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We present stress-dependent photoluminescence measurements on excitons bound to neutral ac-

ceptors in InP. We analyze the experimental results in two theoretical schemes: a j-j coupling
scheme and a crystal-field scheme. We find that the triplet structure of the (3 X) complex results
from hole-hole coupling in the cubic crystal field. We show that the three bound-exciton states cor-

respond to 1 8, I 7 8, and I 6 in order of increasing energies, the electron-hole exchange energy being
found to be vanishingly small.

I. INTRODUCTION

The multiplet structure of excitons bound to shallow
neutral acceptors (A X) clearly exhibits three recombina-
tion lines which have been investigated quite extensively
in many semiconductors with diamond or zinc-blende
structures. Basically the bound-exciton states are
made of an electron and two holes localized into the
Coulomb field of the acceptor. The two identical holes
with j= —', couple to form a singlet j=0 and a quintet

j=2. In order to account for the triplet structure of the
radiative recombination spectrum, another interaction
must be taken into consideration which gives rise to a
splitting of the j =2 two-hole state. This interaction may
be either the electron-hole exchange or the cubic crystal
field. No effect associated with a mixing of these two in-

teractions with comparable magnitude can be seriously
taken into consideration since, in this case, four recom-
bination lines would be resolved. This is opposite to the
experimental finding.

In the j-j coupling scheme (jjcs), the further interaction
of the two-hole states with the electron yields j = —,', —,',
and —', . The crystal-field splitting of the j = —,

'
quintet is

assumed in this case to be vanishingly small. According
to this scheme, White et al. assign the three (3 X)
luminescence lines in Inp to the recombination of the

j = 2, 2, and —,
' states in order of increasing energy. This

assignment fits the intensities of the absorption lines

which they find in the approximate ratios 1:4:I as re-

quired from the jjcs. However, concerning the magnetic
behavior of the complex, no parameter could give a good
fit in both 0 and m. polarizations. These authors in fact
came to the conclusion that the complete interpretation of
the magnetic data remains obscure. They could not
achieve a reliable series of splitting factors for the holes
and the electron using normal Zeeman theory and neglect-
ing the crystal-field effects and the interaction with neigh-

boring exciton states. In the closely related compound
GaAs, Schmidt et al. ' proposed also, from stress-
dependent experiments, the jjcs. However, in spite of a
correction of the energy levels obtained by introducing a
small crystal field, they could only fit two lines to the

theoretical model. Six other transition lines, and between
them the strongest one, remained significantly below the
calculated values. In view of these discrepancies, the au-

thors came to the conclusion that some admixture of the
antibonding (j=1,3) two-hole states into the bonding

(j =0,2) ground states had been introduced by the
electron-hole exchange interaction.

In the crystal-field scheme (CFS), the ordering of the
levels is quite different. The j =0 and 2 two-hole states
give rise to I', (j =0) and I 3+I, (j =2). A further cou-

pling with the electron gives I 6 (I i), I s (I 3), and I 7 8

(I 5). The splitting I 7-I 8 associated with the electron-hole
exchange interaction is assumed to be vanishingly small.
In this way, both Elliott et al. and Weber et al. " con-
cluded that the series of (A X) lines associated to Al, Ga,
and In in silicon corresponds to the radiative recombina-
tion of the I 6, I 7 s, and I s (CFS) states in order of in-

creasing energy.
In this work, we investigate the stress-induced splitting

of the (2 X) complex in InP. If the basis states of the
complex are spherical, as required in the jjcs, the stress
behavior of the energy levels must be independent of the
stress direction to the first order. On the opposite, if they
are cubic states, as required in the CFS, the stress
behavior must depend on the stress direction. We used
high-resolution luminescence experiments, performed at
1.6 K, on high-quality vapor-phase-epitaxy (VPE) sam-
ples. Working with both [001] and [110]stress directions,
we establish that both splitting patterns are not
equivalents. This supports the CFS. This conclusion is
strengthened by carefully considering the fits obtained in
both the jjcs and CFS. Only the last one accounts satis-
factorily for most experimental data.

