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We present a high-resolution optical study of Li and Na shallow-acceptor bound excitons in
CdTe. Results of absorption and Zeeman-effect experiments on the photoluminescence are dis-
cussed in terms of the j-j coupling scheme in cubic symmetry. It is shown that (i) the low-lying
bound-exciton states are derived from the J=2 two-hole state, and (ii) the cubic crystal-field effect is
dominant over the electron-hole interaction. The magnetic parameter values are the same as those
previously determined for the Cu and Ag deeper-acceptor bound excitons: g,= — 1.77 for the elec-

tron, K =+0.61, and L = —0.04 for the hole.

I. INTRODUCTION

Low-lying excited states of acceptor bound excitons
(BE) have been observed in various direct-gap semicon-
ductors with the zinc-blende-type structure.! The origin
of this fine structure is usually attributed to exchange in-
teractions between the bound particles, namely, two I'g
holes with angular momentum j =<, and one I'y electron
with angular momentum j=+. In the j-j coupling
scheme,! the two I'y holes are combined antisymmetrical-
ly to form J=0 (I'y) and J =2 (I'3+1I's) states. Then ad-
ditional coupling to the I'g electron would yield four BE
states with fictitious total angular momentum K = % (Ty),
K=2 (), K=+ (I'y), and K =3(T) since 'y X Tg=Ts,
I3 xXTg=Ty, 'sxT¢=I7+Ig in the T; point group.
The level ordering of these BE states has been discussed
by several authors.>~> Experimentally, BE states deriving
from the J =2 two-hole state appear to be the lowest ener-
gy for shallow acceptors,®—® while just the opposite situa-
tion is true for deeper acceptors.”’~!3

In this paper we investigate the fine structure of accep-
tor BE in CdTe. CdTe is a cubic semiconductor with a
direct gap E,=1.606 eV at T=4.2 K. The nature of ac-
ceptor impurities has been recently examined by systemat-
ic backdoping experiments correlated with photolumines-
cence (PL), infrared absorption, and electrical measure-
ments.'*~17 It is found that Cu, Ag, Li, and Na are the
main acceptors in high-purity p-type CdTe. Their bind-
ing energies are E ;=146 meV (Cu), 107.5 meV (Ag), 58.0
meV (Li), and 58.6 meV (Na), to be compared with the
effective-mass value of ~57 meV. Thus Cu and Ag are
deep acceptors with large attractive central-cell correc-
tions, by contrast to Li and Na acceptors which are more
effective-mass-like. Absorption and Zeeman effects on
the PL of these acceptor BE have been measured. The re-
sults clearly show that the level ordering of BE states is
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inverted when going from deep to shallow acceptors. The
BE ground states are derived from the J=0 two-hole state
for Cu and Ag,'? and from the J=2 two-hole state for Li
and Na. More interesting is the fact that the cubic crystal
field is found to be dominant over the electron-hole in-
teraction. In the case of Li and Na BE, the crystal-field
effect is such that the J=2 two-hole state is split into a
fundamental T"; doublet and an excited I's triplet. Thus
the low-lying BE states are a I'g ground state and nearly
degenerated I';, 'y excited states. This situation is very
similar to that observed for shallow-acceptor BE in GaAs
(Ref. 7) and InP (Ref. 8).

II. EXPERIMENTAL

Single crystals of CdTe were grown by B. Schaub [La-
boratorie d’Electronique et de Technologie de I'Informa-
tique (LETI)—Grenoble] using a modified Bridgman
method. They were high-purity p type, with uncompen-
sated acceptor concentrations of ~5X 10 cm™3. The
residual acceptors are Li, Na, Ag, and Cu, the latter being
always the dominant acceptor in our samples.!*—!7
Higher doping levels can be easily obtained by dif-
fusion.”®~!® For Li and Na diffusions, a nitrate solution
is deposited on the clean surface of an undoped sample.
Then diffusion is performed in a lamp furnace at low
temperatures (300°C—600°C) for about 1 h and under a
flow of H,-N, gas mixture. Samples prepared with this
process contain Li or Na concentrations up to ~ 10'7
cm™ as given by electrical measurements made on
Schottky diodes.

