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Indirect exciton fine structure in GaP and the effect of uniaxial stress
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The technique of high-resolution wavelength-modulated absorption has been used to study the indirect
exciton in GaP, both with and without uniaxial stress. The existence of a camels back in the exciton
dispersion curves is confirmed, and its height at zero stress is found to be 2.4+0.2 meV for the lower (X,)
exciton ground state and slightly larger for the upper (X6) exciton. The valley-anisotropy splitting between
these states at zero stress is found to be 1.9+0.2 meV at the minima of the dispersion curves. The observed
changes in exciton binding energy with stress are treated approximately using perturbation theory. The
following deformation potentials are found: b = —1.8+0.2 eV, d = —4.5+0.5 eV, $2 ——6.5+0.5 eV,
P, —a = 1.6+0.2 eV. The exciton parameters obtained rest mainly on the results for [001] stress, as the
other stress directions (particularly [111])give complex line shapes which cannot be understood with a simple
model. The observation of an excited state in pure material is found to imply a mean group-state binding
energy of 20.5 meV, in good agreement with recent theoretical calculations, but higher than many
experimental estimates. The binding energy is confirmed to be of this magnitude from level-crossing effects
in the stress measurements.

I. INTRODUCTION

Indirect excitons in tetrahedral semiconductors
have been the subjects of considerable recent
theoretical' ' and experimental' ' interest. This
has been partly stimulated by the observation of
electron-hole drop formation phenomena'" and
partly by improvements in theory and in experi-
ment (particularly sample quality), which have
permitted a better understanding of these funda-
mental electronic excitations. So far, theoretical
results and experimental data agree in great de-
tail for Ge,"and to some extent for Si.' '

The problem in GaP is more complicated. More
than ten years ago careful absorption measure-
ments showed the presence of unassigned fine
structure at the absorption edge. " The suggestion
was made that this might be due to anomalous
structure in the exciton dispersion curve. No fur-
ther experimental evidence on this point was ob-
tained until the observation of ghonon sidebands in
bound exciton luninescence was recently attributed
to intervalley g-type scattering" indicating that
the conduction-band minima are close to, but not
at, the zone boundary. This gives rise to a "cam-
el's back" structure in the conduction band, as
had been suggested by Lawaetz. " Kopylov and
Pikhtin" have shown that it is necessary to in-
clude a camel's back, in order to explain the ex-
perimentally observed energies of donor excited
states.

Calculations of the exciton binding energy and
valley-anisotropy splitting in GaP neglecting the
camel's back have been published. " Very re-
cently a calculation has been performed which in-
cludes the camel's back structure. '

The lowest band gap in GaP is between the zone-
center degenerate valence-band maximum co'mmon
to all zinc-blende structure III-V compounds, and
the six equivalent conduction-band minima near
the zone boundary in the [100] directions. Optical
absorption therefore requires the absorption or
emission of momentum conserving phonons. These
processes were examined in detail by Dean and
Thomas. " The absorption edge consists of a
series of steps each associated with the absorp-
tion or emission of a particular phonon (at low
temperatures, only emission processes are ob-
served). The detailed line shape can be more
easily seen using wavelength modulation, so that
the first derivative of the absorption is measured.
This technique was widely used about ten years
ago at low resolution (corresponding to the rela-
tively poor samples then available) for studying
indirect excitons under stress in Ge,"Si,"'"
AlSb,"and GaP." More recently, high-resolution
measurements in the absence of stress on Ge (Ref. 4)
and Si (Ref. 6) have yielded detailed absorption line
shapes, and simultaneously with the present work,
measurements on GaP have been performed. "
High-resolution measurements on Si at low stress-
-es have also been recently carried out. '

In the present work, we have used the wave-
length-modulation technique at high resolution in
conjunction with stress to examine in detail the
anomalous absorption line shape in GaP. The
stress-induced splitting of the degenerate valence-
band maximum leads to a simplification of the
line shape, which permits rather accurate deter-
mination of some of the details of the zero-stress
exciton dispersion curves. Stress measurements
at high resolution also give a more accurate pic-
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ture of the effect of stress on the band structure.
In Sec. II, we formulate the extensions to existing

theory which are required to fit the splitting pat-
tern of the excitons for the three stress directions
considered. Section III describes experimental de-
tails, and the main results are summarized in
Sec. IV. In Sec. V, we discuss the results under
four headings: fine structure, exciton splitting,
broadening, and the zero-stress spectrum. The
discussion is mainly confined to the results for
[001]stress and zero stress, since these are the
best understood and therefore, at present, the
most informative. %e summarize the conclusions
of the paper in Sec. VI. In the Appendix we give
the generalization of the camel's ba.ck k p theory"
to the case where the masses of X, and X, con-
duction bands differ. An expression is given for
the absorption coefficient due to an exciton with
a camel's back dispersion curve.

II. THEORY

The behavior of conduction and valence bands
under stress has been fully discussed by several
authors, '""" 'whose results we use. In the
present case, we want to take into account the
zero-stress splitting of the exciton and (rather
approximately) the exciton binding energy as func-
tions of stress, since both are seen to be impor-
tant experimentally.

