to assume either the existence of a third posi-
tive term associated, like the sign of E,, with the rela-
tivistic effects'*+*% or that (8E,/8T) changes sign in
the case of an inverted band structure, 129 However,
since the electron—phonon interaction has almost no ef-
fect on the band curvature'® and, consequently, on m*,
the second hypothesis is in conflict with the temperature
dependence m* (T); it follows from the experimental re-
sults® that the effective mass of electrons in HgTe de-
creases with rising temperature,

Attempts to explain Ey(T) on the basis of the Brooks-
Yu theory proved fruitless’°®! although this theory
has been applied successfully to lead telluridet®” char-
acterized, like HgTe, by E,/8T>0,

4. CONDITIONS FOR APPEARANCE OF ENERGY GAP
IN MERCURY TELLURIDE. TRANSITION FROM
ZERO-GAP TO ORDINARY SEMICONDUCTOR

There are several types of external factor which can
alter the energy band structure of mercury telluride
s0 as to produce an energy gap. This can be achieved
without altering the crystal symmetry by reducing the
relativistic effects as a resuit of, for example, replace-
ment of some of the mercury atoms with a lighter ele-
ment. This is observed in Cd,Hg,..Te alloys (x repre-
sents the molar percent of cadmium), which are dis-
ordered isoelectronic substitutional solid solutions at
all compositions, The effects due to disorder in such
alloys and, particularly, the spreading of the band edges
and density-of-states tails in the forbidden band are
negligible in such alloys®? and their properties can be
described by the usual band structure models, Over-
hot!3¥! demonstrated that the main result of the addition
of CdTe is the displacement of the I'g level formed by
the s electrons of the metal toward higher energies. A
continuous change takes place from the energy spectrum
of HgTe (Fig. 2b) to that of CdTe (Fig. 2a). Measure-
ments of the photosensitivity maximum, ¢®® optical ab-
sorption edge, L™ and Hall effect under hydrostatic pres-
sures'™ demonstrated that the value of E, varies al-
most linearly with the composition, passing through
zero at certain temperature-dependent compositions
(Fig. 6). The empirical formulas for E, =f(x) obtained
by different methods'®™"™ differ slightly from one an-
other, A good agreement with the experimental depen-
dences is obtained by calculating the energy band struc-
ture of Cd,Hg, ,Te employing the model‘®! and empiri-
cal'™! pseudopotential methods, and the k- p method, [™!
Slight deviations from the linearity of Ey(x), amounting
to 0.1 eV for x=0.5, '™ were explained®*’ by the two-
band dielectric method of Van Vechten,
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Figure 7 shows schematically the changes in the band
structure of Cd,Hg,.,Te alloys, At certain values of
%, the three bands E;, Ey, and Ey, come into contact
and the zero-gap (ZG) material transforms into an ordi-
nary semiconductor (OS) (the point of contact is then
described as the ZG-OS transition). For example, at
4.2 °K, the variation of cadmium in the alloys from 0
to 0.155 produces a series of zero-gap semiconductors
with different values of E; and the variation of x from
0.165 to 1,0 produces semiconductors with a forbidden
band ranging from 0 to 1,6 eV. Since E, governs, ir-
respective of its sign, the form of the conduction and
light-hole bands, the effective mass of electrons nt}
tends to zero at the point of transition to two separate
bands (Fig. 8).

In addition to the HgTe—~CdTe alloys, there is a large
number of solid solutions based on mercury chalcogen-
ides in which a similar transition is observed (Table
I). It is clear from Table II that mercury chalcogenides
form solid solutions not only with group II chalcogenides
but also with MnTe and III,-VI; defect compounds.
Moreover, solid solutions are also formed between
mercury chalcogenides themselvest™ (HgTe-HgSe,
HgSe-pB-HgS, HgTe-p-HgS). These are zero-gap semi-
conductors with properties intermediate between the bi-
nary compounds,

The transition from an inverted to an ordinary band
structure can also be produced by hydrostatic pressure,
In HgTe, as in other zinc-blende and diamond com-
pounds, the level I'; moves more rapidly under hydro-

8 £ mev

=100

K

FIG. 7. Transition from zero-gap to ordinary semiconductor
in Cdy, 3 Hgy 3;Te under the influence of hydrostatic pressure,

temperature, or change in composition. All the band parame-
ters used in the calculations were taken from!”!,
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FIG. 8. Dependences of the effective mass of electrons in
Cd Hg,_,Te plotted for different electron densities at 4.2°K!"¢);
1) effective mass at the bottom of the conduction band; 2) 1
x10'" cm™; 3) 1x10% em™; 4) 1x10% cm3; 5) 6x10!7 em™;
6) 1x107 em™; 7) 5x10! cm™,

static pressure along the energy scale than does I'y and
this reduces E,. At sufficiently high pressures, there
is an inversion of I'g and I'y and a forbidden band ap-
pears, i.e., hydrostatic pressure is equivalent to the
formation of a Cd,Hg,_,Te solid solution with increasing
cadmium content (Fig. 7). In pure HgTe at 293 °K, the
ZG-08 transition occurs at 10 katm, 857 In the case of
Cd,Hg,..Te, an increase in x causes I'g and Iy to ap-
proach each other and a lower pressure is needed for
the same transition, ©®®! However, we must bear in
mind that Cd Hg, .Te exhibits, at pressures slightly
higher than those corresponding to the ZG-0OS transi-
tion, a phase transition involving the transformation of
the zinc-blende structure to the hexagonal cinnabar
structure (for x < 0, 12) or to the rocksalt structure (for
x20,12), %! which may lead to an incorrect interpreta-
tion of the results, (87