Most optical measurements were performed with the
samples immersed in liquid helium pumped below the A
point (T'~1.8 K). Optical transmission spectra were
recorded using a tungsten light source. The samples were
thinned to ~25 pum by polishing and etching in a
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Br-methanol solution. .

PL was excited with the 4880-A line of an Art laser.
Typical excitation power of ~10 mW was used, the laser
beam being either unfocused or focused on a spot diame-
ter of ~0.2—0.3 mm. The PL was analyzed by a grating
monochromator (THR-—Jobin Yvon) and detected with a
photomultiplier. The spectral resolution was set to ~0.02
meV.

Zeeman spectroscopy was carried out in both Faraday
and Voigt configurations, with the magnetic field directed
along one of the main crystallographic directions (100)
and (111). Magnetic fields up to 45 kG were produced
by a split-coil superconducting magnet. The samples were
carefully etched before each run. This is to remove inad-
vertent built-in strains on sample surfaces which can quite
often induce significant splittings of BE lines.!® To avoid
depolarization effects, the PL was always collected per-
pendicularly to the excited face of the sample.

III. ABSORPTION AND
PHOTOLUMINESCENCE MEASUREMENTS

A. Cu and Ag bound excitons

Figure 1(a) shows the typical transmission spectrum in
the exciton region of an undoped p-type sample. The resi-
dual acceptor impurities are Cu and Ag in concentrations
of ~5%10" cm™2. Their absorptions are denoted 4"
and A”% in the figure. The other absorption features on
the high-energy side of the spectrum are due to ionized
donor BE (D*X); neutral donor-free hole transition
(D% h) neutral donor BE (D}, D%,D?), and free-exciton
(FE).2° Note the large oscillator strength of donor-related
transitions as compared to that of acceptor transitions.
This is remarkable because of the very low donor concen-
tration in these high-purity p-type samples. Such obser-

vation has been also reported for ZnTe.2!»??
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FIG. 1. (a) Transmission spectrum of a high-purity p-type
CdTe (N, —Np=5%x10"*cm~3) at T=1.8 K. A% and 4*¢are
absorptions due to Cu and Ag BE, respectively. (b) Transmis-
sion spectrum of a Na-doped sample (N4 —Np=10'"® cm~) at
T=1.8 K. AN?is absorption due to Na BE. (c) Same as (a). (d)
Photoluminescence of a  high-purity p-type CdTe
(Ny—Np=5%x10" cm~?) at T=1.8 K (solid curve) and 7 K
(dashed curve). Thermalization effects between the Cu BE
states are clearly observed by comparison of (c) and (d).

Details of Cu and Ag Be absorption are shown in Fig.
1(c). The sharp peaks A" at 1.5896 eV and A{% at
1.5885 eV have been attributed to Cu and Ag Be ground
states, respectively. A second broad peak, labeled A5,
appears at ~1.2 meV above AS®. It corresponds to Cu
BE excited states, as evidenced by thermalization effects
between AS" and AS observed in the PL spectra at
T=1.8 and 7 K [see Fig. 1(d)]. Similarly, there is a
second broad peak, labeled A9, at ~0.7 meV above A4E.

Recent Zeeman spectroscopy on the PL of A$" and
A% has shown that both lines correspond to the T'g
(K=1) BE ground state.!* This is a quite common situa-
tion for deep-acceptor BE.>~!? According to Herbert,
the J=0 two-hole state is more sensitive to hole attractive
central-cell corrections than the J=2 two-hole state.
Therefore, the J=0 state can be pulled below the J=2
state for sufficiently deep acceptors, and one obtains the
sequence of K=+, 2, BE states in order of increasing
energy. The predicted relative oscillator strengths of
K=23,3 BE states and K= BE state are 5:1. This ratio
is very close to the measured absorption intensity of the
two Cu and Ag BE states: A{:4{"~4:1 and
APE:APE ~5:1. Thus it is tempting to assign the broad
AS$Y and A4{F lines to unresolved K= —;—,% BE state of Cu
and Ag, respectively. If this is correct, then the hole-hole
splitting will be ~ 1.2 meV for Cu BE and ~0.7 meV for
Ag BE.

