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For three-dimensional charge carriers described by the dispersion law
with quartic terms of the wave vector, the density of states function similar
as in the one-dimensional case was determined. This similarity allows the
Pekar and Dejgen condenson states in the continuum approximation to exist.
The calculated phonon spectrum reveals optical vibrations of a very low
frequency, which favours the electron-phonon interaction and creation of
the condenson states.
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1. Introduction

In the density of states function the dimension of space is revealed in the
most direct way. For the first time it was found in the temperature dependence of
the specific heat: C, ~ T'¢, where d is the dimension of space. With the change
of the dimension from 3 to 1 the density of states function changes rapidly and
assumes a form of an infinite asymmetric peak. In magnetic fields it may lead to
significant changes of electron properties, because one-dimensional Landau sub-
bands are created and hence the density of states takes the one-dimensional form.
The peak-like density of states is one of the most important parameters which ap-
pear in theoretical models of superconductivity and in models of phase transitions
induced by the electron—-phonon interaction. ‘

In our paper we will show that the similar asymmetric peak of the density
of states appears for 3D space, in case when the dispersion law differs essen-
tially from the parabolic form and contains additional quartic terms of the wave
vector of significant magnitude. Such dispersion law was obtained for the InySes
crystal [1]. We will show that this peculiarity of the density of states allows the
polarons (condensons), generalized for covalent crystals, to exist in 3D crystals in
the deformation potential approximation. We will also present the calculation of
the phonon spectrum for the InsSes crystal.
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2. The model of the dispersion law and the condenson states
in the InsSes crystal

The InySes crystal belongs to the selenide group; it has the layered structure
and is utilized in the solar energetics. The crystal consists of 28 atoms in the
unit cell, crystallizes in the orthorhombic structure of space group P,,m,. The
dimensions of the unit cell are: a; = 15.297 A, ay = 12.308 A, a3 = 4.085 A.
The energy gap lies in the range from 0.6 to 0.8 eV. Our investigations based on
the semi-empirical pseudopotential method showed that the direct energy gap is
localized in the k= 0 point of the Brillouin zone and equals 0.67 eV [2]. ,

Let us consider the band structure of the IngSes crystal in the v1c1n1ty of the
extremal point I". The detailed calculation of the energy spectrum near the centre
of the Brillouin zone led us to the unusual dependence of the energy on the wave
vector in kg, ky, k, directions (see Fig. 2) [3]

E(k) = —Alk_g - Agki - Aak‘z -+ Blk: +szk3 + Bakf, (1)

- where k;, ky, k, are dimensionless quantities. The energy eigenstates in the I' point
are non-degenerate due to their low symmetry (they are described by one-dimen-
sional representations). The dispersion law is ellipsoidal in the vicinity of I' point,
in the approximation of one subband, which neglects fourth powers of the wave
vector components. In our case, the values of parameters of Eq. (1) are significantly
large: Ay = 5.7eV, A2 = 13.0 eV, A3 = 3.1 eV, B; = 479.8 eV, By = 888.0 eV,
Bs = 2957.0 eV, therefore it is not correct to neglect the fourth power terms in
the E(k) decomposition.

In the following we will introduce the functional with a minimum, which
will indicate the possibility of the condenson states to exist in the continuum
approximation. :

Let us begin from shortly reviewing some results of the phenomenological
theory of condenson states for the quadratic dispersion law. The condenson is an
electron, localized near the deformation potential well in the region of the crystal
deformation induced by this electron itself [4]. Utilizing the quadratic dispersion
law, the stabIe condenson state in the continuum approximation can be determined
from the minimization of the functional

E(p) = c1p® — eap?, , ' 2)
where ¢; = (B*/2m*) [ |V¥%]?d®r > 0 and ¢ = [362/2(A11 + A12)] [ [Wo|*d3r > 0.
Here b is the deformation potential constant, A1, A;p are the isotropic elastic
modauli, g is the variational parameter and d is the dimension of space. As follows
from Eq (2) the autolocalized electron states of a large radius do not exist in the
continuum approximation in the 3D case, however they form in the 1D case. We
should note that polarons in ionic crystals in the 3D case are described by the
functional (2) with parameter d = 1.

