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I. Introduction

Cadmium arsenide (Cd;As,) is a degenerate n-type
tetragonal semiconductor of the II-V family with large
mobility, low effective mass and highly nonparabolic
conduction band [1]. It exhibits an inverted band

structure (optical energy gap e, < 0) like HgTe [2] that

causes certain interest to this material.

For the adequate description of energy dependent
anisotropy of the cyclotron mass and Shubnikov-de Haas
(SdH) oscillation period Bodnar [3] proposed band
structure model of Cd;As,, which satisfied the available
experimental data. Despite this fact the results of
transport and optical measurements were interpreted
within isotropic Kane-type band model [4], [5]. No
attempt was made to evaluate independently the values
of anisotropic Bodnar model’s parameters by analyzing
fundamental absorption spectrum.

Some modification (the so-called quasicubic
approximation) of Bodnar model was suggested in [6]. In
this paper we apply this approach to obtain general
expression for interband contribution to the imaginary
part of the dielectric function. This expression will be
used for the analysis of the experimental data by Gelten
et al. [5]. Finally, we discuss the influence of linear in
wave vector term in the dispersion equation on the fine
structure of the Cd;As, absorption edge. Such a term
appears as a consequence of symmetry centre lack in this
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compound (space group Cfv or [4,cd) and causes lifting

of the twofold spin degeneracy of bands near the I" point
[6]. During last time the effects like these are the object
of intensive investigations in two- and three-dimensional
systems owing to their potential applications (see e.g. [7]
and references therein).

II. Theory

The electronic wave function of our problem in the
absence of external fields may be written

I
= T =
110
) (1
. aS+a;Z+agR_+agR,
= ——=exp(ikr)
JN a,S+a,Z-asR, +a,R_
where N — number of unit cells in crystal,

R, =(XiiY)/ V2 and the symbols T and | mean the
spin-up and spin-down functions, respectively.
S,X,Y,Z are periodic Bloch amplitudes transformed
like atomic s and p functions under the operations of
the tetrahedral group at the I -point. Coefficients a,’s

satisfy the set of eight algebraic equations, which in the
case of quasicubic approximation can be represented in
the following matrix form [6]:
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g 0 iK, +¢& 0

0 g, 0 K, +E&
—-iK, +§ 0 €, 0
0 -iK, +& 0 €,
0 K. A, 0
~iK, 0 0 A,
0 —-iK, 0 0
—iK_ 0 0 0

Here € =g, —¢, g, =—(e+8+A/3),

£y =—(+2A/3), A =\2mA[3, K, =1’Pk, ,
K. =(5iP/V2 )k, +ik,), where Kk, .k

y> oz
components of the wave vector k and zero of energy €
is chosen at the top of the heavy-hole valence band.
Therefore the model along with &, needs to know the

are

values of Kane’s [8] spin-orbit splitting of valence band
A and interband momentum matrix element P, “crystal

y—(f, sin”* 0+ f, cos” 0)k*
2i(f,e'’ sin O)k

where v, f. — polynomials concerning band parameters

and energy. Their extended forms are given in [6].

Setting the determinant of matrix in (3) equal to zero

gives the following equation for finding energy

spectrum:

y=(f,sin? 0+f, cos’ 0) k*+20(f,sinB)k, 6 ==+1.(4)
Equations (3) together with the eigenvalue equation

(4) lead to an algebraic relation between a, and a, :
a, =—ice“a,.

6))

Using this relation one may express the rest of the

—2i(f,e " sin B)k
y— (£, sin” @ + f, cos” O)k>

0 1K 0 iK, )[4
-iK, 0 iK_ 0 [|a,
A, 0 0 || a,
0 A 0 ||a,
=0. 2)

g5 0 0 |]a;

0 E 0 |fa

0 -¢ 0 ||la,

0 0 0 —¢)lag

field” parameters O and & [9], [6], index of the
tetragonal distortion of lattice 1 [10] (for 4mm crystal

class = C/ 2a,where a, ¢ are lattice constants).

Let us express a,...a, in terms of a,,a, and

eliminate them by substituting in the first two equations
of set (2). Then proceeding to the spherical coordinate
system we obtain

=0, 3

2]

coefficients a,...a; by a,, which can be found in its

turn from the normalization condition: Z:|ai|2 =1. So,
the whole wave function (1) is in principle determined.
We do not give here the expression for it on account of
its complexity.