The appearance of a forbidden band under hydrostatic
pressure was also observed at 14 katm applied to a p-n
junction made of Cdy_;;Hg,.g9Te (Ey=~ 50 meV at 77 °K).
The current-voltage characteristic of the junction re-
mained ohmic in the range P< 6 katm, but, at higher
pressures, it became rectifying. The contact potential,
equal to E; in p—n junctions with a degenerate electron
and hole gas, increased linearly with pressure from
zero at 6 katm to +70 meV at 14 katm, [88

The ZG-0S transition can also be observed quite

TABLE 0. Alloys based on mercury chalcogenides
exhibiting transition from zero-gap to ordinary semi-
conductor.

‘mpera- [
Material e T Composition, | Refer-
ok ' x ence |
Cd, Hg;_,Te 292 0.08+0.01 e
7 0,142+-0,002 62
Zn Hg,_Te 300 0.07 ., 1
CdzHg, .50 295 0.1 80
xHgy oS 295 0.05 81
Zn,Hg) 15 295 0.04 81
MnHgy o Te 77 0.13 a2
(IngTeg)— (HgaTes) s 77 0.06+0.02 83
(GagTeg)— (HgsTeg)1—x 300 0.045+0,04 84
N. N. Berchenko and M. V. Pashkovskii 469



clearly in the pressure dependence of the electron mo-
bility. At the transition point, we have #* — 0 and this
should give rise to a mobility maximum, This maxi-
mum was observed experimentally by many au-

thors, (238689, 901 Brandt ef al. [ found that the electron
mobility at 2 °K in Cd,,,3Hg,. 4,Te was about 107 cm?. v-!
- sec™ in the region of the transition,

The high positive value of the temperature coefficient
of the energy gap of some compositions may increase
the temperature of the ZG-OS transition (Fig. 7). This
was observed experimentally by Groves ef al.'® in an
investigation of the interband magnetoabsorption of
Cdy.16HEg.54Te. At 25 °K, this alloy had Eq= - 0,01 eV
and I'y ~I'g transitions were observed between the va-
lence and conduction bands across the zero-width for-
bidden band., At 90°K, this alloy was characterized by
Ey=+0.01 eV and I';—~ I', transitions occurred across
this gap.

The forbidden band of HgTe behaves in a basically
different manner when this material is subjected to uni-
axial compression. This is due to the fact that aniso-
tropic deformation disturbs the symmetry of the cubic
crystal and this lifts the band degeneracy at the point
T,.t®1 In ordinary semiconductors such as InSb, this
results in the splitting of the light-hole from the heavy-
hole band whereas, in semiconductors with an inverted
band structure, the conduction band is split off, i.e.,
an energy gap forms, This effect was observed by
Roman and Ewald, [ who investigated transport phe-
nomena in a~-Sn under uniaxial compression, When the
load was increased, the temperature dependence of the
Hall coefficient changed from R, < T-%/2 to a steeper
characteristic R, < 732 exp(AE,/ky T), where E, is the
gap produced by deformation (in the case of a-Sn and
HgTe, the electron mobility is much higher than the
mobility of holes, so that, in the intrinsic conduction
region, we have Ry=~1/en,). A similar dependence
may be expected for HgTe. with the exception of very
low pressures when the influence of the valence and
conduction bands may be manifested.

The forbidden band of HgTe may also appear in a
quantizing magnetic field. Quantization of the orbital
motion of electrons splits the energy bands with quasi-
continuous level distributions into magnetic Landau sub-
bands or levels. The separation between them is equal
to the cyclotron energy #w,, where w.=eH/m*c. The
zeroth Landau level in the conduction band is then lo-
cated above the bottom of the band (measured in the ab-
sence of the magnetic field) and the separation is #w /2
(similarly, the zeroth level in the valence band drops
below the top of this band). Moreover, a magnetic
field lifts the spin degeneracy and each Landau level
splits into two sublevels separated by gugH on the en-
ergy scale; here, g is the spectroscopic splitting factor
and y g is the Bohr magneton, In comparison with the
orbital splitting, it is better to express the spin splitting
energy as HeH/m®c, where m* is the spin effective mass
of carriers. The bottom of the band may rise or fall
in a magnetic field, relative to its position in H=0, de-
pending on the ratio of the spin and orbital effective
masses.
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In the case of HgTe, we have m*>m* but we must
bear in mind that the conduction and valence bands are
degenerate at the I'y level and, in the case of Landau
levels with small quantum numbers, the Luttinger ef-
fects (called, not quite correctly, the quantum effects)!®*?
become decisive. In the case of degenerate valence
bands in Ge and InSb, they produce nonequidistant mag-
netic subbands of the heavy and light holes which are
then difficult to distinguish, whereas, in the case of
HgTe, it is not even clear which levels belong to the
conduction band and which to the valence band, and
whether a gap forms, The exact position of the Landau
levels in HgTe were calculated by Zawadzki and Kowal-
skit®? on the basis of the Luttinger method!®! allowing
for all the features of the inverted band structure,
Zawadzki and Kowalski established that the application
of a quantizing magnetic field to HgTe lifted the bottom
of the conduction band and depressed the top of the va-
lenceband, producing an energy gap (Fig. 9) but its val-
ue was found to be considerably less than one would
have expected on the basis of the simple quantum theory
of nondegenerate isotropic bands. The experimental
manifestation of a gap in a magnetic field was reported
for HgTe by Giriat ef al., ¥ who observed a low-tem-
perature exponential rise of the longitudinal magneto-
resistance when the magnetic field was increased suffi-
ciently, This effect was attributed to a reduction in the
intrinsic carrier density on the appearance of a gap.