Group theory shows that the ground state of an
indirect exciton formed from the lowest (X,) con-
duction band" and highest (1,) valence band of
GaP is allowed to split (valley anisotropy split-
ting):

r 8(3) xi =x6xv

where the double group notation. is used for the
valence band to take account of spin-orbit split-
ting, and the single group notation for the conduc-
tion band, where we assume that spin is unimpor-
tant, i.e., we neglect exchange interaction. The
valley anisotropy splitting is the result of lifting
the degeneracy between Im,. I

= —,
' and )m,. I =-,' states

due to the axial symmetry introduced by the aniso-
tropy of the electron valley (the valley axis is

H,„=H, (P) —H„(P, e) —e'(~~,
where H, (p) = (p', /2m, ) + (p', /2m. ,), m, and m, being
the longitudinal and transverse electron mass (we
neglect the camel's back in this calculation),
H„(p, e) is the 4x 4 Hamiltonian describing the
degenerate valence-band maximum under stress,
and the third term is the Coulomb interaction of
electron and hole. p denotes the relative momen-
tum and 2c the stress splitting of the uppermost
valence band.

We follow a procedure similar to that of Ref. 1.
In Ref. 1 the Hamiltonian is split into two parts,
H, and H», which have spherical and d-like sym-
metry, respectively. Here we split the Hamilto-
nian into a part H, including B, and the strain
terms, and H„, the nonspherical terms of the un-
stressed crystal. Hp ls diagonalized by means of
the rotation which makes the strain tensor diago-
nal. H„ is then treated as a perturbation.

For [001] stress, we consider first the exciton
formed with the electron in the [001]valley (sing-
let) and the hole in the fourfold (m,. =--,',, ——,', —,', —,')
valence band. For this exciton the Hamiltonian
reads

(2)

taken as quantization axis).
The variation of the position of exciton lines

under stress is dominated by the stress splitting
of the valence band and the shift of the conduction
band, which are well understood. There will be
an additional stress dependence due to the change
in binding energy when the valence bands are
split. In order to explain the experimentally ob-
served shifts, we need to take this effect into
account.

The problem of indirect excitons of this sort
has been treated in perturbation theory by Lipari
and Baldereschi' as an extension of their theory
for direct excitons, "and with a more accurate
variational approach by Lipari and Altarelli. '
Here we make use of the greater simplicity of
the perturbation method (at the expense of quantita-
tive accuracy) to give an estimate of the change
in exciton binding energy with stress. The exci-
ton Hamiltonian for the relative motion is-given
by

Hex =

P Q,+Q„++a
P+'Qe Qa

PQ+, Q+„e+



5592 R. G. HUMPHREYS, U. ROSSLER, AND M. CARDONA

where

24o a'x ' '" 2p,

c = b(s„—s„)x,

and

1 1 2 1 y 1 1 1 1—=——+- +~
p. 3, , p„3

1 y, 1 2~3@,
)

I lh mo I 2h mo

y,. are the Luttinger valence-band parameters.
Terms in P and e are taken as H„whose solu-
tions are two doubly degenerate hydrogenic series
with a Rydberg of

R, = p,e'/2h 'z', (4)

and split by 2& from each other. These states
can be classified by orbital angular momentum
quantum number L and m. The exciton ground
states (l =0) are coupled by H, to d-like excited
states (l=2): by Q to states with m=0, by I. to
states with imi =1 and byMto states with Jml =2.

The only terms which can interfere in Eq. (3)
therefore are those in Q, and Q„, which gives rise
to the valley-anisotropy splitting. Each term of
II„ treated in second-order perturbation theory,
gives rise to an infinite sum of squared matrix
elements divided by energy denominators. These
sums are tabulated" "for a range of splittings 5
of the hydrogenic series involved as the function
S,(5). The terms in Q in Eq. (3) are strain in-
dependent, as they give rise only to intraseries
coupling. The terms in L, and M, however, are
changed by the strain due to the change in energy
denominators, and are proportional to S,(5). The
solution of the perturbation secular determinant
for a stress along [001]is given at the top of Ta-
ble I in the columns headed 5E~ and 5E,„which
give the change in binding energy and in exciton
splitting, respectively. It is important to note
that the X, and X, excitons are not mixed by stress
in this case, since the stress direction is parallel
to the valley axis. For the doublet excitons under
[001] stress (i.e. , the electron is in the [100] or
in the [010]valley) the Hamiltonian becomes
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H,„=
P +Q, -A-c

P+Q, -A-e
P+ Q +A+ E'

where A = 2Q„+,'~3(M+M*), B= --,'~gQ„+-,'(3 M
-M*).

The perturbation secular determinant is no
longer diagonal due to terms in Q coupling the
I,) and ]-,') exciton ground states (similar terms

in M cancel). This corresponds to the valley-an-
isotropy splitting not being diagonal under stress,
and the X, and X, excitons are mixed. The solu-
tion of the perturbation secular determinant given
in Table I shows this point clearly. (D is half the
valley anisotropy splitting). The remaining entries
in Table I have been calculated in a similar way
to the above cases, and we do not give the deriva-
tion in detail.

We have ignored in the above contributions to
the exciton binding energy variation arising from
the spin-orbit split off band. This is a good ap-
proximation, as the energy denominators do not
vary by much. There is, however, an observable
change in the stress dependence of the i~) valence
band due to this coupling, and we include this by
modifying the quantities in the above:

~, = —,'(g —a)+ [-,'(a+ g)"+ 2K']' ',
where

g=f(S„-S„)Xfor X[~ [OO1],

f = dS«2C/2~ for X (( [111],
and a more complicated expression which we do
not quote for R () [110]."