The resulted from equation (4) anisotropic energy
band scheme of Cd;As, is qualitatively depicted in
Fig. 1. At =0 equation (4) describes four twofold
degenerate bands: conduction (c¢) band, which has at
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Fig. 1. Structure of Cd;As, conduction and valence bands near k = 0 (schematically). The wave vector makes an
angle with tetragonal c-axes of 0 =0 (a), 0 =m/4 (b) and 0 = 1t/2 (c), respectively.
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k =0 symmetry I,; I, heavy-hole (k%) valence band,
split from Iy due to the tetragonal field splitting; I

light-hole (/h) valence band and T spin-orbit split-off
(so) valence band. The flat parts of the conduction and
heavy-hole band are a consequence of neglecting higher
energy levels as well as free-electron term, which will
give finite curvature of the bands at this angle. Fig. 1 also
indicates that these bands come into contact only at one
(with ©=0 and arbitrary polar angle ¢) k value and
the energy gap becomes zero at this point. Similar
situation takes place in cubic zero-gap semiconductors
but there such a degeneration of bands exists at k=0.
The finite value of k for Cd;As, is caused by the
positive sign of & parameter [10].

Due to the difference between f, and f, the shape
of the dispersion curves changes when changing the
direction of the wave vector. Moreover, at (0,k) # 0 the
double degeneracy of all four bands is removed by term
proportional to ksin®. As a result of this splitting

minimum of the heavy-hole band and maximum of the
light-hole and split-off bands are shifted from k =0 on
the so-called “loops of extrema” (circles with appropriate
radius, lying in the k k  plane) [6], whereas minimum

of the conduction band is located at the I -point. The
divergence of the subbands, which differ in signs of

index G in equation (4), reaches maximum at 0 = 71:/ 2.

From Fig. 2 it is visible that the largest divergence exists
between the subbands of the light-hole band.

Now we are going to derive the expression for
interband contribution to the optical absorption within
the framework of the presented band structure model.
Because Cd;As, is an n-type degenerate material (the
Fermi level is high in the conduction band) only
transitions from the heavy-hole and light-hole valence
bands to conduction band are possible in the spectral
region of interest. Adopted for our problem the well-
known formula for the imaginary part of the dielectric
function produced by direct transitions [11] is given by

2p 2
@@=t m2 . Z jsmedej K dk | ch‘eﬁ‘nﬂ‘ 8 —& —ho Yo, 6)
0
£ = f(e]’) —fie2), )
where  f(e]’), f(e*) denote the Fermi-Dirac

lh

Ag

S0

-

hh

k
Fig. 2. Spin splitting of the subbands as a function of

wave number for 0 = n/ 2 (schematically).

where €, — dielectric constant, and j=1,2 is index of

appropriate valence band. The other designations have
the same sense as in [11]. Taking into account Burstein-
Moss shift, which always exists in degenerate
semiconductors, it is necessary to insert into the integrals
of equation (6) in analogy with [12] factor

distribution functions of the participating subbands. The
next step is to calculate the transition probability

2
KH_[‘eﬁ‘]lI’» . Since the wave functions (1) are

already known one may obtain for unpolarized light
(unfortunately, up to now there is no available data as for
the polarization dependence of fundamental absorption
edge of Cd;As,):

(e f

where the expression for

] >

m*P?
= M} 8
v ®)

YesYj
M=
Appendix. Using axial symmetry of problem, properties

of & -function, and equations (7), (8) it is possible to
reduce equation (6) to

is given in the

w-—— j dud £ (P 25 %) ©
S = sinudu 2\ e
’ 6pe, 535 1 ok ok

The integration over O in the case of highly
nonparabolic bands may be performed analytically only
in cubic approximation (6 =& =0, n=1) that leads to

oYe oY
e —¢j!=hm

widely used Kane’s result [8]. The only way to consider
partially the tetragonal symmetry of crystal was proposed
by Pawlikowsky et al. [13], [14] while calculating the
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absorption spectra of isomorphous compounds Zn;P, and
Zn3As;. In these works the effect of “crystal field”
interaction on the energy levels arrangement at the I’
point was taken into account but bands nevertheless were
considered as isotropic. Such a procedure is not valid for
Cd;As; at least because its heavy-hole band has not
standard Kane-type form with maximum at k=0. It
happens, however, that modern computer capacity
enables to calculate the integrals in (9) numerically
without any simplifications during rather short time term.