Let us consider the interaction between the charge carriers and the acous-
tic phonons, taking into account the dispersion law (1), to solve the problem of
formation of the condenson states. The variational procedure proposed by Dejgen
and Pekar in Ref. [4], utilized by us [5], led to the following functional:

E(u) = —m(A1p} + Aopd + Aspd) + 37%(Bipt + Bapd + Bapil) — Apapiops,  (3)
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where A is the electron—phonon interaction component. To analyse the formation
of the condenson states we assumed the isotropic case

E(p) = —3mAp® + 92 Byu* — Aud. (4)

Utilizing the average parameters of the InsSes crystal we calculated pmin = 0.06
and the radius of the condenson state to be approximately 100 A, with binding
energy E, =~ 4 x 1072 eV [5]. In Eq. (4) the exponent 3 is the dimension of 3D

space.
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Fig. 1. Density of states function for the dispersion law (1).

For the dispersion law (1) the isoenergetic surfaces differ from these of usual
quadratic dispersion law. Their topology described by Euler’s characteristic is
subjected to frequent changes. Figure 1 presents the density of states function for
the dispersion law (1) with parameters of the InsSes crystal. This function consists
of a peak with a distinct fine structure in a low energy interval. The presence of
the peak testifies the increase in the effective mass and possibility of an instability
of the system, if the Fermi level occurs in the vicinity of the peak. Such conditions .
contribute to creation of an inhomogeneous phase [5, 6]. Therefore, we see that
the presence of the fourth power terms in the dispersion law leads to the imitation
of “one-dimensionality” in a 3D system. As follows from Fig. 1 the shape of the
right part of the density of states may be described by E~1/4 function (for the
1D case the approximation function is E~1/2). We obtained the minimum of the
functional for the dispersion law (1) and, simultaneously, the similar shape of the
density of states function.

3. The phonon spectrum of the InsSe; crystal

The investigation of the phonon spectrum is important due to the large role
of the electron-phonon interaction in the creation of the polaron states, and in
particular, condenson states. The model we proposed is based on the simplest
and the most common approximations concerning the force constants, which yet
preserve peculiarities of the InsSes crystal formation.
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The model of the central two-body interaction is useful to carry out the
elementary calculations of the phonon spectrum, since the small number of un-
known parameters is involved. In this model the force constants are described by
the equation with two parameters 4 and B

Bop(lk, k') = l%’flm — B) = 64sB, (5)

where B = »(I)+r(k)—r(I') — (k') is the radius vector of interacting particles, [ is
the index of the cell, & is the index of the atom in the cell and R, Rg are compo-
nents of the R vector. A and B are the radial and the tangential force constants,
respectively. In our calculations we assumed that the dependence of the parame-
ter A on the chemical kind of the atom and on the distance between interacting
atoms is the following: A; = Ap_geexp[—am—_se(r; —71)], ¢ = 1...10, 4; =
Afn—1n exp[—@in—1a(r; — r11)], for ¢ = 11...15, where 7 is the index of the pair
of interacting atoms. The distances between atoms are presented in Ref. [7]. The
equilibrium conditions z,,k ro(l, kk")B(l, kk') = 0 impose 14 restrictions on the
15 parameters B;. We consider only first 10 In-Se bonds within the distance
|»(l, kk")| < 3.8 A and first 5 In-In bonds within the distance less than 3.9 A.
As a result, the dynamical matrix determining the normal vibrational frequen-
cies depends on 5 unknown parameters: Ajn—se, @In-Sey Aln—In, ®In-In, and Bi3.
To determine parameters of our model we utilized the known experimental data:
elastic moduli and the range of frequencies observed in the long-wave infrared
reflection spectra [8]. :
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Fig. 2. Low-vibrations branches for the InySes crystal.
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Figure 2 presents the results of the low-frequency phonon spectrum calcu-
lation. Acoustic vibrations are repeatedly deformed by the interaction with the
low-frequency optical ones.

The lowest low-frequency mode in the vicinity of the I" point is charactensed
by an interesting dispersion law similar to the dispersion law for electrons and
containing fourth power terms.
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