An energy gap produced by a magnetic field is re-
duced by an electric field. Since an electric field ap-
plied normally to a magnetic field shifts the band edges
in the opposite direction, it follows that the gap may
disappear for certain values of the magnetic and elec-
tric fields, %"

All the external agencies described above transform
a zero-gap semiconductor into an ordinary one. Re-
cently, Liu and Leung'® predicted a transition of a
zero-gap semiconductor to a semimetallic state under
the action of uniaxial tension, In this case, the conduc-
tion band moves faster along the energy scale than does

31t

i
~16 !
i

FIG. 9. Landaulevels and formation of an energy gap in HgTe, %51,
Series: a) m, j=3/2, —1/2; b) m, j=1/2, —-3/2,
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FIG. 10. a) Temperature dependences of the specific magnetic
susceptibility!”!!; 1) experimental susceptibility Xoy: 2) lat-
tice susceptibility X,,¢; 3) electron susceptibility Xep — Xiats
4) theoretical electron susceptibility. b) Dependences of the
specific magnetic susceptibility on the electron density“(’“:
1) experimental susceptibility; 2) electron susceptibility; 3)
theoretical electron susceptibility.

the valence band and this should result in the overlap
and distortion of the energy bands.

5. CHARACTERISTICS OF CONDUCTION AND
VALENCE BANDS OF MERCURY TELLURIDE

A. p-Type nature of electron states in conduction band

Some of the specific properties of HgTe are observed
because the conduction band of this compound is not
formed from the s functions, as in ordinary zinc-blende
semiconductors, but from the p functions and has the T’y
symmetry. The magnetic susceptibility of carriers is
particularly sensitive to the band origin, It has been
established'® that in a band formed from the s func-
tions the carriers are always diamagnetic, whereas in
a band formed from the p functions the carriers may
be diamagnetic or paramagnetic, depending on the in-
teraction with other bands.

Detailed investigations of the magnetic susceptibility
of mercury telluride were reported inf100-1%1  Mea-
surements of the temperature and composition depen-
dences of the magnetic susceptibility of HgTe and suit-
able extrapolations were used to find the lattice sus-
ceptibility. This susceptibility was diamagnetic, as in
the case of other II-VI compounds, and it obeyed the
empirical dependence x,,: “Z. Since the lattice sus-
ceptibility was almost independent of temperature and
electron density, and the contribution of holes could be
ignored because of their large mass, subtraction of the
the lattice component from the measured susceptibility
should give the susceptibility of the electron gas (Fig.
10). It was established that, throughout the investigated
range of temperatures and densities, the electron gas
was paramagnetic, which was possible only in the case
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of an inverted band structure. A comparison of the
magnetic properties of HgTe and p-type InSb demon-
strated’®’ that the behavior of the magnetic suscepti-
bilities of electrons in HgTe and light holes in InSb was
similar, which confirmed the identity of the symmetry
of the E; band of HgTe and of the Ey, band of InSb,

Another consequence of the p-type nature of the con-
duction band is its anisotropy. The conduction band of
ordinary semiconductors is isotropic at the point I" in
the limit k=~ 0. The anisotropy only appears for large
values of k when the p functions become mixed with the
s functions, {1031

The anisotropy of the I'; conduction band was ob-
served experimentally for a-Sn‘1%! and HgSe. [1%! This
anisotropy is slight and it is not possible to reveal it
by such a classical method as the dependence of the
magnetoresistance on the angle between electric and
magnetic fields.'*®? A much more sensitive method is
the angular dependence of the Shubnikov—de Haas oscil-
lations., This method was used by Galazka et al, [1%]
in determining the anisotropy parameter of HgSe and the
influence of the conduction band occupancy on this
parameter. They established that the anisotropy and its
dependence on the electron density indicated that the
conduction band had the symmetry Ty,

Attempts to detect a similar anisotropy in the case
of HgTe were unsuccessful; conversely, several au-
thors! 0108107 giregsed that the Shubnikov—de Haas os-
cillations in HgTe and Cd,Hg, ,Te were independent of
the direction between the magnetic and electric fields.
The cause of this was difficult to identify because the
theoretical calculations!™ predicted this anisotropy.

The symmetry of the conduction band affected also
the electron mobility. It was thus found'!®! that the ex-
perimental value of the low-temperature Hall mobility
in pure HgTe crystals was almost an order of magnitude
higher than the theoretical value calculated on the as-
sumption that the electrons were scattered by the Cou-
lomb potential (ionized impurities or holes) allowing
for the Brooks—Herring screening of the scattering
centers. The agreement with the theory was im-
provedt 19119 ywhen allowance was made for the angular
dependence of the probability of the scattering of elec-
trons belonging to the band formed by the p functions.

In this band, the scattering through large angles is less
and, therefore, when the band occupancy is low, the
mobility of electrons is almost twice as high as in the
band formed from the s functions.

