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where f(+) is the Fermi function, and the Green function has the value

(2X/m)((u[S, (u)+ S)((u)] —8Z'S )((u)S „((u))
[(u —4X'S ) (a)) J jo; —4X'S i((u) ] —4 U'

where

Sm(K) (7)

The transport properties are obtainable from the equations of motion:

(8)

The transport lifetime is
' ~2 ImG~~ (e~),

where

(10)

An evaluation of these transport properties (in
which we do find a low 7' "Kond-o effect") will be
given elsewhere. '

We conclude the present work by a comparison
of the free energies I' of K and I'~ and X„. As
we may use the eigenstates of our model for a
variational evaluation of K„, we can obtain E (A.)
&F„(2g). On the other hand, E(2g) &F„(2g).
Combining these,

In the limit T=O we see that these inequalities
also hold for the respective ground-state ener-
gies. As the upper and lower bounds differ by
0(X'), E„becomes adequately circumscribed in
the weak-coupling limit (x'-0).
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The ground-state energy of an exciton bound to ionized donors in III-V and II-VI com-
pounds is calculated with the electron-phonon coupling taken into account. Results for
thirteen crystals are in very good agreement with the available experimental data.

Though exciton theory has considerably im-
proved the understanding of the luminescence
spectra in the band-edge region, a further ex-
tended theory had to be developed for the inter-
pretation of certain lines beneath free exciton
lines. Led by a proposal of Lampert, ' bound ex-

citons have thus been intensively investigated dur-
ing the last years, as reviewed by Thomas, '
Johnson, ' Halsted, ' and Reynolds, Litton, and
Collins. ' As in the case of a free exciton, how-
ever, the electron-phonon coupling has to be
taken into account for a precise calculation of
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TABLE I. Ground-state energy of an exciton-donor
complex (in meV).

TABLE II. Calculated ground-state energy 8' of an
exciton-donor complex in DI-V compounds (in meV).

Sharma and
Rodriguez ~ Present work Expt.

InSb InP GaAs GaP A181 GaSb

GaAs
CdTe
Cds
ZnO

5.9
No binding

23.6
39.0

6.15
14.6
34.0
70.2

6.1b

14.0
32 o2

68.0
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+ H2

the binding energies. We report here the

influe-

ncee of this interaction on the ground-state en-
ergy of an exciton bound to an ionized donor.

In the frame of the effective-mass approxima-
tion, this complex can be treated in correspon-
dence to the H, ' molecule for the hole mass nz, *
being very large compared with the electron
mass m, *,"while the influence of the crystal
surroundings is then taken into account by a
static screening of the Coulomb interactions. To

t

take the finite hole mass into consideration, one

0 0.04 0.18
07 68

0.11 0.18
6.15 22.8

0.12
12.8

0.16
2.7

has to include dynamical effects of both effective-
mass particles. Qn this basis Sharma and Rodri-
guez' carried out a variational calculation and
showed the ground-state energy [in units of the
donor energy Es (hydrogen model)] to be a mon-
otonic function of cr=m, */m, *. They found that
for a complex to be stable, v should not exceed
o,=0.2. Skettrup, Suffczynski, and Gorzkowski'
found o, =0.426 by an improved variational treat-
ment. These results agree in part with experi-
mental data, but only if the free exciton energy
is fitted to its experimental value, ' which is not
consistent with the theory used.

We think the effective-mass approximation to
be rather reliable in this complex controlled by
long-range Coulomb forces, and the static de-
formation of the lattice by the defect to be negli-
gible. But the use of a static screening seems
rather unjustified for complexes with a ground-
state energy of the order of the LO phonon.

Describing the electron-phonon coupling by an
operator due to Frohlich, ' we get for the Hamil-
tonian of the problem

e, = —(8'/2m, )a„e~=Q;h(u„ob-„b-„, 11„= e'/e„r„, -
H»= (-1)'"~Pq[V-„b~exp(ij r, )+c c ], H». .= (—1)'e'/e„r„

where

V-= —i(2we'he; /q'Ve*)'~',

1/e* = 1/e „—1/e„
and l =1 or 2; r„r,„and x» are the donor-electron, donor-hole, and electron-hole distances, re-
spectively. By the canonical transformation"

a-= b- —V-~/k&u
q q q LOr

Eq. (1) is reduced to

k2 k2 8 e e
b, +

2m apl 2 cot~ 60'v2
2

(2)

+Zp&'~oa a„-+E-„[V;a-,exp(iq r, ) —V-„a-„exp(ig r, )+c.c.]+const. (5)

Following the treatment of Haken" for the free-exciton case, we use the polaron function of Lee, Low,
and Pines" to eliminate the phonon-field operators. This procedure has already been used by Schroder
and Birman. " In this approximation the effective Hamiltonian for the electron and hole is then given
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TABLE III. Calculated ground-state energy 8' of an exciton-donor complex in
II-VI compounds (in meV) .

CdS' CdSe' CdTe ZnS~ Znse' ZnTe

0.17
34.0

0.24
26.5

0.27
14.6

0.47
77.1

0.28
37.1

0.15
13.0

0.13
70.2

'Hexagonal modification. Cubic Inodification.

jeff

Here

]
+ — — —+, exp( r„—/Ii, )+ exp( —r„/R, )

2m, ** ' 2m, ** E'pJ'z cp&2 x]2 cp 2&*

is approximately the polaron radius, and

m, **=m,*(1+—,
' o. , )

is the effective polaron mass with

n, = (e'/fly+)(m, */2h~, o)'I'

(8)

Two corrections have been made to the Hamil-
tonian (8). (1) The renormalization (8) of the
self-energies is only correct for a large exciton
radius, whereas for a small radius and a partial
cancelation of the phonon clouds the band mass
should be used instead. This has been considered
by Mahanti and Varma, "who introduced an inter-
polation scheme between the two values. In our
calculation we use the band mass for xy, (Ry 2

and the polaron mass for r, 2 &Ry2 This correc-
tion is found to be very important. (2) The aniso-
tropic crystals are described approximately by
an effective isotropic Hamiltonian in the usual
way. "

The remaining three-body problem is then
solved by a variational Ansatz proposed by James
and Coolidge. " In our theory the ground-state
energy W is no longer simply a function of o and
ED" alone. Additionally, we found it necessary
to reexamine the stability condition' of the corn-
plex,

W—ED)0,

which is based on the assumption that for a given
crystal ED/E, „&1 (E,„ is the exciton binding en-
ergy), whereas this ratio is now approximately
given by

Eo/E..= (&+o)(~.gf/~. )'

(where e, f& is the renormalized dielectric con-
stant), which may be greater or less than l.

Our results compared with experimental data

are given in Table I. The very good agreement
seems to justify the approximation used. Tables
II and III summarize our results for III-V and
II-VI compounds, which may be helpful for iden-
tification of lines in future.
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discussions.
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