The results of this procedure are: (a) The val-
ley-anisotropy splitting is in general not diagonal
giving rise to nonlinear effects in the low-stress
region. Since perturbation theory is known to be
inadequate for predicting the valley-ansiotropy
spbtting, we have used experimental values to
determine D in fitting the deformation potentials.
(b) The exciton binding energies change little for
excitons associated with the jan~ t

= —,
' valence band

(which shifts to higher energy under compressive
stress), as the energy denominators increase.
Excitons formed from the [m, )

= —,
' valence band

show much larger nonlinear effects as the energy
denominators decrease, and ultimately as they
cross the excited states of the l-,') valence-band
exciton. In this limit, the perturbation theory
ceases to be applicable.

In the region in which perturbation theory applies
the exciton energy is given by

E,„=E —Ro —5E~+ QE,„+QE~+ 5E~,
where E, is the band gap in the absence of stress,
R, is the unperturbed binding energy from the
solution of H, alone. 5E~ is the extra binding en-
ergy due to H„without the valley-anisotropy split-
ting term. The stress-dependent term (B+C) in
the expression for 5Es under [001] stress is 1.6
meV; the corresponding terms for [110]and [111]
stress are 1.4 meV and 1.3 meV, respectively.
6E,„ is the splitting of the exciton, including both
valence-band and valley-anisotropy splitting,
5E,b is the shift of the conduction band, and 6E~
the difference between the conduction- and va-
lence-band shifts due to the hydrostatic compo-
nent of the stress.

If we neglect the changes in the exciton binding
energy with stress, the vaQey anisotropy splitting
can still be accounted for by setting S,(5) = S,(0)
in the expressions of Table I. In this approxima-
tion, the results for [001] stress reduce to those
quoted by Capizzi et al. ' who worked in the low-
stress limit. We have neglected in this treatment
changes in band parameters with stress; pre-
sumably a good approximation for the valence
band. As will be seen, this is a poor assumption
for the conduction band, and may be a significant
omission.

As is mell known, and can be seen from Table I,
the effect of [001] and [110]stress is to split both
conduction- and valence-band degeneracies, while
all the conduction bands are equivalent under [111]
stress, and only the valence band is split. For
[111]stress, therefore, the excitons should split
into two, and for [100]and [110]stress, they should

split into four components. In general, the center
of mass and relative motion of electron and hole
cannot be separated due to the valence-band de-
generacy. ' As the latter is removed by stress
the exciton problem becomes separable in the
high-stress limit. In this case, the total exciton
mass depends on the valence band involved and on
the orientation of the conduction-band valley axis
to the hole mass ellipsoid. We then expect dif-
ferent dispersion relations for the various exci-
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TABLE II. This table is identical to Table II of C. E. Pikus, Fiz. Tverd. Tela 19, 1653
(1977) fSov. Phys. Solid State 19, 965 (1977)] (except for LA ~LO) obtained independently of
the intermediate state involved. The letters represent sums of reduced matrix elements cor-
responding to the following intermediate states: Q, X5, S, I'g, U, X3, W', I'&5, where the no-
tation is that of Ref. 26.

Transition
LA phonon LO phonon TA, TO phonon

~

-') —z singlet
2

)
3)-z

~
'&-x+y doublet
2

I-'&-z+y
2

x,

8P ~+0
0. 3(0. +P)

4n+2P

0

0 3&

2y 4y

6y 0 6e 3(g+ e)

2g +88

G = —(SLA+ Ugg), P = —{S~~+QggtW2), p=
6 (Wz, o + Qz,p), 8 =~(W~+v2Uz), Q =-(Wz + &2Q~) '.

tons which should show up in the exciton line
shapes. A more detailed analysis of the results
along these lines will be the subject of a later
publication.

The relative intensities for the indirect exciton
absorption for the stress-sph, t excitons can be
calculated group theoretically for particular pho-
nons and intermediate states, as has previously
been done for Si for all phonons, "and for AlSb
for the LA phonon. "

This approach has been extended by Smith and
McGill" to treat processes with different inter-
mediate states simultaneously for the case of Si
at zero stress. We have performed a similar anal-
ysis for GaP under [001]stress. Since the meth-
od is identical to that of Ref. 26, we do not de-
scribe it in detail. The intermediate states con-
sidered are F„F»,Xg and Xg I'] and F25 in-
termediate states are ignored because of the
large energy denominators associated with such
processes. The analysis is exact only at the X
point, and is therefore only strictly valid for the
hump of the camel's back.

We find results identical to those for Si, ' pro-
vided the LA phonon (GaP) is taken to correspond
to the LO phonon (Si) and vice versa. The values
of the numerical coefficients are different from
those of Ref. 26, because we have used unsym-
metrized matrix elements. This is purely a mat-
ter of definition. The results are given in Table
II for [001] stress. Also given are the zero-stress
intensities for the two valley-anisotropy split
ground states. None of the phonon replicas re-
quires more than two parameters to specify the
intensity of all its stress-split components. Since
the absolute intensity scale is arbitrary, this

means that one free parameter should fit all the
relative intensities. For the LO phonon (not ob-
served experimentally), there is not even this
freedom, and the relative intensities are fixed
by theory.

These results do not include differences in the
dispersion relations of the various excitons. In
the case of GaP, such differences would have to
be taken into account for a quantitative interpre-
tation of the observed strengths. A good check
on the self-consistency of any method of mea-
suring experimental relative intensities is the
requirement of isotropic absorption at zero stress.
This means that (a) the sum of the intensities over
valence bands and polarizations (~~+2&) for transi-
tions to the singlet valley should be half the same
sum for the doublet valleys, and (b) the sum of
the intensities over valence bands and valleys
should be the same for all polarizations.

