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We have performed stress-dependent photoluminescence measurements on excitons bound to neutral
shallow acceptors (4°X) in GaAs. From their temperature and stress variation three lines (at zero
stress) are proved to be due to the decay of (4°X) with the J = 5/2 state lowest. When low
uniaxial stress (0—2 kg mm™2) is applied these three lines split into 7 or 8 components, although at
high stress only one line remains with a stress shift equal to that for the conduction band to acceptor
recombination. A theoretical interpretation based on a bonding two-hole state analogous to the H,
molecule is found to agree well with the data when the effects of a weak crystal field are included.
Small deviations between this theory and experiment are presumed to indicate the importance of the
antibonding two-hole functions in the (4°X) wave function.

I. INTRODUCTION

The edge photoluminescence spectra of epitaxial
GaAs at helium temperature exhibit a complex of
two or three sharp lines near 1,5122 eV. These
lines have been found to be due to the recombina-
tion of excitons bound to shallow neutral acceptors
(4%x).! Using magnetic field emission spectra
and optical absorption in comparison with line-
strength calculations, White ef al.? assigned the
two main lines of the (A °X) in InP and GaAs to the
decay of the J=$% and J=3 states. The J=$ state
was found to lie lower in energy, although the Zee-
man spectra seemed to support the opposite as-
signment. A weak third line at higher energy was
identified as the J= 3 state.

Under uniaxial stress, the (A4°X) in InP was
found to split into several well-resolved lines.®
Under the assumption of T, symmetry and the ab-
sence of stress-induced interaction between the ex-
citon states, Bailey* calculated the stress split-
ting. In contrast, Morgan® neglected both the
crystal-field splitting of the two-hole state and the
electron-hole exchange interaction in analysing the
effect of uniaxial stress on the (A4 °X) in Gasb.

We have performed photoluminescence measure-
ments of the (A4°X) in GaAs under uniaxial stress
to clarify the following questions: (i) What are the
symmetries of the (A%X) states? (ii) What is the
influence of stress on the hole-hole and electron-
hole interactions? (iii) Does the assignment of
White et al. apply?

We shall show that the three lines belong to
(A°X) and can be labeled by the angular momentum
quantum numbers J=%, 2, and } in order of in-
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creasing energy, as identified in Ref. 2, although
the former two states are mixed by a weak crystal
field.

II. EXPERIMENTAL METHOD

The experimental arrangement is essentially the
same as used in Ref. 6. In addition to the stress
apparatus described there (range 2-70 kg, ac-
curacy ~0.15 kg), an apparatus for low stress
was used (range 0-10 kg, accuracy ~0.03 kg).

The undoped GaAs samples were grown by
liquid-phase epitaxy and contained silicon and a
little carbon as residual acceptors. By measuring
samples with different levels of silicon and carbon
we have determined that the amount of carbon in
our samples was not nearly high enough to produce
additional lines in the (A4 °X) complex. The Hall
carrier concentration of the n-type samples was
Np=N,4=(3.1£0.2)X10"® cm™. The samples,
typically 1.3X1.3X8 mm were cut parallel to the
three main lattice directions from a (110)-oriented
wafer with an epitaxial surface. The stress was
applied parallel to the long side of the slab.

III. EXPERIMENTAL RESULTS
A. Zero stress

At 4.2 K we observe three lines near 1.5122 eV,
as shown in the inset in Fig. 1. The two strong
lines are separated by 0.18 meV, and have half-
widths of 0.06 meV. The weak line lies 0.42 meV
higher than the lower line of the doublet and has a
half-width of ~0.09 meV. In the following we shall
label these lines by 5, 3, and 1 in order of in-
creasing energy, according to the assignment J

5002



11 STRESS EFFECTS ON EXCITONS BOUND TO SHALLOW...

TEMPERATURE (K]

5003

© 20 10 8 6 5 4 35
T T T T T T T
Iy/lg e I3/1s
GQ AS 53 J100 FIG. 1. Dependence
1 of the relative line strengths
10 I/I5 and I3/I; on tem-
r perature. The points are
I T the experimental results;
| LEFT HAND the lines are fits with a
SCALE . T mev slope corresponding to the
line spacing 0,42 meV
Fois for I;/I5 and 0,18 meV
Q?EJEHAND . —H10 for I;/I;. The spectrum
o1 1 is recorded at 4.2 K.
| | | | | |
0 005 ol 0.5 0.2 0.25 03

INVERSE TEMPERATURE [ K]

=35, J=%, and J=3 of White et al.?