The role of the scattering of electrons by phonons in-
creases with rising temperature. A theoretical calcu-
lation shows!!'!! that, in the case of an inverted band
structure, the mobility, limited by the scattering on
polar optical phonons, also increases by a factor of 2
if we allow for the nature of the conduction-band wave
functions. In the case of the band with the I'y symmetry,
the interaction of electrons with acoustic phonons also
changes, '122? but the influence of this change on the nei
mobility is slight because the acoustic scattering mech-
anism is not very effective in HgTe, [208]
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B. Conduction band nonparabolicity and spin properties
of electrons

We have mentioned that the gap E, governs the inter-
action between the bands E; and Ey,. Since the absolute
intensity of this interaction is independent of the sign of
E,, the Kane theory'?*! developed for the bands of in-
dium antimonide is fully suitable for HgTe and its al-
loys, When the Kane theory is used in the two-band
approximation, i.e., when the energy of the spin-orbit
interaction is A> E, kP, and the interaction with the
distant zones is ignored it gives the following analytic
expression for the conduction band:

252 .
Eo=te 4 5 (1B + )/ B P 5 8P%).

It is clear from the above expression that the conduc-
tion band is parabolic, i.e., that E <k only near the
bottom of the band for small values of the wave vector
kP «<E,. As k rises, the conduction band becomes non-
parabolic: its curvature decreases and the effective
mass of electrons rises, Applying the standard expres-
sion for the effective mass

me_ W (1 0E)-

and replacing P with its energy equivalent (2my/%2)P?
=E,, we obtain the following formula for the effective
mass in a nonparabolic band:

%?[1 +%(|f_:rl2+3ﬁ:22p)-i/2]-i.

If the electron gas is degenerate (n-type zero-gap
semiconductors are practically always degenerate), the
measured quantity is the effective mass corresponding
to the Fermi energy.

If k=0, we obtain the following formula for the effec-
tive mass of electrons at the bottom of the conduction
band:

Cm=(t+3

m E -1
F-(tslwm)

In the case of a degenerate gas and spherical constant-
energy surfaces, the value of k corresponding to the
Fermi level is kp=(3r°n)}3 where = is the electron
density. We can use this expression to find the rela-
tionship between the effective mass and electron den-
sity. Numerous investigations of the reflection, [1!*
magnetoreflection, {1 thermoelectric power in classi-
cally strong magnetic fields, {*'%) and Shubnikov-de Haas
oscillations, {1!% carried out on n-type HgTe crystals
in a wide range of carrier densities and temperatures,
have shown that the dependence of the effective mass m*
on the electron density is in good agreement with the
two-band Kane model in the range of energies extending
to at least 0.25 eV above the bottom of the conduction
band. By way of example, Fig. 11 shows the theoreti-
cal dependence and the values of the effective mass de-
duced from the reflection measurements, (3131

Investigations of the nonparabolicity of CdHg,_ ,Te
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alloys are of special interest, Here, in the region of
the ZG-OS transition, we have the limiting case of the
Kane model: the conduction band energy is an almost
linear function of the wave vector, the effective mass
at the bottom of the conduction band tends to zero, and
the effective mass at the Fermi level depends particular-
ly strongly on the electron density (Fig. 8). Experi-
mental determinations of the dependence m* (n)t115-1171
confirmed that the Kane model was also applicable to
this case, The details of the behavior of the electrons
in the E,~ 0 limit were discussed by Tal yanskii, (1181

An important parameter representing the effects as-
sociated with the shift and splitting of the energy levels
in the presence of a magnetic field is the g spectro-
scopic splitting factor of electrons, The spin-orbit in-
teraction can result in a large deviation of the g factor
of electrons in a solid from the g factor of free elec-
trons, which is 2, Like the effective mass, the g fac-
tor is governed mainly by the intensity of the interaction
between the bands E¢ and Ey, and, in the case of non-
parabolic bands, it is a function of k. The following ex-
pression for the g factor was obtained for semiconduc-
tors with an inverted band structure by Kacman and
Zawadzki'119120);

gl =2[t—(2m1) zit]-

This expression differs from g(k) for an ordinary InSb-
type semiconductor because it does not contain the en-
ergy gap so that the spin—orbit interaction has less in-
fluence on the g factor and, if the band occupancy is
low, E(R)=0, this factor is independent of A. In the
case of a nonparabolic conduction band, the separation
between the Landau levels and their spin splitting de-
creases with increasing number of the levels. In the re-
gion of the ZG-OS transition in sufficiently pure sam-
ples, the g factor reaches anomalously high values
(Fig. 12), which—in combination with the small effec-
tive mass of electrons—make Cd,Hg, ,Te an extremely
convenient material for investigating quantum transport
phenomena 128127 and of spin, cyclotron, and mixed
resonances, [12%

The above expression for g(k) is based on the Yafet
theory, (28] which makes exact allowance for the inter-
action between the three bands (I';, Ty, and I';) and ig-
nores the interaction with all the other bands. There-
fore, this theory is most appropriate for the description
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FIG. 11, Dependence of the effective mass of electrons in
HgTe on their density at 300°K. 112} The continuous curve
represents calculations based on the two-band Kane theory and
the symbols are the experimental values.