III. EXPERIMENTAL DETAILS

The transmission measurements were made with
a Spex —,'-m single-grating monochromator, using
a vibrating silica plate inside the exit slit modu-
lated at about 12 Hz to produce the wavelength
modulation. Modulation amplitude and slit width
were approximately equal. Two resolutions were
used, the lower with a 5000-A blaze grating used
in first order, and the higher with a l-p, m blaze
grating used in second order, corresponding to
0.5- and 0.25-meV resolution, respectively, with

a slit width of 0.1 mm. Most of the stress mea-
surements were performed at the higher resolu-
tion. The light source was a quartz-halogen lamp.
The light was detected with a RCA GaAs cathode



18 INDIRECT EXCITON FINK STRUCTURE IN GaP AND THK. . . 5595

photomultiplier, the signal extracted with a lock-
in amplifier, and the output from this was divided
by the transmitted light intensity using a ratio-
meter. This gives a line shape which is propor-
tional to the wavelength derivative of the absorp-
tion coefficient: effects of multiple reflections
can be shown to be negligible.

The measurements were made with the samples
immersed in pumped liquid He. The. stress rig
was a standard design capable of exerting a force
of up to about 40 kg, so that rather thin (0.75
x0.75 mm') samples had to be used to obtain high
stress (s8 kbar). The samples were mounted be-
tween brass caps into which holes were bored
which fitted the sample closely, thus ensuring that
the sample was mounted vertically, and the holes
were filled with indium. The indium becomes suf-
ficiently hard at low temperatures to transmit the
forces required, but remains soft enough to ensure
uniaxial stress. The linewidth of the spectra was
slightly larger at high stress than at low, but the
fine structure could still be easily resolved. Mea-
surements in which the lines shift by 100 line-
widths set particularly stringent requirements on
the uniformity of the stress. The samples used
were at least five times longer than their width
to minimize end effects, although in practice it
was found that the structure was not noticeably
broadened even if the whole length of the sample
was used for the optical measurements.

The stress samples were cut from Czochralski
grown material. Those for [001]and [110]stress
directions were doped with S (n = 5 x10"cm '),
and those for [111]stress were Te doped (n=1
x10" cm ')." As a check to ensure that the struc-
ture studied was intrinsic a relatively high-purity
sample" grown from Ga solution containing about
a factor of 20 less 8 and a factor of 50 less N
(estimated from the strength of the no-phdnon
absorption lines) was also measured. This sam-
ple showed sharper absorption structure, but its
size and thickness (-300 pm) precluded stress
measurements, and only permitted a reliable high-
resolution line shape to be obtained for the strong
LA-phonon replica. The two kinds of sample are
designated as "doped" and "pure" in the text. The
S-doped sample no-phonon nitrogen line (A line)
had a peak absorption coefficient of about 10 cm '
corresponding to a nitrogen concentration of about
2gy0" cm-3.

IV. RESULTS

In Fig. 1, the wavelength derivative spectra in
the absence of stress are shown for the three free
exciton phonon replicas observed. Except for the
LA-phonon structure, the spectra for the "doped"

ited
te

+aeeea~ pure

doped

slit
width

LA

2,36 ) \

I 1
g

2.365

pure

doped

doped

sample are presented at both high- and low-resolu-
tion to facilitate comparison with the "pure" sam-
ple results.

The agreement with the results of Dean and
Thomas" is good; their threshold for each phonon
replica is marked by an arrow above the spectrum.
The fine structure is clearly seen, and it is some-
what different for the three phonon replicas. The
stress measurements clarify this difference, and
we return to it later (Sec. VD).

The LA 1ine shape is essentially the same in
both high- and low-purity material, although less
sharp for the latter. The TA line shape, however,
is severely distorted by an impurity line for the
doped material (The position of this structure
suggests that it is the LA replica of the sulphur
line). We thus conclude that the LA-phonon line
shape in the doped material is essentially intrin-

2.34 2.345
ENERGY (eV)

FlG. 1. Normalized wavelength derivative trans-
mission spectra of two sample@ of GaP without stress.
The vertical scale is arbitrary, but about four times
larger for the TA and TO replicas than for the LA. The
structures are plotted above one another for convenient
line-shape comparison. The dashed curves are "low"-
resolution spectra, i.e. , 0.5-meV slit width. The slit
width marked corresponds to "high" resolution (0.25
meV). The absorption thresholds of Ref. 11 are marked
with arrows. The energy scales are linear in wavelength,
not energy.
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sic, while the TA is not. This is a fortunate coin-
cidence, since the LA is the strongest phonon rep-
lica, which is therefore the easiest to study ex-
perimentally. It is also nondegenerate, which
eliminates a possible source of confusion in stress
measurements. The TO-phonon replica is essen-
tially the same for both samples, except for an
extra structure on the high-energy side for the
pure material. This we interpret as the LA-pho-
non replica of an excited state, as discussed in
Sec. VD.