To prove that all three lines belong to the same
exciton complex we show in Fig. 1 the intensity
ratios I, /I; and I, /I; in the temperature range 3.6-
9.4 K. Two straight lines through the experi-
mental points with slopes corresponding to —0.18
meV/k for I,/I; and —0.42 meV/% for I, /I (& is
Boltzmann’s constant) show the thermal population
of the higher states. The slopes have been taken
from the energy separation of the lines.

The high-temperature intercepts of the straight
lines in Fig. 1 give the ratios of the intrinsic line
strengths, I,:I;:;=(0.7+0.2):(1.65+0.1):1.
The differences between these ratios and the theo-
retical ratios 1:4:1 calculated by White” provide
a measure of the effectiveness of the cubic crystal
field in mixing the Iy (J=$2) state with the I'y com-
ponent of J=32. We discuss this mixing further in
Sec. IVB.

B. High stress

Under low uniaxial stress the three (A4 °X) lines
split into seven resolvable components. When the
stress is increased above 2 kg mm™ only one line
remains and shifts with [100], [111], or [110] :
stress in the same way as the band-acceptor re-
combination line. The half-width of this line is
about 0.2 meV, increasing slightly with stress.

It can be observed only up to ~15 kgmm™, since
at higher stress it overlaps the recombination line
of the neutral donor bound exciton,

In the range 0—4 kg mm™ the polarization (I,
-1,)/(I, +1,), where I, and I, are the intensities
parallel and perpendicular to the stress, respec-
tively, increases from zero to nearly 60%. A
60% polarization is expected in the limit of high
stress, where the transition is from M,=+3 to

M;=+% (see below). However, in the range 4-15
kg mm™ the polarization decreases linearly with
different slopes in the three stress directions.
Only a part of this stress dependence can be ex-
plained as due to the crystal field mixing. (See
Sec. V, below.)

C. Low stress

The splitting of the three (A4 °X) lines in the
stress range 0—2 kg mm™ is shown in Fig. 2 for
stress parallel to the [100] direction. The split-
ting patterns using stress along the[111]and[110]
directions are similar except that the slopes are
different owing to different deformation potentials.
The spectrometer polarization I, /I,=2.2 is not
corrected in Fig. 2, since the much stronger 7
polarized spectra in the higher strain range would
give a less clear picture. The details of Fig. 2
will be used in the discussion of the agreement of
theory and experiment in Sec. V.

IV. THEORY
A. Without the crystal field

The complex (A °X) consists of two holes and one
electron weakly bound to a negative acceptor ion.
The particles can be treated as effective mass
particles with a spin of  for the s,,, (I';) electron
and a quasispin of $ for each of the py;, (I'y) holes.
The binding resembles that of the two positive and
two negative particles in the H, molecule except
for the mass differences and spin differences which
contribute to the exchange coupling of the two holes
with each other and with the electron. In the fol-
lowing analysis we omit the complexities gener-
ated by the weak crystal field, mentioned above,
until after we have developed the basic theory.
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FIG. 2. Spectra of (A°X) under increasing stress along the [100] direction for o (upper spectra) and 7 (lower spectra)

polarization,

By analogy with the H, molecule we assume that
the ground state is composed primarily of the
symmetric combination of the orbital or envelope
functions of the two identical particles, the holes.
Hence, by the exclusion principle the two-hole
spin functions must be predominantly antisym-
metric. The antisymmetric product of the two
“spin” -2 hole wave functions contains an s-like
singlet (7=0) and a d-like quintuplet (j=2) func-
tion, which couple to the spin-} electron to form
three states of angular momentum J=3, 2, and 3.
See Fig. 3. The energetic ordering of the states,
which can be deduced from the theory of atomic
spectra, 8 is as shown in Fig. 3 with J=3 lowest
and J=3 highest. The forms of the wave func-
tions can be written down by use of the angular
momentum (Wigner) coupling coefficients.® For
the two holes, if we write the envelope functions
as glr;) and hlr;), i=1, 2, the j=0 and j=2 wave
functions can be written ¢;,,= F (ry,7,) 15,m),
where F=[g (r))h(r,) +hlr)) g (r,)]/VZ, and the spin
functions for j=0, 2 are

|0,0>=%(|%>1|"%>2‘l‘%>1l%>z
D= Da+ | =21 D2)
|2,£2) =2 (1/vZ) (| D |2 D)2 - EAET AN
12,6 0= 0/VZ)(|£D1|F D= [FD1[£Da) 5
12,00 =4 91| = D2 - | = D112
+]| D =D = |- D),

in terms of the basis “spin” functions |m);
=|3,m,) of the ith hole for s=%. The exciton
functions when written in terms of these and the
electron spin functions |+ 3), are products of the
three-particle envelope function F(ry,7,)f(r,) and
the set of spin functions |J, M), where