N. N. Berchenko and M. V. Pashkovskii 472




30
|91

200

100

o1 o1 azar azs

FIG. 12. Dependences of the | g| factor of CdHg,.,Te on the
composition for different electron densities: I), I theoretical
dependences for densities of 1x10% and 1x10' cm™, respec-
tively; experimental results for samples with different densi-
ties (cm™): 1) 2x10' from!!2!; 2) 3.5x10'7 from!!22); 3) 1.2
x10'7 from!12!; 4) 1.5x10% from'!?; 5) 2. 310 from!1%;
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of the Landau levels with high quantum numbers and of
samples with high carrier densities, i.e,, in those
cases when the nonparabolicity is considerable, As
pointed out earlier, the Luttinger effects associated
with the degeneracy of I'y are decisive in the case of
the Landau levels with low quantum numbers in pure
samples and the nonparabolicity can then be ignored.
Guldner et al, % jnvestigated the interband absorption
in HeTe with 7=4%10" cm™ and found that the transi-
tions between the zeroth and first Landau levels were
described best by the Luttinger theory, '**! whereas the
energies of the transitions between the levels with N

=2 were described better by the three-band mod-
el [119:120,128) -

A more correct approach is simultaneous allowance
for the nonparabolicity and Luttinger effects, proposed
by Pidgeon and Brown'®® for the description of mag-
netic levels in p-type InSb and applied subsequently to
HgTe'*2%) and a-8n,'%! However, analytic expressions
are not then used and calculations are made by numeri-
cal methods on a computer,

C. Valence band structure

The principal properties of HgTe, associated with the
conduction band features, are relatively well under-
stood and explained whereas final conclusions cannot
yet be drawn for the valence band,

We may assume that the heavy-hole band of HgTe is
of the same form as in InSb (Fig. 4). In this case, the
constant-energy surfaces (Fermi energy E’:) of samples
with low hole densities are ellipsoids oriented along the
[111] axes. An increase in the density of these holes
gradually enlarges these ellipsoids so that a concave
surface with unfilled states is formed at low values of
k (Fermi energy E%). Finally, at high densities (Fermi
energy EY), the constant-energy surfaces are deformed
spheres, as in p-type Ge. Basically similar results
were also obtained inaninvestigation of the lattice thermal
conductivity of p-type HgTe."S? However, the results re-
ported in™**? could not be interpreted unambiguously. In
particular, they couldbe explainednotonly by a complex
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valence band but also by the formation of an impurity
band merging with the valence band at sufficiently high
acceptor concentrations. Clearly, the analogies with

the valence bands of III-V semiconductors are valid only
in the range EZE}, At these high concentrations (p,
=10%-10" e¢m™), Ivanov-Omskii ef al,[131+132] geter-
mined the optical effective mass of holes my*= 0, 6m,

and the effective density-of-states mass m,= (0.4-0, 6)m,,
These values were close to the corresponding values

of m, in Ill-V compounds, {13!

In an analysis of the structure of the valence band at
lower energies, one has to allow for the fact that, in the
case of HgTe, we have, at the point I';, not two degen-
erate fully occupied valence bands, separated by E,
from the conduction band, but the valence and conduc-
tion bands which can be regarded as a half-filled band.
In this case, terms linear in & appear in the electron
and hole spectra even in the one-electron approximation
when allowance is made for the exchange interac-
tion, t134135] However, the electron spectrum is then
modified in the range E<E, and k< k,, whereas, in the
case of holes, allowance for the actual relationship be-
tween the effective masses in the bands m, >m* makes
the many-electron effects important even for ExE,
= (m,/m*)E, and k= k,~ (m,/m*)k,. " In the range
E<E, and k< k,, the electron-electron interaction be-
comes decisive and the heavy-hole band is a linear func-
tion of 2, In contrast to terms linear in %, associated
with the absence of a center of inversion in HgTe (Fig.
4), the linearity due to many-electron effects is iso-
tropiec; moreover, if the overlap is

4
2 mpe

sE< () S

the electron-electron interaction destroys the over-
lap, £1351

It has been established that many-electron effects are
retained in the temperature range k2, T <<E,= (m,/m"‘ )E,.
Consequently, instead of n; <T3/% we find that, in this
range, the temperature dependence of the intrinsic car-
rier density is n; <[ TIn(7/E,)}%2.

Since m,/m* 2 20 for HgTe, approximate estimates
indicate that, in the case of holes, the singular region
of mercury telluride is limited to the density range
P,<10'7-10' em™. Unfortunately, the effective mass of
holes in the range p,< 10! em™ is not known although
an investigation of this mass would provide the most
direct confirmation of the conclusions reached inf135:1361