Under [001] stress the LA-phonon replica splits
as shown in Fig. 2, Each structure is labeled with
the valence and conduction band from which the
exciton is formed. The most striking feature is
that each exciton has a doublet structure, which
immediately indicates the source of the complexi-
ty at zero stress. As we shall see later (Sec. VA),
this doublet structure can be attributed directly
to the presence of a camel's back in the conduc-
tion band. The second point to note is that the

I —,')- I —,') splitting of the excitons depends on the
conduction band involved, since it is a combined
effect of the valley-anisotropy and valence-band
splittings. The value of stress chosen for Fig. 2
is such as to minimize the distortion of the spec-
tra by extraneous effects, such as superposition
of transitions mediated by phonons other than LA.
Even so, this is not entirely successful. The
structure at and below 2.35 eV is due to the high-
energy component of the TA phonon. The I-,') sing-
let exciton is not completely polarized E l X, and
the I —,') singlet exciton is somewhat distorted in
consequence, but at stresses where these are re-
solved the high-energy component of the TA pho-
non overlaps with the LA structures. There is a
similar problem near 2.3V eV, where the minimum

2.4

TO

LA

~fj ~

I
&

&, doublet

xu [ootj
~ ELX
"E/I X

2.35

on the high-energy side of the I —,') doublet exciton
(which can be seen more clearly in Fig. 10) is
obscured by overlap with the I-',), singlet TO-pho-
non replica.

The energies of the LA structures observed are
plotted as functions of stress in Fig. 3. For these
plots we have chosen the energies of the highest
point in the peaks. As will be seen in the line-
shape treatment of Sec. VA these energies do not
represent exactly the critical energies, but pro-
vide a simple criterion to represent them. The
continuous lines in Fig. 3 are fits using the ex-
pressions in Table I. In the region of 4 kbar, the
excitons formed from the I

—',) valence band start
abruptly to broaden (see Sec. V C). Also in this
region, these excitons show curvature as functions
of stress which is fitted reasonably well by the
calculation of the change in exciton binding energy.
The deformation potentials used for the fit are
given in Table III.

The results for stresses higher than 4.5 kbar
were taken at the lower (0.5 meV) resolution.
This was necessary to follow accurately the i —,')

SINGLET
I V2) I 3/2 &

DOUBLET
I I/2& I 3/2)

LA phonon
X Ii [001]
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2.3
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235 2.%
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I

2.37

----- E II X
—--'- E J. X

FIG, 2. Normalized wavelength derivative trans-
mission spectra at low [001) stress for the two polariza-
tions. The lower structure of each doublet is marked,
and the valence and conduction bands from which the
exciton are formed indicated.

4 6 8
STRESS (kbar)

FIG. 3. Exciton splittings as functions of [001] stress.
The points correspond to the peaks of the doublets of
Fig. 2. The lines are fits using the expressions of
Table I (see Sec. II) and the deformation potentials of
Table IV, a mean zero-stress binding energy of 19 meV,
mean zero-stress exciton energies of 2.3611 and 2,3631
eV, and valley-anisotropy splittings of 2.0 and 2.2 meV
for the lower and upper peaks, respectively. The spin-
orbit splitting was assumed constant at 0.08 eV. The
TO-phonon replica splitting is also shown, with zero-
stress energies of 2.3770 and 2.3749 eV. Otherwise the
fitting parameters are the same as for the LA replica.
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TABLE IH. Deformation potentials of GaP (in eV).

Stress direction [001]
This vrork

[110] Previous work

b

d
g, -a

6.5, 6.9
-1.8

1.6

5.9, 6.2
-1.8
-4.9

1.6
-4.3

1.6

18

1 418, b

4i8y b

-3.7~ ~, 1.0 (Ref. 29)

~Where two values are shown, the former refers to the hump of the camel's back, and the
latter to the minima.

"These values have been corrected using the experimental compliance coefficients which
were also used in the present work (Ref. 31).

singlet structure whose width increases and peak
height falls with increasing stress (see Sec. VA).
This reduction of resolution is responsible for
the slight discontinuity in the )-,') doublet structure
in this region.

The split components of the TO-phonon replica
are also plotted in Fig. 3. It gives rise to only
two excitons that can be followed as functions of
stress. They are fitted in the figure with shifted
curves of the same shape as those for the LA l-,')
singlet and i ~) doublet excitons. This simple
splitting pattern is a result of the simpler struc-
ture of the TO-phonon replica at zero stress, as a
consequence of the selection rules of Table II de-
'termined by the dominant intermediate state for
the process.

Under [110]stress, the splitting is similar
(Fig. 4). The structures are all doublets, with the
exception of the (-,') doublet exciton which has a
clearly defined extra peak on its low-energy side.
This persists over the range of stresses studied
(less for [110]stress than for the other two stress
directions). The splitting pattern is plotted in
Fig. 5, and fitted to expressions from Table I.
The dashed curve follows the extra structure with

)singlet

2.37 X// [110]
~ ElX

Ei/X

stress, and was constructed by eliminating the
curvature due to valley-anisotropy splitting. It
can be seen to fit rather well the lowest energy
peak of the doublet exciton and to merge with the
lower component of the doublet at zero stress.
This is an experimental observation, which we
cannot justify theoretically.

The [111]stress results show marked qualitative
changes of line shape with stress (Fig. 6). There
is an extra structure on the low-energy side of
the l-,') exciton (the conduction bands are equiva-
lent) as for [110] stress, and a second one appears
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FIG. 4. Normalized wavelength derivative trans-
mission spectra for [110] stress. The comments of
Fig. 2 apply.

2.35

) doublet

I

2 I
STRESS (kbar}

FIG. 5. Exciton splittings as functions of [110] stress.
The comments of Fig. 3 apply. The dashed line is con-
structed as described in the text with the equations of
Table I.
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FIG. V. Plot of the peaks (br shoulders) observed
under [ill] stress as functions of stress. The comments
of Fig. 3 apply. The dashed line is constructed as
described in the text.