II. THEORY

A. Basis states

1. Tue-hole states

The ground state of the bound exciton is made of an
electron with spin s = —, associated with the I 6

conduction-band minimum, and two holes with angular
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momentum j=—,
' associated with the I 8 valence-band

maximum. On account of the Pauli principle, the vector
coupling of the j= —,

' momenta of the holes results in two

antisymmetric states: j=0 of energy Eo+ —„y and j =2
of energy Eo+ —,'y. In atomic theory, ' the j-j coupling
for the configuration (np) gives rise to a j=2 state lower
than j=0. This result has been recently extended' to
solid-state physics by using an effective-mass Hamiltonian
in the spherical approximation: The j-j splitting in atoms
applies directly for the I s bound holes with an s-like en-

velope function. As a result, in the bound-
exciton —neutral-acceptor complex, the energy of the j=2
state should be lower, i.e., y should be positive. This re-
sult has been verified for excitons bound to Zn in GaAs,
InP, and GaP.

The exchange energy y depends upon the hole-hole
overlap and the resulting states are built of linear com-

inations of functions
I ji, lml, I ) I jl, 2mi, 2) hereafter la

beled
I ml, l, mh2). The coefficients of the different com-

binations are the Clebsch-Gordan coefficients and the hole
basis functions are the following: for jl, ——0,
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2. j-j coupling scheme

In this scheme, the two-hole states j=0 and 2 couple to
the spin- —, electron to form a state j=—, of energy

Eo+ 4 1', R stRtc J =
~ of cllcrgy Eo+ 4 1'+ 5 5 Rnd R stRtc

j= —, of energy Eo+ ~ y ——,5. The exchange energy 5 de-

pends upon the electron-hole overlap and the resulting

states are built up of linear combinations of functions

I ji, mI, ) I j,m, ). Again the coefficients of the different

combinations are the Clebsch-Gordan coefficients. Tak-

ing account of Eqs. (1(a) and 1(b)} and labeling the zero-

order functions
I mt, l, mt, z, m, ), the bound-exciton basis

states are the following: for J = —,',

From now on we have two differcllt ways to dcscrlb«he
manifold associated to (+ X), depending on wh«her wc

use the jjcs or the CFS.
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All energy levels obtained in this way are shown in Fig. 1(a) with 5 positive. This ls the levels ordenng proposed by

White et al. in InP and Schmidt et al. 'o in GaAs.

In this scheme, after coupling the two holes in a spherical model, the j=2 two-hole state is split by the cubic crystal
field. This gives rise to a I 3 doublet of energy Eo+ 4 y+ —', p and a 1 s triplet of energy Eo+ —,

'
y ——', p. p is the crystal

field-splitting energy. As a consequence the two-hole basis states will be taken as the
I

1 I), I I3), and
I
15& states.

They are given as a function of the
I mp, I,ml, 2) states quantized along the I001] crystallographic direction by, for I I,
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on account of the presence of the electron, i we
e interaction to be van-consider the electron-hole exchange in

in 1 small, the bound-exciton states are simply t e
product of the two-hole cu ic s a e
tI'OQ StatC I 62

I I =I 8, I 5 I 6
——I 7+ 8

—— 7 8 .I =II $I 6—

C CXChangC lntC1 RCtlon I 7 RQ 8Vhthout electron-ho1C exc Rng
crate. Thc energy 1cvcls obtalnc ln ls

. We have taken P & 0 in agreement

% ith our cxpcriIDrlIDcnta1 results discussed ln cc.
8. Stress dependence

lied to the crystal, theVfhen a uniaxial stress ls Rpp
'

m m l, m, ) zero-order statess'tress dcPcndcncc of tllc
I mgt, ms2, q d t t s

lclcs. of course, 111 tllc
I mg t, my 2,mq
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eluding the following.