III. Numerical fit

In order to reveal the characteristic features of the
presented energy spectrum it is necessary to investigate
absorption edge at low temperature. The reason is that
with increasing of the latter the Fermi-step is washing out
and all the singularities of the absorption curve
disappear. So, we have chosen the experimental data by
Gelten et al. [5], who performed optical measurements
on thin crystalline samples, which were mounted very
carefully without mechanical strains at low temperatures.
Fig.3 shows the absorption coefficient o versus
wavelength at 10 K in a sample with an electron

concentration of 1.0x10** m™ that has been lapped and
etched to a thickness of 11 um. To compare this
spectrum with theoretical dependences

a(@) = 2|2 +ei- )

the real part € (@) of the dielectric function was

(10)

calculated beforehand by Kramers-Kronig relations from

the imaginary part €, (®) and the high-frequency

dielectric constant €,=16 [5] was chosen. There is of
course the free carrier contribution in equation (10),
which plays dominant role in the long-wavelength range
at high temperatures. However, at low temperatures near
the absorption edge it becomes too small and may be
neglected.

The most reliable values of band parameters

g,=—0.095¢eV, A=027eV, P=74x10""eV m

(P, d=0.095 eV were

estimated by Blom et al. [3] from SdH measurements.
The value of 1M =1.004695 was determined directly
from x-ray analysis [15]. There is no experimental data
as to the value of the parameter &. This quantity

in notation by Bodnar),

vanishes in materials with inversion symmetry. Hence it
seems reasonable to neglect it in the first approximation,
because in general the effects caused by inversion
asymmetry are small. It will be restored while discussing
the influence of spin splitting of bands on the fine
structure of the absorption spectrum.

Using the above-mentioned set of parameters as the
initial we have generated a large number of theoretical

curves by varying the values of ., A, P, O and Fermi

energy €. The best fit to the experimental points was

obtained for the parameters listed in Table 1, and is
shown in Fig. 3.

IV. Discussion

To explain the stepped behavior of the absorption

[

o(10°'m") —
=]

[+]

13

A (um)

Fig. 3. Optical absorption coefficient of Cd;As, at 10 K. Dashed line: the best fit within Kane model with a modified
isotropic heavy-hole band [5]; solid line: the best fit within Bodnar model. Points show experimental values as

measured by Gelten ef al. [5]. The electron concentration of the sample at 300 K is 1.0 x 10* m?
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Table 1.
Energy band parameters of Cd;As,.
Parameter €, A P S
Value -0.1eV 0.33 eV 8x10%eV m 0.12 eV

coefficient at low temperature Gelten et al. used the
isotropic inverted Kane model. In this model two distinct
steps on the absorption curve (dashed line in Fig. 3)
correspond to direct transitions from the heavy-hole and
light-hole bands to the conduction band. Steps of this
kind in the infrared region were previously observed by
Szuszkiewicz on HgSe [16] and HgTe [17]. Our fitting
curve (solid line in Fig. 3) also indicates the existence of
these steps. Moreover, comparing both theoretical curves
with experimental data one can conclude that in the
anisotropic model the structure of steps is more
corresponding to reality. Let wus consider this
circumstance in detail. At absolute zero temperature
transitions from the heavy-hole band to the conduction

one begin at the photon energy equal to €. However,

due to the anisotropy of bands these transitions are
possible only between states with 6 =0 . The transitions

between states with 0 = n/ 2 appear for some greater

photon energy. So, according to equation (9) in this
spectral region (interval AB in Fig. 3) the absorption
coefficient increases rapidly unlike isotropic model
within which this quantity unevenly changes at the
photon energy equal to €. The same effect occurs on

the interval CD where transitions from the light-hole
band appear. There will be additional washing out of
steps caused by long-range potential fluctuations and by
washing out of the Fermi-step. However, for low
temperatures the considered mechanism should be
predominant. There is no such an effect for anisotropic
nondegenerate semiconductors in which interband
transitions with all 0 appear for the same photon energy

equal to €, .

In order to improve agreement with the experiment
Gelten et al introduced a phenomenological &(Kk)

relation for the heavy-hole band resulting in its
maximum shifted from the I point [5]. The quoted
authors pointed out that this modification could be
considered as a directional average of the valence band
energies in Bodnar model like the spherical
approximation for the warping terms [17]. Such a
procedure of averaging quite correctly reproduces the
influence of the small warping terms but in our case it
turns to be an oversimplification. In fact, the shift of the
heavy-hole band maximum leads to the shift of the
threshold of the first step (point B) but not to washing out
of this step.

It should be emphasized that within Bodnar model
the width of intervals AB and CD is very sensitive to the
value of crystal-field splitting parameter & and tends to
zero if & — 0. The value of & estimated here, is close to
that obtained by Chuiko [18], 6 =0.11¢V, from analysis
of SdH data for a sample with the most pronounced
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anisotropy (the electron concentration at 4.2 K was

1.2x10% m™).