6. IMPURITY STATES IN MERCURY TELLURIDE

The possible energies of impurity states in
a zero-gap semiconductor should lie in the continuous
spectrum of the allowed states of the conduction or va-
lenceband. This was first pointed out by Liu and
Brust.t3™ This situation is not basically new in the
physics of semiconductors. States degenerate with the
conduction band, also called resonance states, 1% ap-
pear in the case of transition metal impurities in II-VI
compounds'?3®! and in the case of impurities associated
with the side minima in the Brillouin zone, {14!
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Initially, the experimental results were interpreted
on the basis of the a priori assumption that donors and
acceptors in HgTe and Cd,Hg,. Te were ionized at any
temperature or concentration, This has been justified
for a long time but as the technology of crystal prepara-
tion has improved, it has become possible to investi-
gate purer samples, This has led to the discovery of
anomalies which may have been due, infer alia, to com-
plex behavior of impurities. Several empirical models
of the impurity states have been developed but the first
theoretical investigation of this subject was that of Gel’-
mont and D’yakonov, {41! They established that, in a
real spectrum of a zero-gap semiconductor such as
HgTe, in which the effective electron mass m* was
much greater than the hole mass m,, the spreading of
the donor levels exceeded their ionization energy so that
there was no localization of impurity electrons at the
donor centers, Thus, donors are always ionized and
even at T=0 the density of free electrons is equal to
the donor concentration, Donors may become deionized
only on the application of uniaxial compression, i.e.,
when a forbidden gap appears.®™) Acceptors behave
differently. If m*<m,, the presence of an acceptor
gives rise to fairly sharp peaks in the density of states
at energies which correspond to discrete acceptor lev-
els in an ordinary p-type semiconductor and these peaks
(acceptor levels) lie within the range of allowed states
in the conduction band and become quasilocal. The rel-
ative width of such levels is proportional to (m*/m,)*/?
and the ground-state energy is of the order of the Bohr
energy of a hole, Thus, in the case of HgTe, the
ground-state energy of an acceptor is much greater
than E, and the characteristic length of a change in the
acceptor wave function (Bohr radius of a hole) is short
compared with the Bohr radius of an electron, There-
fore, the one-electron approximation used in**!! is quite
suitable for the calculation of acceptor levels. Allow-
ance for many-electron effects!!*! does not alter basi-
cally the general pattern but simply reduces the ioniza-
tion energy of acceptors from 6 to 2 meV, The elec-
tron-electron interaction has a considerable influence
on the position and width of higher excited acceptor lev-
els whose Bohr radius is comparable with the Bohr ra-
dius of an electron,

The presence in the conduction band of acceptor lev-
els with a finite ionization energy should give rise to
some singularities of the transport effects in HgTe,
For example, if there are no donors, intrinsic conduc-
tion in HgTe appears at lower temperatures than does
extrinsic conduction since the forbidden band width is
zero and intrinsic carriers appear earlier than holes
associated with acceptors, whose ionization requires a
thermal energy of the order of the energy of the ground
state of the level. If acceptors are present, the low-
temperature conduction in HgTe is of n-type irrespec-
tive of the donor and acceptor concentrations. When
the temperature is increased, ionization of an acceptor
level begins and compensation takes place; in a certain
range of temperatures, the free electron density de-
creases with rising temperature because of the capture
of electrons by acceptors, This was observed experi-
mentally by Neifel’d ef al., 121 who used the position
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of a minimum of the dependence n(7T) in estimating the
ground state energy of an acceptor E,=2.4+0.3 meV .
and found this value in good agreement with the theory, f41

The existence of resonance states in the conduction
band of mercury telluride was demonstrated most con-
vincingly in magneto-optic experiments, {43144
vestigations of the magnetoabsorption in p-type HgTe at
4.2 °K3) revealed not only the oscillations associated
with I's~ I'y interband transitions but also peaks iden-
tified as transitions from the zeroth Landau level in
the light-hole band to discrete acceptor levels lying 0,7
and 2.2 meV above the top of the valence band, A lev-
el with an ionization energy of 0.7 meV was also dis-
covered. in an investigation of the I'y~ I'y interband mag-
netoabsorption, {144

The results of investigations of transport phenomena
in p-type HgTe are not so unambiguous., Many au-
thorst 1% & 45-147 gigcovered nonmonotonic variations in
the temperature dependences of the Hall coefficient,
electrical conductivity, and Hall mobility of electrons
in pure samples of HgTe, in conflict with the classical
theory predicting a uniform variation of these quantities.
We may assume that at low temperatures, when the in-
trinsic carrier density is low, the Fermi level E lies
below the acceptor levels., When the temperature is
increased, the carrier density rises and the Fermi level
shifts deeper into the conduction band. When this level
coincides with an acceptor level (E,=Ey), resonant
scattering of electrons takes place and this reduces
their mobility, If we know the energy band parameters
of HgTe, we can calculate the position of the Fermi
level at temperatures at which these anomalies are ob-
served and thus find the depth of the acceptor level,
Finck ef al, """ gbtained in this way the values E,,
=2.25 meV and E,,=9.5 meV. Ivanov-Omskil et al.t®
investigated the dependences of the conductivity of HgTe
on the electric field and found regions where the rise
in conductivity with the field slowed down. They esti-
mated the average energy of electron overheating at
which this effect was observed (~ 4 meV) and attributed
it to the fact that, in this case, the electron energy was
equal to the ionization energy of acceptor levels, which
resulted in resonant scattering of electrons. One should
add that Walukiewicz %! gsuggested that nonmonotonic
variations of the transport coefficients were due to reso-
nant scattering of electrons by optical phonons,

Interesting results were obtained in investigations of
zero-gap p-type Cd,Hg,_,Te alloys in a wide range of
hydrostatic pressures. 131 jt was established'®™’ that
an acceptor level spread into an impurity band at ac-
ceptor concentrations of the order of 10'” em™, An in-
crease in pressure altered the band spectrum (Fig. 7)
but the acceptor band linked to the heavy-hole band was
not displaced, whereas the conduction band shifted up-
ward. The overlap of the conduction and impurity bands
then disappeared and, at sufficiently high pressures,
the samples behaved as ordinary semiconductors with
an impurity hole band.