(i) The hydrostatic component is given by

A 1
——(2a's+a*, )(Sii+2S12)X,

a' ) is the hydrostatic deformation potetential of
the bound hole (electron) and S;J are

taken toRQCC COQStants. 1S C. X the stress magnitude and is ta en to

state, 1.c., to thc sp1itting of thc I 8 valence Rn . inc

~ the & X) states has been ob-the stress dependence o the
t icall up

bar see Figs. 6 and 7), the stress-induced coupling

b d wi11 be ignored, In other word, p
'

e n an e
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=—' and —to Imq I
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' '
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exp rcsslons

b'(Sit —S12)X, for XI I [001],
d'/2t 3S~X, for X

I I [111],
—,[b'(Sii —S»)'+-.'d'S~]'", for XII[110].

iso the ls'b' an are ed d' th shear deformation potentials o the ls
The differ slightly from b and d,d theacccptol' state. cy 1 d

WC - QO%'n11-k n deformation potentials o e
m m ) zero-orderband. The splitting of the Imi, t, ms2, m,

states Rrc then given bp

+26, foi" pllic
I

+
~

+ 2,mq ) states,

hE= 0, for pure I+ —,', + —,',m, stStatCS 2

—2c, for pure
I

+ —,', + —,',m, ) states .
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h d endence of these elementary corn
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the stress epen
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ton in the following three different cases.
(i) We just take account for the exclusion principle and

neglect all additional interaction [see Eqs. (la) and (lb)].
(ii) We apply the jjcs and work with Eqs. (2a)—(2c).
(iii) We apply the CFS and work with Eqs. (3a)—(3c).

h, h e&

I
+ 3iz + Siz + 'I~2)

}+312, + 'llz, + 1/2 )

I+ 1iz, + uz, + qi z)

Neglecting all interactions but the two-hole coupling
and the exclusion principle, we get the stress dependence
illustrated in Fig. 2(b). Two states,

I
2, +2)

I
+1/2) and

I
2, +1)

I
+1/2), are pure combinations of

I
+3/2,

+1/2, +1/2) basis states. They are not affected by the
shear components of the stress and behave like the inter-
mediate state in Fig. 2(a). Two states, I0,0)

I
+1/2) and

I
2,0),

I
+1/2), are admixtures of

I
+3/2, +3/2, +1/2)

with
I
+1/2, +1/2, +1/2) basis functions: they have to

decouple. This corresponds to a nonlinear behavior. In
the low-stress regime, and because of the antisymmetric
nature of the envelope functions, the two opposite
bchav1ors caQccl. Then onc gets a pos1tvc component,
with asymptotic slope 2e, only made of

I
+3/2+ 3/2, + 1/2 ) states and a negative one,

with asymptotic slope —2e, only made of
I
+1/2, +1/2, +1/2) ones.

3. J-J coupling scheme for the bound exciton -complex

On the basis of the J=—,, —,, and —, states which diago-
nalize the bound-exciton states at zero stress [Eqs. (2a)
and 2(b)], the strain-matrix is written

I+$12, +SIz, +112)

cb)
I+ slz, + iI 2,+ &I z )

PIG. 2. (a) Shear dependence of the bound-exciton complex
as given by a zero-order approximation which neglects all possi-
ble interactions. Only three possible behaviors are predicted: a
positive component, with slope 2e, associated with two holes

I ms I
= z ', a negative component, with slope —2e, associated

with two holes
I mq

I
= i; and an imperturbed level associated

with two holes of different spins whose shear dependence always
cancel. (b) Shear dependence of the bound-exciton complex tak-
ing account only of the two-hole coupHng. Two components
with J„=2 are pure combmaiions of

I
+ —,', + —,', z —,') basis

states. They will not be affected by the shear components of the
stress. Two components are antisymmetric admixtures of

I
+Tg+I&+ 2 } and

I
+ i i 2 i,+T }. T11cy dccouple to give a

3 3 1 1 1 1

pure
I
k 2, k T4 2 } state (slope 2e) and a pure

I
+ 2, +T, + —, )

3 3 1 1 1

state (slope —2e).