B. Liand Na bound excitons
Figure 1(b) shows the transmission spectrum of a Na-

doped sample, with the concentration (N, —Np)~10'6

energy (eV)

1.591 1.590  1.589 _1.590  1.589  1.588
! T T 7/ T T T

ACu ACu
i 1 ANc Na
- 1m. A
(€

d

luminescence , transmission intensity (arb. units)

1 | ] AP ] 1
7790 7795 7800 7805 ,7795 o 7800 7805
wavelength  (A)

FIG. 2. Details of absorption and photoluminescence at
T=1.8 K of acceptor BE. CdTe: Na (N4—Np=10' cm™3);
(a) photoluminescence, (b) and (e) absorption. The dotted curve
represents, approximately, absorptions due to Cu BE. CdTe: Li
(N4—Np=10" cm~?); (c) photoluminescence, (d) absorption.
Note that the fine structure is the same for Li and Na BE.
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cm™—3, We observe two strong absorption lines at 1.589 16
and 1.58947 eV labeled A™* (labeled AY® and AM
respectively, in Fig. 2). Absorption from Cu and Ag ac-
ceptors is rather weak since their concentrations are about
the same as in undoped samples (5 10'* cm™3). The rel-
ative oscillator strengths between the two Na lines are in
the ratio AN:4N? ~1.9:1. However, the 4} low-energy
line is much stronger in emission (see Fig. 2), indicating
that the A1 and A4 1{’ lines correspond to the ground and
excited BE states, respectively. Similar absorption and
emission features are observed in Li-doped samples. The
two Li BE lines are Al at 1.58923 eV and AN 11 at
1.58951 eV (see Fig. 2).

From the Zeeman study of A and A4} lines given in
the next section, we conclude that Li and Na Be states are
derived from the J=2 two-hole state. Therefore, these
BE states can be described by the following effective
Hamiltonian:

Ho=bTj+, , | (1

where J=2, j=+. b is a parameter defining the strength
of the (isotropic) electron-hole interaction. ¥, represents
the effect of the T, crystal field. Its matrix representa-
tion in the |J=2,M,) basis will be written as the follow-
ing (the matrix elements are taken from Ref. 23):

| 4+2) [+1) [0) [—1) |—2)

¥ 0 0 T 1+

0 -1 0 0 | +1)
Vi=c | O 3 0 0 [0)

0 0 [ 0 | —1)

2 0 0 0 + | —2)

()

where c is the crystal-field parameter. From the form of
the electron-hole interaction in (1) and the crystal field V.,
in (2), it is easy to see that these two interactions are of
equal strength for |b|=|c|. Solutions of (1) are
straightforward for the two limiting situations:
jb | <<|c| and |b|>>]|c|. In the first situation

(| b| << |c|), the cubic field splits the J=2 state into a
I, doublet and a I's triplet with an energy splitting equal
to —c The BE states are a I'g state and degenerated
(T4 Tg) states with oscillator strengths in the ratio 2:3.2
The opposite situation (| b | >> | ¢ |) corresponds to the
spherical symmetry, and the BE states are D3/, and Ds 2
states separated by <b. Their oscillator strengths are in
the ratio 4:1.2>%* For the more general situation
(b5£0,c5£0), numerical computations are necessary to get
the BE energies and their oscillator strengths. The result
is schematically shown in Fig. 3. The numbers in
parentheses represent the relative oscillator strengths of
BE states. Note that the oscillator strength of the I'; BE
state is independent of b and ¢, and equal to %.7 On the
other hand, the oscillator strengths of the two I's BE
states depend on the relative magnitude of b and ¢ since
these states are mixed by the electron-hole interaction and
the cubic field.

