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A model of inelastic electron scattering by polar optical phonons
(ESPOP) is proposed in which the scattering probability does not
depend on a microscopic parameter, the crystal permittivity. The
model considered gives a good agreement between the theory and
experiment in the temperature range 77 — 300 K.

ESPOP in HgTe in the relaxation-time approximation
has been considered in works [1, 2]. In [3], this scattering
mechanism was considered with taking into account its
inelasticity within the frame of the accurate solution
of the Boltzmann stationary equation. Ibidem it was
shown that the application of the standard ESPOP
model leads to a discrepancy between the theory and
experiment for temperatures above 100 K. In our
thought, this model possesses the following drawbacks:
i) it uses a microscopic parameter of crystal permittivity
that is of no sense in microscopic processes; ii) the
potential of interaction between an electron and a
crystal’s optical oscillation is a long-range one, thus
being in contradiction with the special relativity. The
objective of this work is the construction of a scattering
model that, firstly, would be in good agreement with
experimental data and, secondly, eliminate the above-
mentioned drawbacks.

ESPOP Model

Let us consider an optical-oscillation-induced
displacement of the j-th atom ( j = 1,2 ) in the
elementary cell of a crystal possessing the zinc blende
structure [4]
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where G is the number of elementary cells comprised

in the crystal volume; M = Mpyg; + Mr. — mass of
the elementary cell; ¢ and w,(q) are, respectively, the
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wave vector and the angular frequency of the v-th
branch of crystal’s optical oscillations (v = 4,5,6); 5—;
— polarization vector of crystal’s oscillations; bg,, and
b, — operators of annihilation and creation of photons

of the v-th branch with wave vector @ 7 = i(na+ns) &L+
J(n1 +n3)% +k(ng +n1)%, (N1, n2, n3 = 1,2, ... ),
ao — the lattice constant; ¢, 7, k¥ — the unit vectors of
the main axes of the crystal.

Optical oscillations inside the unit cell give rise to a

polarization vector

j e(Q1 — Q2) @)

where Vy = a3/4 is the volume of the unit cell, e —
the elementary charge. Using Eq. (1) and taking into
account only long-wave (¢ — 0) oscillations, we obtain
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Note the polarization vector is a function of discrete
variables P = P(nj,ns,ng). To calculate the bound
charge A = —div13, let us make the following

substitution of the partial derivative of the polarization
vector with respect to a coordinate:
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where Az = ay/2 characterizes the unit cell of the zinc
blende structure.
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A similar expression can be written for the
derivatives 881;” and 88}} with Ay = Az = 4.
Then the Poisson equation for scalar potential ¢

connected with vibrations of the crystal takes a form

A Sie noo1Y?
2 = —— =
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where we use the relation ¢; 9> < 1(i = x,y, z) and take
into account the longitudinal optical vibrations only; &g
is the dielectric constant.

To solve Eq. (5), let us replace the unit cell with
a sphere of effective radius R = ~ag falling into the
interval between a half of the smaller cell’s diagonal and
that of the larger one (0.5 < v < v/3/2). To achieve a
correspondence between the theory and the experiment,
we take v = 0.628. The spherically symmetric solution
of Eq. (5) is written as

A, 7P

p= g (B =20 <R, (6)

In this case, the energy of electron interaction with
polar optical oscillations of the lattice can be found from
the expression
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Note that potential (7) is a short-acting one since
it takes into account the electron interaction with a
single unit cell. To calculate a probability of the electron-
phonon-interaction-associated transition, let us write a
wave function of the “electron + phonons” system in the
following form:

1 o
U= Wexp(zkf’)@(ml,xg...xn), (8)

where V' is the crystal volume, ®(xi,x2...z,) —
wave function of the system of non-interacting simple
oscillators.
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Then, the matrix element of the interaction energy
takes form

4ie>
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(Ng K'|U|Ng, k) e

X /exp(iE’f’) <R2 - é) df'zq; [m] v X

2
X

% |:MHg + MTe:| 12 (qz + qy + QZ)
MHgMTe q

" / ®* (1, 22...wn) [bge'” — bye ™ | x

X®(x1,x2...0,)d21d2s.. .dT), § = kE—k. 9)

Integration over the electron coordinates is
accomplished within the limits of the unit cell and results
in

I(s) = /exp(ié'f’)(R2 - E)dF:

7(8sin Rs — 8Rs cos Rs — 8/3R3s® cos Rs)
_ = . (10)

As the calculation shows, the wave vector of an
electron (along with the s value) changes within the
interval from 0 to 10° m~! if the energy changes from
0 to 10 kgT (kg is the Boltzmann constant) in the
temperature range 4.2 — 300 K. From the dependence
of I(s)/I(0) on s, presented in Fig. 1, it is seen that the
relationship I(s) =~ I(0) = 16/157R> = 16/15mad~® is
satisfied sufficiently well within the mentioned limits of
the wave vector variation.