I i +-'&

E1+-y

—3X30

Ei+ 4}'—i&

Ei+ —'}'+ 5 &

where Ei En+Hi. Eo is ——the zero-order energy of the
bound cxclton.

Again we notice that since the bound-exciton states are
made of antisymmetric components of the two-hole states,
we cannot get shear-induced terms associated with the di-
agonal components of the strain matrix. Moreover, since
Eqs. (2b) and (2c) show that both

I
—,, + —,

' ),
I

—,', + —,
' ),

and
I

—,', + —', ), are made of a pure combination of
I

+ —, , + —,, + —, } basis states, they must be totally insensi-
tive to the shear component of the stress. This is indeed
what is found. On the other hand, three states

I
—,', + —,

' ),
I

—', , + —,
' ), and

I

—', , + —,
' ) are made of admixtures of

I

I+ —,', + —,', + —,'), I+ —,', + —,', + —,'), and I+ —,', + —,', + —,')
wave functions. They are stress admixed and, of course,
have identical mj. . Increasing the perturbation, we expect
them to decouple and give: A high-energy component
with slope 2e, a low-energy one with slope —2e and an in-
termediate one, insensitive to the shear part of the pertur-
batlon.

The quantitative results agree with this qualitative
viewpoint. The stress dependence of the (A X) states are
given by
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$V3 ——Ep+A )+ V2,

8 )
——Ep+A)+ V3,

1 2p 2
——Ep+ 4y —T6+A),

1 3
W4 E—,—+ , y+—,o+—Ai,

(5b)

(Sc)

(5d)

(5e)

the (A ) final states. Since the stress dependence of the
neutral-acceptor states can be simply written as

WU A——t, +e (
~

m~
~

= —, bound hole),

WL
——Ai, —e (

~
mq

~

= —, bound hole),

where V„V2 and V3 are the eigenvalues of the 3)&3 ma-
trix. The state of energy W2 is twofold degenerate and
corresponds with wave functions

~

—,, + —, ) and
~

—,, + —,
' ).

We note that according to the fact that the zero-stress
basis states are spherical ones, the strain matrix is the
same for all stress directions provided we take the stress
direction as the quantization axis. In other words we ex-
pect a qualitatively identical splitting for the bound-
exciton states whatever the stress direction is. In the next
section this will be discussed in light of the experimental
results.

In luminescence experiments we are interested in radia-
tive recombinations between the (A X) initial states and

I

with Ai, =a't, (S»+2Si2)X, we can deduce the stress
behavior of all transitions lines from the energy difference
W; —WJ, where i runs from 1 to 5 and j= U, l.. All re-
sults are summarized in Fig. 3(a).

4. Crystal field -scheme

Let us neglect the electron-hole exchange interaction.
The I'7 8 two-hole cubic states remain degenerate and the
shear components of the strain matrix can then be written
on the basis of the

~

I i ),
~

I 3), and
~

r5) states which
diagnonalize the two-hole states at zero stress [Eqs.
(3a)—(3c)]. The shear-strain matrix may be written

~r & ~rp& ~r, & ~r~ & ~r & ~r'&

4y —sp

—,'y ——,
'
p (6)

—,'y+ —', p

iy+ sp

W. =E.+ .' y+ —,'. P+A, +-[-,' (y ——,'P)'+4e']'",
1 2

W3 ——Ep+ 4 y —
5 P+Ai,

W2 Ep+ , + 5 P+A——i, —

Wi =Eo+ .y+ i'o P+A—i [4 (y
'
, P—)'+4e'—]'"—.