We have used (1) to fit the absorption data. Two con-
clusions can be drawn: (i) the crystal-field term is dom-
inant over the electron-hole interaction, and (ii) the
crystal-field parameter c is negative. In fact, best fits to
the Zeeman data are obtained for b~ —0.01 meV,
¢~ —0.11 meV (see Sec. IV). Computing (1) with this set
of parameter values, we obtain nearly degenerate I';,I'g
BE states at ~0.28 meV above a 'y BE ground state,
their oscillator strengths being in the ratio ~1.7:1. These
results are in good agreement with the absorption data in
Fig. 2.

To summarize, the low-lying- BE states of Li and Na
acceptors are derived from the J=2 two-hole state. The
cubic crystal field (¢ ~ —0.11 meV) is dominant over the
electron-hole interaction (b~ —0.01 meV) so that the
J=2 state first splits into a ground I'; doublet and an ex-
cited I's triplet. Then coupling to the I'¢ electron yields
BE states of I'g, I'7, and I'g symmetry in order of increas-
ing energy. We assign the AT"N* and 41N lines to the
I's and (I'y+T'g) BE states, respectively. The latter two
states are nearly degenerate because of the smallness of
the electron-hole interaction. It is interesting to note that
a similar level ordering has been observed for shallow-
acceptor BE in GaAs (Ref. 7) and InP (Ref. 8). Also the
cubic-crystal-field splitting (~0.3 meV) is comparable to
that measured for acceptor BE in GaAs (Ref. 7) (~0.18
meV), InP (Ref. 8) (~0.23 meV), Si (Ref. 24) (~0.3—0.4
meV), or for an exciton bound to isoelectronic Bi traps in
GaP (Ref. 26) (~0.28 meV). We do not know the magni-
tude of the hole-hole interaction for Li and Na BE. This
is because no absorption (or emission) line can be definite-
ly attributed to the T’y (K=+) BE state, although the
transmission spectrum of Na-doped samples exhibits a
small unidentified absorption peak Lmarked in Figs. 1(b)
and 2(b)] at ~1 meV above the 472 line. However, no
such feature is observed in Li-doped samples.
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FIG. 3. Diagram showing the fine structure of acceptor BE
in cubic semiconductors as a function of the hole-hole interac-
tion (a), the electron-hole interaction (b), and the cubic crystal
field (V). The parameters a, b, and ¢ (V,) are assumed to be
negative j;= j2=-§— (hole), j =% (electron). Numbers in
parentheses represent the relative oscillator strengths (see text).
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1IV. ZEEMAN EFFECTS energy (eV)
1.590 1.589 1.590 1.589

)
| 1 i T 7wr I T T T

o_ polarization
Hijcoon H o
Cu Cu

A. Experimental results

In this section we present Zeeman effects on the PL
spectra of Li- and Na-doped samples. The doping levels
are rather low (< 10"® cm~3) to avoid any broadening of ’ ;
BE lines. So the samples used in these experiments con- " |
tain an important amount of Cu (~5X 10" cm™3) and
Ag in addition to the diffused impurity Li or Na.

Figure 4 shows the PL spectra in magnetic fields of a
Li- and Na-diffused sample. The Cu and Ag lines are
easily identified from previous studies.!* The other lines
are due to Li and Na BE. Their behaviors in magnetic
fields are the same within our experimental conditions.
There is just a small energy shift of ~0.1 meV which cor-
responds roughly to the energy difference between the Al
and Al lines in zero field. Therefore, we will only dis-
cuss the Zeeman data obtained for a Li-doped sample in
the following.

Figures 5—7 show the Zeeman spectra recorded with H
parallel to the (100) and {111) crystallographic direc-
tions in the Faraday configuration (o ,o _ circular polari-
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features for Li and Na BE. o,
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FIG. 7. Same as in Fig. 5 but for the linear polarization .

zations) and in the Voigt configuration (7 linear polariza-
tion). Due to the presence of the strong Cu lines, it is not
possible to observe the complete Zeeman splittings of the
Li BE lines. It is clear, however, that the Zeeman spectra
of Li are more complex than those of Cu. For example,
the A% line splits into four or more lines for a given po-
larization o, o_, or 7. The anisotropy of the Zeeman
spectra is also stronger for Li than for Cu. Fan charts of
Zeeman effects are shown in Figs. 8—10. The solid and
open circles represent the relative energies of the Li and
Cu lines, respectively. Note the existence of diamagnetic
effects which tend to shift the lines toward higher ener-
gies.® The various solid and dashed curves drawn are the
results of the calculations as discussed below.