One should point out, however, that the results ob-
tained by various authors differ considerably., For ex-
ample, according to the results reported int!*™ the
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FIG. 13. Temperature dependences of Ae;, of o -Sn plotted
for various donor concentrations. {16!

jonization energy of the acceptor levels increases
strongly with the cadmium concentration in the above
system of alloys, reaching its maximum for composi-
tions corresponding to the ZG-OS transition, whereas,
according to'®®, the depth of the acceptor level was in-
dependent of x in the investigated range of compositions
(0.10<x<0,13), Finally, many features exhibited by
p-type zero-gap semiconductors were discovered‘3!:152]1
in investigations of Cd,Hg, ,Te samples with x=0, 20—
0.23, in which the forbidden band reached 120 meV.
Clearly, progress in the understanding of impurity
states in HgTe and Cd,Hg,., will largely depend on the
completeness and correctness of allowance for certain
factors in the interpretation of the experimental re-
sults; these factors include the actual origin of im-
purity states, ¥ macro- and microinhomogeneities spe-
cificto Cd,Hg, ,Te, the possibility of the appearance of
surface inversion layers, 153! and the presence of addi-
tional types of carrier, such as heavy electrons in an
impurity acceptor band, [1% 4155

7. PERMITTIVITY OF MERCURY TELLURIDE

One of the aspects of the energy band structure of
HgTe is its stability at low temperatures in samples
with low impurity concentrations because the Coulomb
attraction of electrons and holes between bands that are
not separated by an ehergy gap may destabilize the
ground state of the system, giving rise to bound elec-
tron-hole pairs, If the exciton binding energy is Ep
>kgT, a new state of matter, known as the exciton in-
sulator, may be observed, [134:156:157]

The formation of the exciton insulator phase was first
observed experimentally in Bi,Sb,_ alloys by Brandt
et al, (see'®®), The question of the existence of such
a phase in HgTe has not yet been answered, in spite of
a large number of theoretical investigations of this
problem, [¥58-1611 However, it is clear that the Coulomb
interaction between electrons and holes in HgTe is
weakened considerably by the static permittivity anom-
aly!1®] associated with the many-electron effects. .

The static permittivity of zero-gap semiconductors
is a function of the wave vector k and it can be repre-
sented as the sum of three terms:

3t is known that p-type conduction in HgTe may be due to
group II elements (copper, silver, and gold) or to mercury
vacancies.
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g (9) = eia(9) + eie(g) + Aeie(q).

The first term &,,(¢) is due to intraband transitions.
It vanishes in the absence of free carriers. The term
£,,(q) is related to all the interband transitions, with the
exception of I';~I'g, In the limit ¢~ 0, it tends to a
constant value, Ordinary semiconductors are char-
acterized by permittivities with just the first two terms.
The correction Ag,,(q) is due to transitions from the
valence to the conduction band, both of which belong to
the same T, state in HgTe. Liu and Brust''®! demon-
strated that, in the case of a perfectly pure zero-gap
semiconductor, this term diverges: Ae,(¢)*gtat T
=0 °K in the limit ¢ ~ 0. Extrinsic carriers!®® and
rising temperature''®’ remove this divergence, Never-
theless, it is clear from Fig. 13 that this term can
make a considerable contribution to the total permittiv-
ity of sufficiently pure samples at low temperatures,
Since the exciton binding energy is given by E o 1/¢2,
allowance for the permittivity anomaly shifts the for-
mation of the exciton phase to temperatures not attain-
able in practice (Fig. 14). However, we must bear in
mind that all the calculations of the permittivity of
zero-gap semiconductors were made in the random
phase approximationt!%®? and Abrikosov{!3! showed that
this approximation was inapplicable in the tight-binding
range (k<<k, E<E,). Therefore, the calculated re-
sults plotted in Fig. 14 should be regarded as tentative
because it is not yet known how &(k) behaves at very
low temperatures. Experimental investigations''® of
the transport properties of HgTe with n=p =5, 7x10%*
em™ showed that, at least down to 7=0,1°K, there was
no transition to the exciton phase in the form predicted
by Sherrington and Kohn, °®) The anomalous magne-
tism'1% observed in pure samples at 10-30 °K is at-
tributed int1%1*1®] to the appearance of a mixed triplet
and singlet phase of an exciton insulator. However, a
more convincing explanation is provided by Ivanov-
Omskil ef al., who attributed the anomalous magnetism
to the paramagnetism of electrons at acceptor levels
which become ionized in the same temperature range.

The permittivity anomaly predicted by Liu and
Brust!1®] affects the low-temperature electron mobility.
The predominant scattering mechanism at low tempera-
tures is that due to the screened Coulomb potential for
which the electron mobility is u, < &2, The use in cal-
culations of the value of ¢;,, depending on the carrier
density, {181 and allowance for other special features
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FIG. 14. Temperature dependences of the exciton binding
energy in zero-gap semiconductors, [165)
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FIG. 15. Dependences of the mobility of electrons in HgTe

at 4.2°K on their density: 1) without allowance for the anomaly
of £, and symmetry of the I'; band; 2) with allowance for the
symmetry of I'; but without allowance for the anomaly of e;

3) with allowance for the symmetry of I'; and the anomaly of
gg!!%); the circles are the experimental data from!!%®!,

of the conduction band explains the anomalously high
mobility in pure HgTe at low temperatures and the na-
ture of the density dependence u«,(u) %% 119 (Fig, 15),

If allowance is made for the angular dependence of the
probability of electron scattering and for the permittiv-
ity anomaly, the theoretically calculated mobility in
HgTe with n=1,6%x10'® em™ is found to be an order of
magnitude higher than the value obtained by the classi-
cal Brooks-Herring method and it fits well the experi-
mental data from curve 3 at high densities is clearly
due to the compensation of the samples, Curve 3 is
calculated on the assumption that there is no compen-
sation (N, =0). Moreover, an increase in the permit-
tivity should result in damping of helicon waves in zero-
gap semiconductors by an amount two orders of magni-
tude less than in ordinary semiconductors, [16%