(2)

|25 =10,0)|£3), ,
[2,£)=201/VE)2|2,22|F D, - |2,21)|£D,),
3,2 0=£(1/V5)(V3|2,21) |+, -vZ|2,00|x),),
15,58 =12,22) |29, ,
2,£D=(1/VE)|2, £ 2| % D +2]2, 21| £D),) ,
12,8 =(1/VE)WVZ|2,£1) |7 5) + V3| 2,00 £ D)) .
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FIG. 3. Schematic plot of the splitting of the (4°X)
initial and ground states under uniaxial stress.
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When uniaxial stress is applied to a crystal con-
taining bound excitons described by these wave
functions, the degeneracy of the states is lifted as
a result of the splitting of the hole energies. From
a knowledge of the strain splitting of the one-hole
energy levels we can compute the two-hole shifts
from Eqgs. (2) and the exciton shifts from Egs. (3).
Because a small compressive uniaxial stress de-
creases the energy of the m =+ 3 hole levels (mov-
ing them toward the conduction band) by the same
amount that the m =+ % are increased, the anti-
symmetric two-hole levels described by the func-
tions |4,m) of Eqs. (2) remain unshifted in energy.

The stress can, however, mix levels having dif-
ferent j values but the same azimuthal quantum
number m. Hence, if we denote by Hy =+ E, the
shifts of the one-hole levels under stress, all ma-
trix elements of the stress Hamiltonian in the set
of states |j,m) of Eqs. (2) vanish except the two,

(0,0| Hy |2,0)=(2,0|H,|0,0)=2E, . (4)

Consequently, the two-hole eigenfunctions having
m #0 are unaltered by stress while those with m

=0 are mixed and approach, in the limit of large
stress,

Po= W/ V2N D] = D= |- il Da)
at energy 2E,, and (5)

Bo=(/V2)(| D] = D= | =1 [ D) ,

at energy —2E,.
The resulting energies of the levels are shown

in Fig. 3. In the lower part of the figure is shown
the stress-induced splitting of the final (one-hole)
state after exciton decay and in the upper part the
splitting and shifts of the initial states. The cen-
ter-of -gravity shift due to the hydrostatic com-
ponent of stress has been omitted from this figure.
Note that the |M;| >% components are unshifted in
this approximation and remain at the energies E;
‘and E; of the unperturbed J= 2 and J=% states,
respectively. The M, =} levels are coupled, how-
ever, as are the M, = — } ones, and form a set of
three Kramers doublets whose energies E satisfy
the cubic equation

(E, - E)E; — E\E; — E)=4E%[C3(E, - E)

+C2E;s - E)], (6)
with C;=[(5+1)/10].1/2 At high stress the highest
energy level (which begins at the unperturbed J=1%
energy E;) and the lowest level approach asymp-
totically the lines E=FE % 2E;, while the middle
level approaches the constant energy E=E,. Here
the two constants are

E=4(E,+ C%Ey+ C2E5) =1y (5E, + 2B, + 3E5)
and )
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Ey=C2%E;+C2E;=%(3E;+2E;) .
B. Crystal field

This would be the solution of the problem if no
other interactions existed within the set of states,
Eq. (3), which we are considering. However, as
stated previously, the crystal field causes a sig-
nificant mixing of the states from the J=3% and 3
excitons which belong to the representation I'g of
the cubic group T, of the crystal. In a subsequent
publication we calculate the effect of this mixing
on the wave functions and energies of the exciton
states. We show there that the crystal field alters
the results derived above in two important ways:
(a) A I'; Kramers doublet separates from the Ty
part of the j=3% state but retains only 1§ of the
total emission intensity of the exciton. (b) The re-
maining I'y part of the J=3 state mixes with the
J=% state. This redistributes the emission in-
tensities of the lines, as noted above, and also
alters the strain matrix elements. For [100]
stress this mixing changes only the C, of (6) and
(7), but preserves the sum, C2+C2=1.

