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calculated' "that the "surface energy" is - I
x10 erg cm ' and that the "surface region"' ex-

0
tends over a scale of -50 A. The average energy
of an electron-hole pair in the surface region
should then be higher than that in the deeper re-
gion of the drop by -0.7 meV. Such an excess in
energy may account for the above mentioned dis-
crepancy between the values determined by dif-
ferent experimental methods.
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Resonant scattering of electrons on optical phonons in inverted band structure is con-
sidered. It is proved that in intrinsic samples transition of the electrons from the con-
duction band to the valence band with simultaneous emission of optical phonons can cause
a minimum of the conductivity. Such a scattering process explains the anomalous be-
havior of conductivity versus temperature in mercury telluride in the 30- 50 K range.

Mercury telluride belongs to the class of sym-
metry-induced zero- gap semiconductors. In
such semiconductors a minimum of the conduc-
tion band and a maximum of the valence band are
degenerate at the I" point. Wave functions of
the conduction and valence bands are mainly of
the P type, similar to the wave functions of the
valence band in an uninverted band structure.

The results of measurements of galvanomag-
netic phenomena in HgTe pointed out that in the
temperature dependence of conductivity two kinds
of anomalies are observed. ' ' A high-tempera-
ture anomaly was observed in the range 30-50 K.
In the same range of temperatures a weak anoma-
ly of the Hall constant is reported. ' The exist-
ing interpretations of this anomaly are based on
a hypothesis of resonant acceptor states, degen-
erate with the conduction band. In this Letter a
new explanation of the anomalous behavior of con-
ductivity is proposed. I suggest that resonant
scattering of electrons by optical phonons can
cause nonmonotonic behavior of the conductivity
as a function of temperature. It is obvious that
in intrinsic samples of HgTe there are unoccu-
pied electron states in the valence band. These

states are concentrated at the top of this band
(see Fig. 1). Thus transitions from conduction
to valence band with simultaneous emission of
the longitudinal optical phonon are possible.
This means that when ~ +A~O=~F, where e is

valence bend conductian band
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FIG. 1. Density of unoccupied electron states as a

function of the energy in a semiconductor with an in-
verted band structure. pF is the energy of Fermi lev-
el.
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the energy corresponding to the maximum densi-
ty of unoccupied states in the valence band (see
Fig. 1) then, because of the type of scattering
considered, there is a conductivity minimum.

The calculation of the conductivity was based
on some assumptions: (1) I have assumed that
both conduction and valence bands are spherical
and parabolic with the effective masses rn, and

m„, respectively,

e, = Pk'/2m, , e„=—(5'k'/2m„).

In the range of the electron energy considered
this assumption seems to be a good approxima-
tion. (2) Because of the high effective mass of
holes, their influence on conductivity was omitted.
(3) In partially ionic crystals the electron-opti-
cal-phonon interaction is realized in two differ-
ent ways. Electrons may be coupled to the longi-
tudinal optical phonons by means of polarization
associated with the motion of the ions. This type
of interaction is called polar optical (PO). On
the other hand, electrons can interact with opti-
cal phonons through the optical deformation po-
tential. This interaction is denoted by NPO. In
these calculations it is assumed that it is possi-
ble to define NPO scattering by means of a de-
formation potential constant E„~.4

In the presence of electric field E along the x
axis the Boltzmann equation takes the form

where p, = (2m, &u,/k)'+, n is the Frohlich cou-
pling constant which may be given in terms of
the high-frequency and static dielectric constants,

e' /I 1 m.
(e Eo 28(d5 j

and G,„(y) is the function which determines an
overlap of periodic parts of Bloch functions of
the conduction and valence bands. Because of
the symmetry of these functions G,„(y) takes the
form'

G„(y) =-,' sin'y,

where y is the angle between k and k- q. For
the nonpolar interaction

2

W(k, k —q) = Npo, '5(e„(k —q) —e, (k) +k~,),
I

where p is the density of the crystal and IL(,, is
the longitudinal sound velocity in the crystal.

The scattering process considered is inelastic.
Hence a uniquely defined relaxation time does
not exist. To solve the Boltzmann equation(1) we
use the variational principle. " In this method the
conductivity is expressed by an infinite, rapidly
convergent series. Taking into account only the
first term of such a series and assuming a strong
degeneracy of electron gas, which is equivalent
to the relation

E —6F q

where f0=exp[(e —eF)/koT]+1/ is the Fermi-Dirac
distribution function and (Bf/Bt)„~ is the change
in the distribution function due to the scattering.
If we put

8 of =f, — 'k„c(e),

we obtain the following expressions for conduc-
tivity. In the case of polar scattering

4g 2 e2m 1/2 m 3/2
(k y)l/2(5/2(I y eg)

3~' 8'n m„z'"(z —~)'~4 (z, «) '

where z =halo/koT, $ =e~/koT,

then the collision operator takes the form

( = "Wk, k","-f'"'~
'(I -f,(k)] for

e(~, ()=)-, )+~*- t~ '(s)) (3)
3 , (1 —s')

Bs' s

x s']c(e')k„'- c(e)k jd'k'

where W(k, k') is the probability of transition
from the state k to the state k' in a unit time.
The corresponding transition probability for the
polar interaction is found to be

w(k, k q)=-'"' —'
m Ip, q'

x 5(e„(k—q) —e,(k}+8(u,)G „(y)

For s& 1 the expression for C(z, $) can be ob-
tained by replacing tanh (s) with coth '(s) in

Eq. (3). For NPO scattering

2 e'happ'm '/'(' ( /1+)e
3~ Z, '(m„)3~ z(z —[)"' (4)

For the particular case of HgTe formulas (2) and

(4) are graphically represented in Fig. 2. In the
calculation, the following parameters for HgTe
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were used: m, =0.02nzo, m„=0.5nz„o. =0.1, k~o
=14.1 meV, u, =2.5V&&10' cm/sec, p =8.1 g/cm',
and E Npp

—I8 eV. m, is the free- electron mas s.
The dashed curve in Fig. 2 corresponds to the

nonmonotonic part 5„of experimental conduc-
tivity' calculated in the following way. It was as-
surned that total experimental resistivity p, con-
sists of two parts: p„which is due to the reso-
nant scattering of electrons and p which results
from the elastic nonresonant scattering. p was
obtained by linear graphical interpolation of ex-
perimental results. ' Hence

p~ =pm+pal

or

It is seen from Fig. 2 that the minima of theoreti-
cal conductivities are, in both cases, very close
to the minirnurn of the nonmonotonic part of ex-
perimental conductivity. The deep minimum of

40 60 N %0
tempemturc TlKJ

FIG. 2. Nonmonotonic part of conductivity as a func-
tion of temperature. The dashed curve represents ex-
perimental result.

PO conductivity results from the strong depen-
dence of this interaction on a phonon wave vector
q when q tends to zero and from the strong de-
generacy assumption. This last assumption caus-
es both PO and NPO conductivities to tend to in-
finity when eF tends to kv, .

In the framework of the above approximation a
good agreement of the position of nonmonotonic
experimental conductivity with theoretical re-
sults mas obtained. A better fit mould be ob-
tained by taking into account the proper degen-
eracy of electron gas and by adding other scat-
tering mechanisms which are important in the
region of temperatures considered.

The proposed scattering mechanism can be ob-
served in intrinsic semiconductors with inverted
band structure, only if mobility due to other scat-
tering mechanisms is not too low. Thus it can
explain the similar conductivity anomaly ob-
served in Hg Te-CdTe' and HgTe-Mn Te mixed
crystals.
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