It is interesting to note that, since the anomaly €y(q)
is associated with the band degeneracy at the point I,
it disappears under the action of external agencies,
such as uniaxial compression!1®® or magnetic field, 1™
which lift this degeneracy. In the latter case, the field
dependences of the magnetoresistance should have a re-
gion with wp < H!® which is due to a change in the type
of screening potential under the action of a magnetic
field. t1™

The absence of a forbidden band also gives rise to
anomalies of the high-frequency permittivity, 1185171171
In the far infrared, the complex permittivity can be ex-
pressed in the adiabatic approximation® as follows

e (0) = eph((‘)) + eia(@) + €ie (0) + Aeief0);

here, &,,(w) is the phonon contribution to the permittivity
and the second term ¢,,(w) is associated with intraband
transitions of free carriers. The permittivity of ordi-
nary semiconductors has only one term associated with
interband transitions &;,(w), which tends to a constant
value ¢, for w< E,/#, In the case of a zero-gap semi-

4)The adiabatic approximation is well justified for ordinary
semiconductors when the forbidden band is considerably
greater than the phonon energy, but, in the case of zero-gap
semiconductors, we have to allow for the nonadiabaticity in
considering, for example, the phonon spectrum.m‘” Possi-
ble consequences of the failure of the adiabatic approximation
in the calculation of e(w) are considered in'!™’,
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conductor, this condition cannot be satisfied and ¢, (w)
is understood to be the contribution of all interband
transitions with the exception of I'y~I'y and which be-
comes constant for w< Ey/#, where Ej is the minimum
separation between the valence and conduction bands at
other points in the Brillouin zone,

Aejefw) = Ae’(w) + iAe” (w),

where Ae’(w) and Ae’/(w) are the real and imaginary
components of the term associated with interband tran-
sitions associated with just one state I'; in a zero-gap
semiconductor. In the case of HgTe, these components
were calculated by Grynberg ef al,''®! in the random
phase approximation, It is clear from Fig, 16 that the
frequency dependences of Ae’ and Ae’’ exhibit a strong
dispersion at low temperatures with maxima in the re-
gion of wy (Awp=Ey). When the temperature is in-
creased, these maxima become flatter and shift toward
higher frequencies but, even at room temperature,
their contribution is considerable and, in particular,
we find that A¢’~ 7, whereas ¢,=15.

A correct interpretation of the infrared reflection
spectra of HgTe is not possible without exact allowance
for the term Ae, (w)'12~1™] (Fig, 17),

The anomalies of the static and dynamic permittivity
of Cd,Hg,_,Te alloys decrease with increasing cadmium
concentration, tending to zero in the region of the ZG-
OS transition, [109130)

8. CONCLUSIONS

Considerable progress was made in the last decade
in the understanding of the properties of mercury tel-
luride, which is a member of a new class of substances—
zero-gap semiconductors. The most important results
obtained in investigations of mercury telluride were the
verification of the inverted band structure model, de-
velopment of a theory of resonance impurity states and
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FIG. 16. Frequency dependences of the real (a) and imaginary
(b) components of At,,(w) of HgTe. 172!
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FIG. 17, Deflection coefficient of HgTe at 8°K.!!"2! Circles
represent the experimental results; the dashed curve is ob-
tained without allowance for Ae ,(w), whereas the continuous
curve is obtained allowing for Ae(w).

their experimental detection, modification of the band
structure of HgTe under the influence of external agen-
cies and, finally, the appearance of the first many-elec-
tron theoretical treatments which allow for the actual
band structure of HgTe. Some of the propositions of

the theory are of considerable physical interest and de-
serve deliberate experimental verification. This applies
particularly to the determination of the principal
parameters of the valence band in a wide range of tem-
peratures, and of acceptor and donor concentrations,
The problem of impurity states is not yet fully solved.
In this case, we need studies of samples with controlled
nature and concentration of impurities in the zero-gap
and in the presence of a narrow forbidden band. It
would be highly interesting to carry out comprehensive
studies of the properties of HgTe at very low tempera-
tures and in purer samples.

The preparation of the latter would require further
improvements in the technology of this material,

Studies of the properties of HgTe are not only of
academic interest, Mercury telluride is a promising
material and devices made of it can operate at very low
(amounting to a few millivolts or a few tens of milli-
volts) values of supply and control voltages. Moreover,
HgTe is used as the base in the preparation of
Cd,Hg,., Te alloys which have extremely important prac-
tical applications, There are no naturally available
substances with a forbidden band width below 0.12 eV,
which is required in optical devices operating in far
infrared. The value of E; of Cd ,Hg,_Te can be varied
continuously and even reduced to zero by altering the
alloy composition. Already, Cd,Hg,_ Te photodetectors
have been used successfully in the detection of infrared
radiation of 1-35 u wavelength!™! so that the solution
of the many problems mentioned above would also have
immediate practical application.

Note added in proof. Several new theoretical and
experimental papers on the subject of impurity states
in zero-gap and narrow-gap semiconductors appeared
recently’ ™! put the problems treated in them (discussed
in Sec. 6) have not yet been resolved. One should men-
tion the paper of Gel’mont'!™ reporting an investigation
of the influence of the nonlocality of the potential on the
structure of the heavy-hole band in these materials,
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