B. Discussion

The Zeeman data clearly show that the nature of the
BE states involved in the recombination process is dif-
ferent for (Li,Na) acceptors and (Cu,Ag) acceptors. In the
latter case, the BE ground state is a Iy (K=-;*) state
which is derived from the J=0 two-hole state.!* This
leads us to assume that the Li and Na BE ground states
are derived from the J=2 two-hole state. Their energies
in magnetic fields can be described by the following effec-
tive Hamiltonian:

Hpp=H,+H,+dH?, 3

E. MOLVA AND LE SI DANG 32

H=g,upgH j+KugH-(ji+j2)
+Lpglix +jo)He+ 00 1, @

where j= %, j1= j2=—;—. H, represents the zero-field
Hamiltonian given in (1), H; the linear Zeeman effect,
and dH? the diamagnetic shift.” up is the Bohr magne-
ton, g, is the electron g factor, K and L are the hole pa-
rameters corresponding to the isotropic and anisotropic
Zeeman effect in a I'y state, respectively.?’

The final state of the recombination process is the ac-
cepz);or Ty state. The Zeeman effect in this state is given
by

Hy =KugH j+Lpg(iH + ) (5)

where j=3. Here we have assumed that (i) the Zeeman
effect in the acceptor state is the same as that of the hole
in the BE states, (ii) the diamagnetic shift in the acceptor
state can be neglected. To simplify the fitting procedure,
we further assume that the g,, K, and L values are those
we have already determined for the Cu and Ag BE:!3
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FIG. 8. Fan diagram showing the Zeeman effects observed
for excitons bound to Cu (open circles) and Li (solid circles) in
CdTe, for the o_ polarization and H||{100) and (111). The-
solid and dashed curves are the results of the calculations (see
text).
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FIG. 9. Same as in Fig. 8, but for o, polarization.

g.=—177,
K=+0.61, (6)
L=—0.04.

Thus the Zeeman effects have been calculated with only
three adjustable parameters: b (electron-hole interaction),
¢ (crystal-field term), and d (diamagnetic shift). The best
fits to the data have been obtained for

b=(—0.012+0.005) meV ,
¢=(—0.11%+0.01) meV , (7)
d=(1.6+0.1)X10"* meVkG~2.

Comparisons of calculations and experiments are shown
in Figs. 8—10. The solid curves are the Zeeman splittings
of the Cu BE lines calculated as in Ref. 13 but with a
slightly smaller diamagnetic shift, d=1.32x10"*
meVkG~2 The dotted and dashed curves represent the

" calculations for the Li BE lines obtained by using the sets
of parameter values (6) and (7) in Egs. (3) and (5).

As expected, the fitting of the Li lines is more complex.
We have not attempted to calculate the emission intensity
of the transitions which depends on the oscillator strength
and also on the population distribution within the BE

JT polarization
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FIG. 10. Same as in Fig. 8, but for 7 polarization.

states. The determination of the population distribution
requires a detailed analysis of the dynamics in a ten-level
system. This is a delicate task, particularly when the
recombination and relaxation rates are not well known.
Instead, we calculate the oscillator strengths of all possible
transitions for a given magnetic field direction and polari-
zation (see the Appendix), and the results are normalized
to 1. In the figures, transitions with oscillator strengths
smaller than 0.1 are represented by the dotted curves,
those with oscillator strengths larger than 0.8 are
represented by the solid curves. The other cases are
represented by the dashed curves, the dash length being
approximately proportional to the oscillator strength. It
can be seen that the oscillator strengths actually vary with
the applied magnetic field due to interplays between the
electron-hole interaction, the crystal-field term, and the
Zeeman effect. As shown in the figures, the Zeeman
splittings are very well reproduced for H parallel to the
(100) and (111) directions and for the three polariza-
tions 0, o_, and 7.