V. COMPARISON WITH EXPERIMENT

The lines in Fig. 4 show the emission energies
predicted (in the absence of a crystal field) for
transitions between the initial- and final-state en-
ergy levels, with the center-of-gravity shift in-
cluded. We have used the hydrostatic deformation
potential a’=-9.7 eV and the [100] acceptor de-
formation potential 5’=~1.0 eV.!® The labels
identify the initial exciton energy levels (1-5) and
the final upper (U) or lower (L) hole states.

The points in Fig. 4 have been taken from the
data of Fig. 2. However, the measured stress
values noted in Fig. 2 are somewhat in error be-
cause of the difficulty of eliminating friction in the
stress apparatus at these small stresses. A more
accurate stress calibration can be made directly
from the measured splittings of the final hole
states, i.e., the separation of a pair of lines de-
rived from a single initial state. The raw data are
sufficiently accurate to enable us to identify the
two pairs of lines (1U, 1L) and (2U, 2L) over most
of the stress range. (Note that line 1L, which is
the only persistent line at high stress (see below),
lies below its predicted value, near 3U.) Hence,
an average of these two splittings has been used to
refine the stress values—this required a shift of
about 0.1 kg mm™ in the worst case—and the data
have been plotted accordingly in Fig. 4.

The correction of these energy levels for the ef-
fect of the crystal field is easily made. The best
fit with both the measured intensity ratios and the
stress data is obtained for a crystal field strength
and sign which shifts the I'; level derived from
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J=3 to within about 0.01 meV of E; and changes
C, in Eqgs. (6) and (7) to ¢,~0, C_.=-1.00. The
fact that C2~0 in Eq. (6) means that there should
be no measurable stress splitting between energy
levels 3 and 4 in Fig. 3 and that the entire stress
dependence (other than the center of gravity shift)
should appear in levels 1 and 5. We note further
from Eq. (7) that since E=3(E, + E;) is equal to

E, within 0.03 meV, the emission lines 3U and 4U,
at an energy of E; — E;, should both approximately
coincide with line 1L, at an energy of E - E,, for
large stress.

With this one correction (moving lines 3U and
3L up to coincide with 4U and 4L, respectively) we
can compare theory and experiment in Fig. 4.

We find that only level 2 agrees with theory within
experimental uncertainty over the entire range,
while levels, 1, 3+4, and 5 lie significantly below
their theoretical values. Level 4 can be uniquely
identified only in the low-stress region, where

4U generates the parallel components derived from
E;. It lies below its predicted value and is un-
resolvable from level 3 throughout the rest of the
range, as expected.

The above discrepancies, as well as the stress
dependence of the polarization mentioned above
are presumed to be due to the admixture of some
antibonding (j=1, 3) two-hole wave functions into
the bonding (7=1, 2) ground states by the electron-
hole exchange interaction. The lowering in en-
ergy of all levels (except one) below their pre-
dicted values is consistent with the appearance of
a stress-dependent interaction with such higher-
lying states. This will be discussed in a later
publication. In the present work we note only that

agreement between theory and experiment is very
good and allows us to isolate these higher order
corrections.

The fact that only 1L persists to high stress is
easily understood in terms of the thermalization
of the initial exciton into its lowest |M,| =} level
and the high-stress limit of this state. Since, at
high stress, this lowest level is composed of al-
most purely |m,| =3 holes, as Eq. (5) shows,
transition 1U (into a £ hole level) vanishes and line
1L retains all of the oscillator strength.

VI. SUMMARY

We have presented photoluminescence measure-
ments on the shallow neutral acceptor bound ex-
citons in GaAs under uniaxial stress. A theory
based on stress-induced interaction of the (A °X)
levels explains the experimental results. In par-
ticular we have shown: (i) All three observed lines
are due to the decay of the (A4°%x). (ii) A theoreti-
cal model based on symmetric (bonding) envelope
wave functions combined with spin-like hole and
electron Bloch functions, when corrected for a
weak crystal field interaction, gives good agree-
ment with experiment. (iii) The effect of uniaxial
stress on the (A °X) is well explained by the stress-
induced interaction of the [M,| =} levels. (iv)

The assignment of the three (A °X) lines to the
recombination of J=2, £, and 3 initial states (in
order of increasing energy) has been confirmed.
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