Similar to HgSe [16] in our -calculations the
threshold of the second step strongly depends on the
values of &, and A and increases when these values

increase. The difference between Blom’s estimation for
A and that proposed by us probably comes from the fact
that this parameter has greater influence on the curvature
of the light-hole band than on the conduction one. On the
other hand SdH measurements give direct information
about the shape of the conduction band only. The value
of A estimated here coincides with that proposed by
Cisowski [19].

Parameter P affects only the magnitudes of the
absorption coefficients, which decrease when the value
of P increases. The reason is that with increasing of P
the joint density of states decreases faster than the
transition probability increases. Regarding some
overstated P value in comparison with those reported in
literature [3] one may object that the higher band
corrections to the both wave functions and joint density
of states were not taken into account in our calculations.
If this corrections are done the values of the absorption
coefficients have to be smaller [17], and overstating of
P is not necessary. The deviation of the theoretical
curve from the experimental points in the region of the
second step is probably also caused by neglecting the
second order perturbation theory. This theory however is
going to be very complicated for Cd;As, because
involves many more parameters than for the cubic
crystals [3].

Consider now the effect of bands spin splitting on
the fine structure of the absorption edge. For
nondegenerate semiconductors that is the case (see Boiko
[20]). Hopfield [21] analyzed the influence of such a
splitting on the exciton spectra of wurtzite CdS. Within
the framework of the presented model the value of each
band splitting depends on the value of parameter &,

which is defined by ”interaction” between S and Z
states via asymmetric part of the crystal potential. In
principle, the value of & could be estimated from the
analysis of beating patterns in the quantum oscillations
[22] like in zinc-blende crystals [23-25]. Unfortunately,
there were no purposive investigations of this effect in
Cd;As,. If we identify & with activation energy of phase
transition that is accompanied by symmetry centre lack
in this compound, then we get & _ =0.035 eV as an

upper limit of this quantity. Using parameters listed in
Table 1 & can be varied in range 0<E<E  to see
the effect of bands splitting on the absorption. The results

of this variation are represented in Fig. 4 in form of the
derivative of the absorption coefficient near the
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Fig. 4. Theoretical effect of increased spin splitting on the modulated absorption spectrum near fractures B (a-c)
and D (d-f) on the integral curve. (a) and (d) £=0; (b) =15 meV; (c) £=30meV; (e) {=5meV; (f)
& =8 meV. The electron concentration and temperature of the sample are the same as in Fig. 3.

appearing singularities. At £ =0 one can see two peaks,
which correspond to the fractures B and D on the integral
curve. If §#0 both peaks are split as a consequence of
the fact that transitions from two subbands of the heavy-
hole or light-hole band appear at 6 =rm/2 for slightly
different photon energies. It is important that the distance
between positions of peaks in each doublet is equal to
energy splitting of the appropriate valence band at
k;(m/2). Since splitting of the light-hole band is larger
than of the heavy-hole one, peaks, corresponding to the
fracture B, can be resolved for smaller values of §
(Fig. 4e,f). Therefore, we conclude that the experimental
investigation of these singularities in modulated
absorption spectra should provide the most direct way for
determining the value of & .
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APPENDIX
The quantity M?“’yi that appears in equation (8) for 6,6, =1 is given by

’ [(6;Pksinn— 65y &) +(6;Pksinn+ 65y & + ((6;)2 + (6;)2)14P2k2cos2n] A1)

2
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M} =a

vj
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For 6.0, =-1

2
M3 =lal ’ [(61‘Pksim/1—6§yco)2 + (6;)234P2kzcoszn] (A2)

c

Yj
a;

In these expressions
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AHAIIZYIOTECS  €KCTIIEPUMEHTANBHI JIaHi CTOCOBHO Kparo MOTJMHaHHA KpucTaiaigHoro Cd;As), oTpuMaHi mpu
temmeparypi 10K. O6uncnenns xoedilieHTa NOTITMHAHHS BIEPIIE IPOBEAEHO Y MeXaxX aHi30TPOIHOI 30HHOT MOei
Bomnapa. Haiikpammuit 36ir TeopeTHIHO{ KPHBOI 3 €KCIIEPUMEHTAIbHUMA TOUYKaMU OAEPKAHO JUIS HACTYITHUX 30HHUX

napameTpiB: e, =-0.1 eB, A=033¢B, P=8x10"eB M, 1=0.12 ¢B. OOGroBOPIOETEC TAKOXK BILIUB

JHIHHOTO MO XBUJIBOBOMY BEKTOPY JOJaHKa B JUCIEPCIHHOMY pIBHSHHI HA TOHKY CTPYKTYPY ONTHYHOTO CIICKTpa
MOTJIMHAHHSI.

680