(7c)

The state of energy W3 (I q states) remains threefold de-

generate. For X~~[111],

Wi =Eo+-, y ——,P+A i+ [-,' (y+ -, P)'+42]'",
W2=Eo+ .'y ,'P+Ai -[-.'(—y+—',P)'+—4e']'", -

1 2
W3 Ep+ 4 y ——,p+Ai, ——

W4 Ep+ ,' y+ —,
' p+A,'—.——

(8b)

(8c)

(8d)

where for X~ ~[001], p =q =0 and r =2@; for X~ ~[111],

p =q =(2W3)e and r =0; and for X ~[110], p =V3e,
q =0, and r = —e.

For X~ ~[001] or X~ ~[111],all energy eigenvalues can be

obtained analytically. For X~~[110], the matrix Eq. (6)

must be solved numerically. Taking into account the hy-

drostatic components, the stress dependence of the various

(A X) states are then given in the following. For

xii[001],

The states of energies W3 (I 5,1 &') and W4 (13' ) are

twofold degenerate. For X~ ~[110],

8'5 ——Ep+A] + V],

W, =E,+A, +V, ,

W, =E,+A, +V, ,

W4 =Eo+ .' y ,
' P+A i, ———

W2 =Eo+ .' y+ ,'P+A i, ——

(9a)

(9b)

(9c)

(9e)

where Vi(i =1,3) are the eigenvalues of the 3X3 matrix
on the basis r»r5", I 3. The state of energy W4 is twofold
degenerate.

Just like in the case of the jjcs the stress behavior of the
transition lines is given by the differences W; —WJ. The
results are summarized in Figs. 3(b) and 3(c) for the stress
directions used experimentally. Let us first remark the
fundamental difference between the [001] and [110]direc-
tions. In the first case we find four different (A X) states,
while in the second case we find five different (A X)
states. This result corresponds to the fact that a [001]
stress does not split a I 5 manifold.

The next point we want to remark is that, whatever the
coupling scheme is, in both cases we must reach an

asymptotic behavior characterized by only four different

slopes: A —3e,(A+3m), which corresponds to the radia-
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(cFs) (cFs)
stress

1/2
3/2
5/2

6

les T

(Ao)
3/2 I i

I) sr ~~l

lr
~r+

II

FIG. 3. Shift and splitting of the (&og) and (&o) states illustrating the stress dependence of the corresponding transition lines.
Hydrostatic deformation potential of the bound hole aq is assumed to be zero. In upper part of the figure, the dipole-allowed transi-
tions are indicated by arrows for 0. polarization (dotted-dashed lines), m polarization (dotted lines), and both polarizations (full lines).
Double arrows correspond to the main recombination lines on account of the thermalization effects. In lower part of the figure, full
lines correspond to low-energy (Ao) state (L) and dotted lines to high-energy (Ao) state ( U). (a) jjcs, and (b) and (c) CFS with p & 0 in
agreement with our experimental findings.

tive recombination of a complex made of two identical
holes

~
ms

~

= 2, (
~
ms

~

=
2 ). One of them recombines

with the electron while the second relaxes to a (A ) state
with ~ms

~

= —,', ( ~ms
~

= —,'). This is a two-hole process.
A —e, (A +e), which corresponds to the simple radiative
decay of a complex made of two different holes. The hole

~mt,
~

= —,', (
~
ms

~

= —,') recombines with the electron. The
second hole,

~
mt,

~

= —,
'

(
~
ms

~

= —,
'

), is left unchanged.

lnp
1-6 K

DOX

The samples were x-ray-oriented and cut along a [001]
or [110]direction. This resulted in small parallelepipedic
samples of approximate dimensions 0.35 && 1.5 )& 8 mm .

The (A X) luminescence lines were investigated at

III. EXPERIMENTAL TECHNIQUE

The apparatus used in these experiments consisted of a
Jobin-Yvon Tres Haute Resolution (THR) spectrometer
with a resolution of typically 0.1 meV. In order to correct
the spectrometer polarization a Spectra Physics 310-21
polarization rotator was used. The excitation source was a
250-p W He-Ne laser.