The good agreement between the calculations and the
experiments for either absorption (see Sec. III B) or PL in
magnetic fields justifies the assumptions we have made
above. It is interesting to note that the diamagnetic shift
is about the same for exciton bound to Li, Na, Cu, and Ag
acceptors. This effect is well explained in terms of the
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pseudodonor model.’ In the model, the two holes of the
acceptor BE are bound by the short-range potential of the
acceptor. This in term produces a long-range Coulomb
potential which binds the excitonic electron in donorlike
states. Therefore, the diamagnetic shift observed is that
of the hydrogenic donor in CdTe.!3

V. SUMMARY

We have investigated the fine structure of acceptor BE
in CdTe. We have shown that (i) in the j-j coupling
scheme, the level ordering of the J=0 and 2 two-hole
states is inverted for deep- and shallow-acceptor BE, and
(ii) the cubic-crystal-field effect is dominant over the
electron-hole interaction. For Li and Na shallow accep-
tors, the low-lying BE states are derived from the J=2
two-hole state. The latter is first split by the cubic crystal
field into a ground doublet I'; and an excited triplet I's.
Then interaction with the excitonic I'¢ electron yields the
sequence of I'y (K=73), I'; (K=7), and T'y (K=73) BE
states in order of increasing energy. The A4} (i=Li, Na)
line has been assigned to the exciton recombination from
the ground 'y BE state and the A, line to the exciton
recombination from the excited and nearly degenerated I';
and 'y BE states. The I’y (K= ) BE state deriving from
the J=0 two-hole state has not been observed in the
present work. For Cu and Ag deeper acceptors, the level
ordering of BE states is just inverted. Thus the BE
ground state is the 'y (K= +) state which corresponds to
the A4 (j=Cu, Ag) line. The broader line 47, at higher
energy has been tentatively identified as due to unresolved
g (K=2), T'; (K=17), and Ty (K=2) BE states. The
above assignment has provided a satisfactory account of
all magneto-optical data presented in this paper.

APPENDIX

In this appendix we examine (i) the matrix representa-
tion of the linear Zeeman effect in the j=3 acceptor state

R R N e R
rd (p—igq)C 0 (p +ig)D
H,=pgH (p+ig)C rB (p —iq)E 0
0 (p +iQ)E —rB (p —ig)C
(p —iq)D 0 (p +ig)C —rA
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and in the BE states, and (ii) the optical selection rules for
an arbitrary orientation of the magnetic field.

1. Linear Zeeman effect

Let Oxyz be the coordinate system corresponding to the
three fourfold crystal axes. We take the set of basis func-
tion |j=3,j,) for the acceptor, and the set of basis func-
tion |J=2,J,)|s=3s,) and |J=0)]|s=+,s,) for the
BE. The quantization axis is z.

The two-hole states |J=2,J,) and |J=0) can be ex-
pressed in terms of the one-hole states |j==,j,):

lz,iz>=i%2<it—i—>wt%>z—|t%>1|i%>z>,

]2,i1)=i‘—lfz—(li%>1l¢%>z—IWT%)lIi%)z)a

(A1)
120)=F(+3h =3 = =3 hl+3)
i+l == —ahl+)),
10,00 =]+ =3 )= =3 Nl +3)

1

=+ Th ] =T =t +2)2),

where |j,);= |j==,j,) of the ith hole (i=1,2).
The matrix representation of the linear Zeeman effect
(5) in the acceptor basis |j =73, j,) is well known:?’

(A2)
)

1
2
|~

A=3K+%L, B=5K++L, C=V3(K+%L), D=3L, E=K+3L,

p=H,/H=sinfcosp, q=H,/H =sinfsing, r=H, /H =cosO. (6,¢) are the polar and azimuthal angles of H in the

coordinate system Oxyz.