FIG. 6. Normalized wavelength derivative trans-
mission spectra for three different stresses along [ill],
with a zero-stress spectrum for comparison.

at higher stress. The I@ exciton shows continu-
ous line-shape changes which me attempt to rep-
resent with the three spectra of Fig. 6. Peaks or
shoulders are plotted in Fig. 7 as functions of
stress. The complexity of the structure is such
that only the overall behavior could be said to be
expected. The solid curves mere thus obtained
with the expressions of Table I with the deforma-
tion potentials adjusted to follow the general trend
of the points (see Table III). The extra (dashed)
line has been constructed in the same way as. that
for [1101stress, and with as little justification. It
should be noted that because of the complexity of
the spectra systematic errors can give rise to a
larger scatter of points than for the other stress
directions.

V. DISCUSSION

A. Fine structure

The first point we consider is the peculiar doub-
let structure of the excitons under stress, which is
clearly responsible far the complexity of the zero-
stress spectrum. For an indirect exciton formed

from a parabolic conduction band and nondegener-
ate valence band (such as we might expect to have
under stress), the absorption coefficient is ex-
pected to vary as the square root of the energy
above threshold" giving rise to an inverse square-
root singularity in the derivative, or, in the ex-
perimental spectrum, a single asymmetric peak
near the threshold. The doublet structure sug-
gests a second singularity in. the derivative of
the density of states. Since the electron mass
parallel to the valley axis is very much larger
than the hole mass, it is to be expected that the
exciton dispersion curve should approximate to
that of the electron in this direction. A camel' s
back structure in the conduction band should there-
fore give rise to a similar structure in the ex-
cited dispersion curve. This conclusion is borne
out by the calculation of Ref. 3, which includes a
camel's back.

Of the different excitons studied, the I-,') singlet
exciton is expected to have a dispersion parallel
to the valley axis which approximates most close-
ly to that of the conduction band, since the I —,') va-
lence band has a light hole mass parallel to the
valley axis. ' In Fig. 8, we show a fit to the ex-
perimental line shape of this exciton using the ex-
pression given in the Appendix for the absorption.
We take the quality of the fit as strong evidence
that the fine structure is indeed due to a camel' s
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Experiment
X // [001]
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U
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y= 112

I

2.350

ENERGY teV j

I

2.354 *

FIG. 8. Fit using Eq. (A6) to the ) s) singlet exciton
line shape under f001] stress at 1.032 kbar, using 6
=346 meV, 60=424.2 meV, exciton energy at camel' s
back peak= 2.3540 eV, Lorentzian lineidth= 0.7 meV.
The parameters give a camel's back height of 3.61 meV.
The extra structure on the low-energy side is the TA-
phonon

~ 2) doublet exciton. Arrows mark the positions
of the singularities from the fit.

back, whose height is given rather accurately by
the fit. This height is that of the exciton, which is
expected to be somewhat less than that of the con-
duction band. A more sophisticated analysis of
the differences in line shape of the various exci-
tons will be the subject of a future publication.

Having identified the doublet structure as due
to a camel's back in the exciton dispersion curve,
we now turn to its stress dependence. The doublet
splittings of the four excitons seen for [001]stress
are plotted in Fig. 9. These are actually peak
splittings, which, as shown by the vertical arrows
in Fig. 8 differ slightly from those of the singular-
ities; however, the trends should be approximately
correct. The changes of the splittings with stress
are linear within experimental error, with an in-
creasing camel's back for the singlet exciton, and
a decreasing one (which can no longer be observed
above about 3 ~ 5 kbar) for the doublet exciton. The
most likely cause for this effect is a change under
stress in 6 or I' to which the camel'-s back height
[see Eil. (A4)] is very sensitive. We have attempt-
ed to estimate the magnitude and sign of this ef-
fect with a simple pseudopotential calculation.
The results show that the order of magnitude and
sign of the change are consistent with this expla-
nation.

The slopes of the lines in Fig. 9 are in approxi-
mately the ratio 2:1 for the singlet and doublet
valleys as expected if the hydrostatic coefficient
is small. It is.known to be less than 10 ' eV/kbar
for the Xj Xg gap of GaP from infrared absorp-
tion measurements. " The importance of exciton

0
0 4 6

STRESS ( kbar)

FIG. 9. Splitting of the doublet structures observed
for the four excitons under t001] stress. The peak en-
ergies are plotted, although they do not correspond
exactly to the camel's back extrema. The straight lines
are least-squares fits to the LA-phonon data. The
slopes are 0.62 meV/kbar, ((s), singlet), 0.42 meV/
kbar (~ s), singlet), —0.24 meV/kbar ()2), doublet),
and - 0.27 meV/hbar ( (2), doublet) with intercepts with
zero stress of 2.35, 1.93, 2.23, and 2.06 meV, res-
pectively. The measurements at stresses above 4.5
Itbar were performed at lower resolution, which re-
duces the peak separation measured. This has been
compensated for by shifting the corresponding points,
so that high- and low-resolution measurements near
4.5 kbar agree. Crosses mark points from the TO-
phonon replica.

formation is shown by the different slopes for the
two excitons formed from the singlet conduction
band.