The samples used in these experiments were high-purity
[100] epitaxial layers of Inp. The layers were n type, not
intentionally doped, with a free-carrier concentration of
about 3.10' cm at 77 II and an electron mobility of
typically 90000 cm /Vs. They were kindly provided to
us by Dr. D. S. Robertson [Royal Signals and Radar Es-
tablishment (RSRE), Great Malvern, England]. The
centers responsible for the donor bound exciton and the
acceptor bound exciton are not chemically identified.
However, following the experimental results discussed by
White et al. ,

' the luminescence spectrum associated to
the (A X) complex is in agreement with the residual Zn
acceptor.

I-
(hx
I-z

Aox

V
2!
V
V)
4J
R
K
D

Doh ( g

X

I

1415
I

1417
ENERGY (meV)

I

1419

FIG. 4. Typical photoluminescence obtained at 1.6 K from a
high-purity epitaxial layer.
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(Ao X) X=0

I

'l4'l5
I

I

l I
I I

X~~ LOOQ
I

I

X=80 bars
I

I

I

2I

1lc4u~

X~~ D1(o
I

pumped-liquid-helium temperature using a conventional
stressing apparatus already described. 's A piezoelectric
quartz transducer positioned just below the sample con-
trols the strength.

IV. EXPERIMENTAL RESULTS

A. Zero stress

Our experimental spectrum (see Fig. 4) displays the four
sets of lines characteristic of high-purity samples. In or-
der of increasing energies the structures correspond to
various exciton-impurity complexes: (A X), (D+X),
(D h), (D X), and the free exciton, X. The fine structure
resolved for (AOX) presents two strong lines separated by
0.23 meV and a third one, very weak, situated about 0.25
meV above the higher-energy strong line. Depending on
the coupling scheme I&l or I&l =023 mA' T"e
choice of the scheme will be discussed in the next section.

B. Stress dependence

%'e have investigated the effect of a compressive stress
directed along both [001]and [110]crystallographic direc-
tions. Since the fine structure of the stress dependence as-
sociated to the radiative transition (A X)—(A ) is only
resolved under very-low-stress conditions, up to typically
200 bar, wc llad to pcrfo1111 R sul'table stl'css ca11bratlon.
On the other hand, it is very difficult to measure with suf-
ficient accuracy a very small uniaxial stress applied to the
surface of the sample. This is the reason why we choose
to use as a strain gauge the energy shift of the center of

ENERGY (meV)

FIG. 5. Typical photoluminescence spectra obtained at 1.6 K
under [001]Rnd [110]stress.

gravity of the linear components given by
A =a'(Sii+2S, 2)X. Since the effective-mass Hamiltoni-
an of the acceptor has the same symmetry as the one of
the valence band, both have identical hydrostatic deforma-
tion potentials. ' We used the experimental value
a =a'= —8.0+0.4 CV (Ref. 17) deduced from
wavelength-modulated reflectivity measurelnents per-
formed under uniaxial stress conditions at liquid-helium
temperature. We use for SJ the values' (in bar '),
Sl 1

——1.644 X 10, Sip ———0.594 X 10, and S44
=2.174& 10

Tllc s'tlcss spllttlllg of tllc 'tlansltloil llilcs Rl'c sllown 111

Fig. 5. For the [001] stress direction, the structures are la-
beled in agreement with the diagram presented in Fig.
3(b). Clearly we observe all the transitions lines 1L, 2L,
and 3L (corresponding to the final acceptor state

~
ml,

~

= —,
'

), and 1U, 2U and 3U (corresponding to

~
mI,

~

=—', ). For this stress magnitude, the small feature

3U is mixed with the strong 1L one. It could only be
resolved below 40 bar. Also resolved at very-low-stress
conditions are the 4L and 4U transitions, which corre-
spond to the higher-energy initial state. When increasing
stress, this state becomes unstable because of thermaliza-
tion effects.