Making use of (A1) and (A2) one obtains the matrix representation of the linear Zeeman effect in the two-hole basis

[ J=2,J,):
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| +2) | +1) |0) | —1) | —2)
A (p—igE 0 —(p +ig)D 0 | +2)
V3 p q y4 q
. | p+igE  r(D+E) V2(p—ig)C 0 —(p +ig)D || +1)
upH 0 V2(p +iq)C 0 V2(p —igq)C 0 |0) (A3)
—(p —iq)D 0 V2p +ig)C —r(D+E) (p—ig)E ||—1)
. 4
0 —(p —ig)D 0 iQ)E = ——— -2
(p —iq) (p +iq) 7 rC || =2)
[
The Zeeman effect in the electron basis |s=+,s,) is P,.=P, ,
given by (A7)

l+35) | =3
) p—ig | |+73) (A4)
?ge,u'BH . :

p +igq —r | —5)

(A4) is also the matrix representation of the linear Zee-
man effect in the BE states |J=0)|s=+,s,). From
(A3) and (A4) it is straightforward to get the matrix rep-
resentation of the linear Zeeman effect [Eq. (4)] in the BE
states |J=2,Jz) |s=1,s,).

2. Optical selection rules

We consider electric dipole transition from the initial
state |i) to the final state | f). Its transition probability
is proportional to | {f | e'p|i)* where e is the unit vector
in the direction of the electric field polarization, and p is
the dipole moment operator. In practice, the light polari-
zations are defined with respect to the direction of the ap-
plied perturbation (magnetic field, uniaxial stress, etc.).
Let Ox'y’z’ be the “polarization” coordinate system, with
0z’ in the direction of the external magnetic field H, for
example. In this polarization coordinate system, we de-
fine the linear polarization 7 and circular polarizations
o, ando_,

er=e; ,

(A5)
1,
ei=+—7z(exize;) .

The unit vector e can now be written
e=uye,+uye,+ue;=u e, +u’,e,+u_e_, (A6)
with

' ,
Ur=U; ,

A | P
ui—+—‘/—§—(ux+zuy) .

Then it is easy to see that absorption (emission) selection
rules for the polarization 7, o, and o_ are governed by
the dipole moment operators P, (P), P', (P'_), and P’_
(P, ), respectively,

Pu=¥ = (P, tiF}).

Since the polarization coordinate system does not al-
ways coincide with the Oxyz coordinate system chosen for
the basis functions, we derive the relationships between
the dipole moment operators defined in these two coordi-
nate systems,

P, = S‘l;l_f(—e_""‘P+ +e¥P_)+cosOP, ,
(A8)
, 1tcos® _; 1Fcosf ; sinf@
P == e bp, +———"e¥P_+ 75 P,

where (60,¢) are the polar and azimuthal angles of H in
the Oxyz coordinate system.

In this paper we are interested in exciton recombination
from the initial BE states

| Jss )= |T=2,0,) |s=7,5,)
to the final acceptor states
|Jz>E ’.1:%’.]2> .

The only nonzero matrix elements of dipole moment
operators are the following:

7 polarization

(+1|P, |¢2;$%>=—%3,
(3| ene =4, (A9)
CE3IP O3 =+
o, and o_ polarization
(i%[P;!tZ;i%)=——‘7%,
(x4 |Ps] 227 H=—,
1
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1

(F+|Ps lo;i-}>=+7—1—2— )

(F5 Pz [0F7)=—7,

The upper and lower signs correspond to the o, and o _
polarization, respectively.

For completeness, we give also matrix elements of tran-
sitions from the BE states |0;s,)=|J=0) |s=,s5,) to
the acceptor states |j,):
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7 polarization

1
<i%le|0;i%)=—7—g-

o and o_ polarizations

-1 1
TP |0t )=——+1=,
<+2’ ¢| ) m

(F3 1Pz 10;F5)=—7.

The upper and lower signs correspond to the o, and o_
polarizations, respectively.

*Present address: Centre d’Etudes Nucléaires de Grenoble,
LETI/CRM 85X, 38041 Grenoble Cédex, France.
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