The crosses in Fig. 9 are points derived from
the TO-phonon replica, and are in excellent agree-
ment with those from the LA phonon. This indi-
cates that phonon dispersion, which could only be
significant for the LA phonon, is not important.
If accurate data on the phonon dispersion were
known, this wouM set an upper limit on k„which
is the distance of the conduction-band minimum
from the X' point (see Appendix). An attempt to do
this using &he neutron scattering results of Ref.
30 gives the estimate that for k, = 0.1 x2s/a the
camel's back should appear to be 0.3 meV larger
for the LA replica than the TO. This is of course
within the limits of experimental error in the
neutron measurements, and also comparable to
the scatter in the present results. However, we
suggest that k, is probably not much larger than
this value.
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B. Exciton splitting

We now turn to the splitting of the excitons ob-
served, arid the deformation potentials calculated
from them. The fits in Figs. 3, 5, arid 7 show
nonlinearities due to the valley-anisotropy split-
ting in the low-stress region (except for the sing-
let valley under [001] stress). Since the camel' s
back height is comparable to the valley-aniso-
tropy splitting, it is difficult to make accurate
measurements in this region for some of the ex-
citons, although even in these cases the energy
to which the linear part of the curve extrapolates
at zero stress provides convincing proof that such
effects occur. The stress dependence of the ex-
citon energies confirms the predicted sign of the
valley-anisotropy splitting.

Both experiment and theory show nonlinearities
in the region of 3-4 kbar for excitons associated
with the ( —,') valence band. This we attribute to
changes in exciton binding energy as the excitons
approach the excited states of the excitons formed
from the j-,') valence band, as discussed in Sec. II.
The theoretical fits are satisfactory, even though
perturbation theory in this region is suspect.

At high stress (8 kbar), the nonlinearities in the
curves are due to coupling with the spin-orbit
split off valence band, and are fitted by the theory.
The deformation potentials used for the fit are
shown in Table III."Even though different conduc-
tion-band deformation potentials (g,) were used
for the two extrema of the camel's back, it was
not possible to fit the [001]and [110]results with
the same values. The difficulty may be caused
by the inadequate treatment of the exciton binding
energy with stress, which, in particular, does not
consider the effect of the camel's back and its
variation with stress. In view of our poor under-
standing of the line shape for the other stress di-
rections, the values of d obtained may be said to
agree within experimental error.

The agreement with the results of Balslev ' is
good except for the hydrostatic deformation po-
tential, which we find to be much closer to the
value obtained from hydrostatic measurements. "
The results for [110]and [111]stress are not
understood at present. The appearance of an ex-
tra structure on the low-energy side of the l-,')
doublet exciton for [110]stress, and a similar one
for the [111]stress, is an unsolved problem. It
has all the appearance of an exciton splitting ef-
fect, in that it can be observed down to the lowest
stress. The line-shape changes for [111]stress
are, in qualitative terms, to be expected, since
the excitons are formed from valence bands which,
in the high stress limit, have ellipsoidal constant
energy surfaces whose axes are oblique to those

of the conduction band. Quantitatively, however,
the problem is complex, and requires proper den-
sity of states calculations to solve it.

It is worth noting that an extra structure appears
for both I

—,') and I-,') excitons for [111]stress at
about the same stress, near 2.8 kbar, although the
effect is a gradual development in the line shape,
and not abrupt. The possibility that the extra
structures are associated with impurities should
be considered. Any considerations along these
lines are unable to explain why no anomalous struc-
ture (apart from that due to the camel's back) ap-
pears for the [001]stress direction, while it does
for [110]stress, for which samples were cut from
the same slice. It is also implausible that sharp
impurity lines strong enough to be responsible for
the observed structure could be superimposed on
the zero stress spectrum without severely dis-
torting it, as observed for the TA-phonon replica;

Attempts to make quantitative comparisons be-
tween the predictions of Table II and the experi-
mental relative intensities determined in a simple
way lead to results which are not self-consistent,
presumably due to the different line shapes and
camel's back heights for the different excitons.
Nevertheless, it is possible to say that for the
I A phonon n & p (see Table II), and we estimate
the ratio o.jP at about 1.6. The I', intermediate
state alone gives n = P; this observation implies
constructive interference between I', and X, pro-
cesses a n/dor destructive interference between
F, and X, processes.

The TO-phonon replica splits under stress in
a way that shows that it is almost entirely the
shallower (X,) state at zero stress. Such a split-
ting pattern would be impossible for the LO-pho-
non replica, confirming that it is indeed the TO
that is observed, with 0» g. This implies either
nearly total destructive interference between I'»
and X, processes or dominance of the X, process.
The relative intensities observed are approximate-
ly consistent with this assignment except that the

] —,') doublet exciton might be expected to be ob-
served for E ~jX.

No stress measurements were made on the TA-
phonon replica. It is clear, however, that the
line shape is significantly different from that of
the TO at zero stress, showing that different ma-
trix elements are involved, although the two pho-
nons have the same symmetry.

C. Broadening

We have already discussed briefly the nonlinear
stress dependence of the energies of the excitons
formed from the j —,') valence band in the region of
3-4 kbar. At higher stresses these excitons are
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TABLE IV. Exciton parameters for GaP.

This work
Previous work

Theory Experiment

Binding energy (meV)

Valley-anisotropy splitting (meV)

Exciton camel's back height (meV)

19.5 (X,)
21.5 Pr, )

1.9 (dip)

2.3 (hump)

2.4 (X,)
2.8 (X,)

17 19
17.9, 18.8' (dip)
18.3, 19.7' (hump)
20.5~

2k

0.9' (dip)
1.4' (hump)

3.0 (Xg)'
3.4 (X6)'

10b

13
138
19f
21g

0.9 (dip)
2.3"(hump)

2.5 (X,)"
3 9 {X6)b

00(2~/a) 0.07- 0.1 0 047
0.08g

~ Reference 2.
b Reference 11.' Reference 3.
Reference 32.