For the [110] stress direction we again resolve five dif-
ferent lines labeled in agreement with Fig. 3(c). Clearly
we observe the 1L, 2L, 3L, 4L, and 2U+3U lines. The
4U luminescence line is mixed with the strong 1L one.

Both for [001] and [110]stress directions the identifica-
tion given in Fig. 5 results from the analysis of the stress
dependence given in Figs. 6 and 7. In both cases the
stronger line corresponds to the 1L transition. This re-
sults from a thermalization effect in both the initial (1)
(A X) state and in the final (L) (A ) state. It is
noteworthy that the weak 1U transition line which ap-
pears for a [001] stress does not appear with a [110]stress
direction. In both cases this line is expected to be very
small because it corresponds to a "two-hole" transition.
Indeed, in this transition, the process involved is the fol-
lowing one: The initial state (A X)(1) is made of one elec-
tron and two light (

~
m)

———,
'

) holes, and the final state

(A )(U) corresponds to a heavy (
~ mj

~

= —,
'

) hole. In the
recombination process the bound exciton recombines (the
electron with one

~

m
~

= —,
'

hole) producing an excitation
of the remaining bound hole from the

~ mj ~

= —,
' low-

energy state to the
~ mj ~

=—', higher-energy acceptor state.
It is not so easy to understand why this transition appears
only under [001] stress direction and not for [110]. The
simplest possible explanation is the following. The top-
most valence band has I s symmetry (and similarly the ls
I s acceptor state). In this case a [001] stress preserves mz
as a good quantum number, but a [110]stress does not. In
other words, in the [001] configuration the two U and L
stress-split acceptor states are not stress coupled and have
different symmetries. On the other hand, in the [110]
configuration, U and L are stress mixed. As a conse-
quence the relaxation between these two states is expected
to be much more important in the [110] configuration.
Indeed the thermalization effects appear stronger in this
configuration, giving rise to a very short lifetime of the U
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those of a single acceptor bound hole.
In the jjcs the best fit was obtained with y=0. 39+0.02

meV, 5=0.23+0.02 meV, b'= —1.2+0. 1 eV, and
d'= —3.0+0. 1 eV. The positive sign of 5 corresponds to
the levels J= —,', —,', and —,

' in order of increasing energy.
This is in agreement with the assignment first proposed by
White et al. 2

In the CFS the best fit was obtained with
y=0. 34+0.02 meV, P= —0.23+0.02 meV, b'= —1.0
+0. 1 eV, and d'= —3.3+0.1 eV. The negative sign of P
corresponds to the levels I s, I 7s, and16 in order of in-

creasing energy. In this scheme, we could not get any sa-
tisfactory fit with positive values of P.

Let us consider the reduction factor of the shear defor-
mation potential of the bound holes. This factor depends
on the envelope function of the bound hole and can be cal-
culated approximately by using a Coulomb potential'

b' I

d

where p gives the strength of the spherical spin-orbit in-
teraction and 5 measures the cubic contribution. The
band parameters p and 5 have been introduced by Bal-
dereschi et al. ' as follows:

6y3+4y2 y3 —y2
,5=

where y~, y2, ad y3 are the Luttinger valence-band param-
eters. With the use of, for y;, the values given for InP by
Lawaetz, y~ ——6.28, y2

——2.08, and y3
——2.76, we obtain

@=0.79 and 5=0.11. Taking for the shear deformation
potentials of the valence band b = —2 eV, and d= —5

eV, ' we obtain for the calculated reduction factor the
values

b'/b=0. 46, d'/d=0. 53.

It is to note that d'/d should be greater than b'/b. Ex-
perimentally we obtain b'/b =0.60 and d'/d=0. 60 in the
jjcs and b'/b =0.50 and d'/d=0. 65 in the CFS all values
are comparable but only in the CFS we obtain
b'/b &d'/d.

V. DISCUSSION

Now we have to choose between the jjcs and the CFS.
At first glance, both models could fit the data quite satis-
factorily. However, after considering the experimental re-
sults in more detail, several arguments favor the CFS.

