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

() = B/mHwIS @) + S1(w)] = 1% (w)S y(w)} ®)
[w=4%S ,(w)]lw - %S ()] - 3U?
where
wV,?
Su(w)= Z)—k—— (7
k w? - €km
The transport properties are obtainable from the equations of motion:
1 2V, Vyr
(Comlerm™) = 21r w—-€, N w-g, Gaan(w ) — €4t ®)
The transport lifetime is I
Tem L 22 IMGyy,(€,), (9) We thank Dr. S. B. Nam for a number of stimu-
lating discussions.
where

G 1am(@) = €Cun* + CamlCan™ + Camd- (10)

An evaluation of these transport properties (in
which we do find a low-7 “Kondo effect”) will be
given elsewhere.®

We conclude the present work by a comparison
of the free energies F of 3¢ and F, and 3(,. As
we may use the eigenstates of our model for a
variational evaluation of 3¢,, we can obtain F())
> F,(21). On the other hand, F(2x) <F,(2r).
Combining these,

F(\) <F,(\) <F(30). (11)

In the limit T=0 we see that these inequalities
also hold for the respective ground-state ener-
gies. As the upper and lower bounds differ by
O(\?), F, becomes adequately circumscribed in
the weak-coupling limit (\2-0).
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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-
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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 W of an
exciton-donor complex in III-V compounds (in meV).

Sharma and

Rodriguez? Present work Expt.

GaAs 5.9 6.15 6.1P

cdTe No binding 14.6 14.0°¢

cds 23.6 34.0 32.24

ZnO 39.0 70.2 68.0°
2See Ref. 7.

bM. A. Gilleo, P. T. Bailey, and D. E. Hill, Phys.
Rev. 174, 898 (1968). .

°G. Babonas and A. Sileika, Phys. Status Solidi 42,
577 (1970).

dp. G. Thomas and J. J. Hopfield, Phys. Rev. 128,
2135 (1962).

¢D. C. Reynolds, C. W. Litton, and T. C. Collins,
Phys. Rev. 140, A1726 (1965).

the binding energies. We report here the influ-
ence 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 m,*
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
take the finite hole mass into consideration, one

InSb InP GaAs GaP  AlSb  GaSb

o 0.04 0.18 0.11 0.18 0.12 0.16
w 0.7 6.8 6.15  22.8 12.8 2.7

H=H,*H,*Hy,*+HptHyp+ Hypt Hypp+ H, |, + H,p;

has to include dynamical effects of both effective-
mass particles. On this basis Sharma and Rodri-
guez’ carried out a variational calculation and
showed the ground-state energy [in units of the
donor energy E ;! (hydrogen model)] to be a mon-
otonic function of o =m, */m,*. They found that
for a complex to be stable, o should not exceed
0,=0.2, Skettrup, Suffczynski, and Gorzkowski®
found 0,=0.426 by an improved variational treat-
ment, Thesé 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

H,=—(/2m*)A,, Hp=2izlw obz'bs, Hyy=—€®/€.ryy, (1)
Hyp= (1" 1 Vibsexp(id-F)) +e.c.], Hp=(-1)'e*/e.7,,

where
Ve=—i@ne’hiwy o/q?VeX) /2,
1/e*=1/e. - 1/¢,

(2)
(3)

and /=1 or 2; 7,, 7, and 7,, are the donor-electron, donor-hole, and electron-hole distances, re-

spectively. By the canonical transformation'®
aa=ba— Vq*T/h—wLO,
Eq. (1) is reduced to

e 2 A n? e’ N e e’
Tom x YT 2mx T2 e, e,
1 o o1 o2 €x7yp

(4)

+20ghwy oagTag+ 2i;lVzazexp(id-¥F,) - Vsazexp(id-T,)+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 Schrider
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 W of an exciton-donor complex in

II-VI compounds (in meV).

cds? Cdse*  cdTe®  zns? ZnSe®  ZnTe®  ZnO2
o 0.17 " 0.24 0.27 0.47 0.28 0.15 0.13
w 34.0 26.5 14.6 77.1 37.1 13.0 70.2
2Hexagonal modification. bCubic modification.
by
B 72 72 é e 1
Hegp =~ 2m , ** Ay - 2m ,** A= € + € - ,;,; 6_0 + 9c* eXP(—7’1z/R1)+exP("7’12/R2) . (6)
Here
R, =i(@m, *iw, o) /2 7 are given 'm 'I:able I. The v.ery good agreement
seems to justify the approximation used. Tables
is approximately the polaron radius, and Il and III summarize our results for III-V and
m*=m 1+ L ) (8) II-VI compounds, which may be helpful for iden-

is the effective polaron mass with
o, = (e2/HeX)(m * /21w, o) /2. (9)

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 r,, <R, ,
and the polaron mass for »,>R,,. 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 Ansafz proposed by James
and Coolidge.'® In our theory the ground-state
energy W is no longer simply a function of ¢ and
E M alone. Additionally, we found it necessary
to reexamine the stability condition” of the com-
plex,

W-Ep>0,

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

ED/Eex: (1+0)(€eff/€0)2

(where €. is the renormalized dielectric con-
stant), which may be greater or less than 1.
Our results compared with experimental data
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tification of lines in future.

Part of the work was carried out while one of
us (U.S.) was at New York University. We would
like to thank Professor J. L. Birman for valuable
discussions.
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