Broadening of an exciton line in solid solutions with a
degenerate valence band

M. E. Raikh and Al L. Efros
A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad

(Submitted 9 February 1987)
Pis’ma Zh. Eksp. Teor. Fiz. 45, No. 6, 301-304 (25 March 1987)

The broadening of an exciton line in a solid solution with a degenerate valence band
is shown to be anomalously large if the translational mass of the exciton is negative.
This broadening is determined by the scattering of the exciton by composition
fluctuations with a large momentum transfer.

Several experimental studies'™ have been carried out on the composition depen-
dence of the broadening of the exciton reflection and absorption lines in solid solu-
tions. This broadening has been linked with fluctuations in the position of the edge of
the valence band and of the conduction band which result from composition fluctu-
ations. For a solid solution with composition x, the quantity £(r), which is the devi-
ation of the concentration of the substitutional atoms from its average value, is a
random function of the coordinates with a correlation function

(E@EE)=Nx (1-x)8 (1), (n

where NV is the concentration of sublattice sites that are filled by substitutional atoms,
and the angle brackets mean a configurational average. The random potential acting
on an electron is V, (r) = a,&(r)/N, while that acting on a hole is V, (r) = a,&(r)/
N, where ¢, =de_/dx, and «;, = de,/dx are the rates of change of the position of the
bottom of the conduction band and of the position of the top of the valence band as the
composition varies. The following expression was derived in Ref. 5 for the width of an
exciton absorption line:
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where m, and m, are the masses of the electron and hole. Expression (2) was derived
for the case of nondegenerate valence and conduction band. The experiments of Refs.
1-4 also correspond to this case.

It might be expected that the width of an exciton line in a solid solution with a
degenerate valence band would be less than that calculated from (2). Actually, as was
shown in Ref. 6, if the mass ratio of the heavy and light holes is large (m,, >m,, ), the
state density in the valence band in the solid solution, pp (€), falls off with distance
into the band gap in a manner p, (¢) ~exp[ — 19, 4(e/A,)"/?], where A, is found
from (2) with m, =m,, and @, =0, m, = 0. In the case of a nondegenerate valence
band, on the other hand, this decay is described by the expression®
pn(€)~exp[ — 3.7(e/Ay) l/2]; i.e., it is far slower.
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2 FIG. 1. Exciton dispersion law in a semiconductor
7 with a degenerate valence band in the case
My, >my,, m,. Branches 1 and 2 correspond to

bound states of an electron with a heavy hole and
[ a light hole, respectively. The dashed curve shows
-R f the dispersion of an exciton in the case of a nonde-
generate valence band.

In the present study we have shown that in the case of a degenerate valence band,
the broadening of an exciton line can be far greater than that predicted by (2), because
of a negative translational mass of the exciton. As was shown in Ref. 7, the dispersion
law for an exciton in a semiconductor with a degenerate valence band has the form
shown in Fig. 1; at quasimomenta k> 1/a,, where a, = #*%/m_ e’ is the first Bohr
radius of the exciton and « is the dielectric constant, the dispersion is decribed by

=R + Wk 4R?m, 3)
etky=— + ,
2my , h2k?

where R = e/2kay, is the exciton Rydberg. Expression (3) holds under the conditions
My, >my,m, and has a maximum at k=k,= 1/a,(2m,,/m,)"'* here
e(ky) = —R [1—2"%(m,/m,;,)"'?]. It was shown in Ref. 7 that the inequality
€(ky) < — R,, where R, is the exciton binding energy at k = 0; this inequality means
that the translational mass is negative. As was shown in Ref. 8, we can describe R, by
the expression R, = RO, where 6 = 2m,,/(m, + 2m,, ) < 1. The broadening of an ex-
citon line in the case of a negative translational mass is determined by the scattering of
an exciton which is created by light in a state with &£ =0 by the random potential
which is set up by composition fluctuations. The role of intermediate states is played
by states with |k | = kf (Fig. 1). Since the density of intermediate states is high, the
broadening of the exciton line due to this process is large. It can be shown that the
shape of an absorption line, K(E), is Lorentzian in this case

Y

4
mE+ y24) “

K(E)=

where E = fio — €, — R,  is the frequency of the light, and ¢, is the band gap. The
linewidth ¥ is determined by the probability that an exciton will leave a state with
k =0 as it is scattered by composition fluctuations:

y=2n{ 2 | fdr] fdr;;\}/s r, ) [V, (x,)+V, (r))] Wf];'” (r, 1) 1* 8(e(k) +Ro)),
ky, u=twv2z
(5)

where €(k) is given by (3), and ¢, and %# are the wave functions of the initial and
final states. In the case of a degenerate valence band, these functions are the four-
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component column vectors

1
Yo (1, 1,) = —iXen, wo(r, ~1,), (6)
ikrp
f 2 _ -
Yep (1) = iz Xk ¥r (r, 1), (N

where V is the normalization volume, and y,, is an eigenfunction of the operator
(Jk)/k, which is the /projection of the spin 3/2 (Ref. 9) onto the direction of the
quasimomentum, k: (Jk)/ky,, = pyy,- The index u can take on the values + 1/2,
+ 3/2. Branch 2 in Fig. | corresponds to the values u = 4 1/2. The final states for
the scattering, on the other hand, correspond to branch 1, for which we have
M= =+ 3/2, so that we are left with only tl}gse terms in sum (5). The column vector
Xzpo is an eigenfunction of the operator J,; the index u, can take on one of the
values + 1/2, + 3/2, depending on the polarization of the exciting light. The
functions @, and @, describe the relative motion of the electron and hole in the
initial and final states; they have the standard hydrogen-like form ¢,(r)
= (may/60°%)"? exp( — 10 /ay), @;(r) = (7wa}) "> exp( — r/ay). The dependence
on the electron spin has been omitted from (6) and (7), since the electron spin does
not change in the course of the scattering. Substituting (6) and (7) into (5) and using
(1), we find

30/ 2x (1 —xym32 RV2 (1-6)76° N a, 2
- 3 6 h _ 2 . (8
aNE(1 +6) <1+mhi'(1 ) ) (8)
2
me(l +6)
In deriving (8) we used the relation
1
JdQ = (x;“xk”)=l/2. (9
47 w=t32 ’

It can be seen from (8) that in the case of a degenerate valence band the width of
an exciton line has a composition dependence x(1 —x), while for nondegenerate
bands we would have A ~x?(1 — x)*. Using (2) and (8), we can write the ratio A/y
as A/y~[A/R(1 —6)]"% We thus have > A, if the depth of the minimum in the
exciton dispersion law (Fig. 1) exceeds A. The same condition, R(1 — 8) > A, is the
condition for the applicability of expression (8), since in deriving it we assume that the
final state of the exciton in the scattering is not perturbed by the fluctuational poten-
tial.

We know of two experimental studies'®'" of the broadening of an exciton line in a

solid solution with a degenerate valence band. Ryabchenko et al.'’ reported that in the
compounds Cd, _  Mn,Te (they studied samples with x <0.05) the broadening is
more than an order of magnitude greater than that predicted by expression (2). A
careful study of the composition dependence of the width of the exciton line in
CuBr, I, _, solutions over the entire range 0 <x < 1 was carried out in Ref. 11; the
behavior ¥y ~x(1 — x) was found.

We wish to thank B. L. Gel’mont and A. L. Efros for a useful discussion.
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