(i) First, consider the number of stress-split components
above the strong 1L line. Depending on the stress direc-
tion the experiments give two lines for [001] and three for
[110) (we do not consider the weak high-energy com-
ponents which only appear at very low stress). The jjcs in
both cases predicts three lines. The CFS predicts two
lines for [001] and three lines for [110]. Clearly the CFS
only is in very good agreement with experiments [see Figs.
7(a) and 7(b).

(ii) Let us consider now the magnitude of the zero-stress
splitting of the two strong lines, 0.23 meV. In the jjcs this
splitting must result from the electron-hole exchange in-

teraction. However, Stebe et al. ' recently calculated the
influence of the short-range electron-hole exchange in-
teraction on the (A X) ground state for direct-gap semi-
conductors. Using the band parameters of GaAs, they ob-
tain a theoretical exchange energy of 0.037 meV, which is
an order of magnitude smaller than the experimental
value. In such a condition, other effects must be invoked
in addition to, or in place of, the electron-hole exchange
interaction, in order to account for the experimental re-
sults. In the CFS the splitting of the two strong lines re-
sults from the crystal-field effect on the j=2 two-hole
state. The magnitude of this effect is 0.23 meV in InP
and 0.18 meV in GaAs. The latter value is directly ob-
tained from the experimental results of Ref. 10. A possi-
ble comparison can be made with the excitonic molecule
bound to a nitrogen trap in GaP. In this case the two-hole
state j=2 experiences clearly a crystal-field splitting
which has been measured to be 0.17 meV. ' A second
comparison can be made with Si:Al or Si:Ga where the
CFS is supported by measurements of the absorption in-

tensities. In this case the experimental data support
P=0.3 meV. Qualitatively, it is expected that the shorter
the Bohr radius of the holes, the greater the crystal-field
effect. In this way it is to note that the values of P given
above for GaAs, InP, and Si are approximately in the in-
verse ratios of the Bohr radius of the acceptor: 50.8 A',
41.2 2, and 25.5 A, respectively. '

(iii) Lastly consider the intensities of the three lumines-
cence lines at zero stress. The oscillator strengths of the
transitions have been calculated both in the jjcs by
White and in the CFS by Elliott et al. The results are
J=—', :1,J=—,':4, J=—,':1 in the first case, and I s.2, I'7s.3

and I 6.1 in the second one. Now let us consider the very
clear experimental data given by Schmidt et al. ' in
GaAs. From the temperature variation of the lumines-
cence intensities (Fig. 1 of Ref. 10), they deduce unam-
biguously the ratios of the line strengths, (1):(2) as
1.65+0. 1: 0.7+0.2 in order of increasing energy. Multi-
plied by a factor of 2, this gives a perfect agreement with
the CFS in order I ', I z s, and I 6. We have not measured
the temperature variation of the intensities of the lumines-
cence lines in InP, but a rough estimate, by variation of
the pump power, is in agreement with the CFS. This does
not agree with the experimental findings of Ref. 2. Con-
sequently, on account of the different considerations given
above, we believe that the (A X) lines result from the cou-
pling of the two holes in the cubic crystal field, i.e., the
CFS applies.

VI. CONCLUSION

We have investigated the experimental and theoretical
stress dependence of the neutral-acceptor —bound-exciton
complex in indium phosphide, and compared the experi-
mental results with the calculated ones. The theoretical
calculations have been developed on two different cou-
pling schemes: The jjcs and CFS. On account of several
considerations given above, we believe that the fine struc-
ture of the (A X) levels results probably from the CFS:
First the two holes couple to give j =0 and 2. The j =2
two-hole state then splits in the cubic crystal field into I 3
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and I 5. Taking account of the electron, without a notice-
able electron-hole exchange interaction, the resulting
bound-exciton states are I"s, I 7 s, and I'q in order of in-

creasing energies. We believe that this model also applies
to GaAs.
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