The integration over the coordinates of harmonic
oscillators gives the factors \/N; and \/Nz+ 1 (with
Nj being the number of photons with frequency w(q) =
wo at ¢ — 0) for the operators of annihilation and
creation, correspondingly. To accomplish the summation
over the vector ¢, we make the following assumptions:
i) taking into account the quasi-continuous type of the
wave vector variation, we pass from the summation to
integration with respect to ¢; and ii) we pass from the
integration over a 27 /ag-edge cube to the integration
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Fig. 1. Dependence of I(s)/I(0) on s = |k — k'|

over a sphere of effective radius 7/ao:
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Then, we obtain the following expression for the sum:

d .. =Flp) =

7

_ 7T8(:0spQ + 8pQ sin pQ — 4p>Q? cos pQ — 8 y

= P
v/ Ng — absorption;

% { /N7 + 1 — emission. Q = 7/ao.

From the dependence F(p)/F(0) vs p presented
in Fig. 2, it is seen that the function F(p) can be
approximated by the expression

VNg
\/Nq*-l- 1

(12)

F(0) = mQ* x { (12a)
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Fig. 2. Dependence of the function I(p)/I(0) on p

After calculations, we obtain the probability of
the electron transition connected with the phonon
absorption /emission:

647y %" Mg + Mre
- 225e2a3Guwo  Myg Mre

w(k, k) [Ny6(e' —e—

—hwo) + (Ng + 1)d(e' — & + hwo)] (13)
with € being the electron energy.

Basing on this result, we can calculate the values
Kghay for intra-  and inter-zone transitions of an
electron; these values appear in the method of exact
solution of the stationary Boltzmann equation [3]:
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Fig. 3. Dependence of electrons’ mobility on temperature in HgTe:
solid line shows the action of the mixed scattering mechanism; 7 —
intra-zone scattering; 2 — inter-zone scattering. The experimental

points are taken from [2]
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where d,p is the Kronecker symbol; fo(¢) is the Fermi—
Dirac function; and 6(z) — the step function.
Calculation of the temperature dependence of
electrons’ mobility has been carried out with taking
the acceptors’ concentration to be equal Ny = 1019
cm™?; in so doing, we neglected the heavy holes’
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contribution that constitutes approximately 1 %. In
our calculation, we have taken into account the same
scattering mechanisms as in work [3]. As is seen from
Fig. 3, the theoretically predicted curve is in good
agreement with the experimental data for 7' > 100 K
thus confirming an adequacy of our model describing
the scattering of electrons by polar optical phonons, in
contrast with the model of work [1]. It is also seen from
Fig. 3 that the intra-zone scattering by polar optical
phonons is the main scattering mechanism at 7' > 100
K. The contribution of inter-zone scattering under the
above temperatures is minor and may be neglected.

Conclusion

A model of electrons’ inelastic scattering by polar optical
phonons in HgTe is developed. It provides a good
agreement between the predicted and measured results
within the frame of the exact solution of the Boltzmann
stationary equation for temperatures above 100 K.
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HEIIPY2>KHE PO3CIAHHSA EJIEKTPOHIB HA ITOJIAPHUX
OIITUYHUX ®OHOHAX V TEJIYVPUAI PTVYTI

O. II. Maaux
PesmowMme

3aIpONOHOBAHO MOEIb HEIIPYKHOTO PO3CIsIHHS €JIEKTPOHIB HA IIO-
JIAPHUX ONTUIHUX (DOHOHAX, B fAKil iMOBIpHICTH pO3CigHHS HE 3a-
JIEXKUTH Bijj MAKPOCKOIMIYHOrO MapaMerpa — [IieJIEKTPUIHOI IIPO-
HUKHOCTI KpucTana. Po3rmgHyTa Momensb nae Jo0pe y3roKeHHS
MiXK TeOpi€l0 Ta eKCIepHMEHTOM B IHTepBaJi TeMmmeparyp 77—
300 K.
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