'D. Auvergne, P. Merle, and N. Mathieu, Phys. Rev. 8 13, 1371 (1977).
f M. D. Sturge, A. T. Vink, and F. P. J. Kuijpers, Appl. Phys. Lett. 32, 49 (1978).
~ Reference 14.
"Reference 19.
' Reference 12.

and dielectric constant which can be chosen. The
most recent calculation, ' which includes a camel' s.
back and uses recent band parameters, gives a
mean binding energy of 18.3 meV at the minima
of the camel's back, in reasonable agreement with
our results.

Because of the overlap of the X, and X, exciton
line shapes, the zero-stress spectrum of the LA-
phonon replica can give directly reliable estimates
only for the energies of the high- and low-energy
peaks, whose separation is measured as 4.2 meV.
This should be the sum of the camel's back and
valley-anisotropy splittings, so that we infer from
the extrapolation of Fig. 9 to zero stress for the
singlet excitons, a valley-anisotropy splitting of
2.3 meV at the hump, and 1.9 meV at the dip.
Linear extrapolation of the singlet exciton ener-
gies under [001] stress to zero stress (see Fig. 3)
gives 2.2 (dip) and 2.4 meV (hump), but this is
not as accurate as might be hoped due to the rela-
tively large stress required to resolve the camel' s
back structures, which is much larger than that
required in Si (Ref. 8) where an accurate value
was found.

The stress measurements also indicate that the
relative intensities of X6 and X, excitons are not
equal, as would happen if the I', conduction band
were the only intermediate state: the ratio X, :X,

is about 1:0.7. This was determined by mea-
suring the area under the peaks at low [001]
stress, and assuming that the difference in the
shapes of the two structures is not important.

With these parameters in mind we have per-
formed a fit to the zero-stress spectrum of the
pure sample. The result is shown in Fig. 11. Al-
though the fit is not perfect, it is good enough to
yield meaningful parameters. The different
camel's back heights for X, and X, excitons were
obtained (rather artificially) by adjusting 6 in the
Lawaetz expression. " The minimum on the high-
energy side of the experimental curve can never
be fitted by an expression of the form we are
using, which cannot be made to cutoff sufficiently
sharply. This may be the source of some of the
deficiencies of the fit.

To obtain the fit we have used camel's back
heights which differ by 0.4 meV for the X, and X,
excitons and valley-anisotropy splittings of 2.1
and 1.7 meV for the hump and dip of the camel' s
back, respectively. The fitting parameters are
consistent with those inferred from the stress
measurements since for neither method would we
claim an accuracy better than 0.2 meV. In view
of the possible sensitivity of the fitting parameters
to the deficiencies of the fit, we prefer to take
the energies of the high- and low-energy peaks
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FIG. 11. Fit to the zero-stress spectrum of the "pure"
sample using Eq. (A6). The parameters used were 40
= 424.2 meV and X& exciton energy at the peak of the
camel's back of 2.3623 eV, valley-anisotropy splitting
of 2.1 meV at the peak of the camel's back. Loxentzian
linewidth of 0.6 meV, and 4= 358 meV and 353 meV
for the X& and Xe excitons, respectively. These para-
meters give camel's back heights of 2.59 and 2.99 meV
for the X7 and X6 excitons, respectively. The X7 ex-
citon was taken to have 0.7 of the oscillator strength
of the X6 exciton. Arrows mark positions of the singul-
arities determined from the fit.

from the fit, but to use valley-anisotropy splittings
determined as described above from the extra-
polation of Fig. 9, which gives camel's back
heights of 2.8 and 2.4 meV for the X, and X, ex-
citons, respectively, with valley-anisotropysplit-
tings of 2.3 and 1.9 meV at the hump and dip of
the dispersion curve. The broadening used was
Lorentzian with a width of 0.6 meV, which suggests
that instrumental and sample broadening contrib-
ute about equally to the linewidth.

The valley-anisotropy splitting in GaP has not
to our knowledge been measured before, with the
exception of an attempt to deduce it directly from
the zero-stress spectrum, giving a value of 0.9
meV. " The theoretical values of 0.9 meV (dip)
and 1.4 (hump)' are about a factor of 2 lower than
those we find here. Since a camel's back is in-
cluded in the calculation, it is difficult to see
where the discrepancy can arise, although an un-
realistically small L (33 meV) was used in order
to match 6, A„~E, and m, . The perturbation ex-
pression for the exciton binding energies (neg-
lecting camel's back effects) shows that the valley-
anisotropy splitting is proportional to y,R,/p. „
(these parameters are defined in Sec. II). p,„is
dominated by the transverse electron mass nz,

which is accurately known from cyclotron reso-
nance, and certainly could not be adjusted by a
factor of 2. This suggests that either the theory
with a camel s back' is inadequate or that y, is
significantly larger than the best recent deter-

mination. " We note that many experiments give
linear combinations of the Luttinger parameters
(the g and 5 of Ref. 2), which are relatively in-
sensitive to y, since it is comparatively small.
The valley-anisotropy splitting should give a more
direct measure of this quantity provided the theory
is accurate.

Other values in the literatu e for the camel' s
back height have been obtained indirectly. Kopylov
and Pikhtin" found ~=3 meV from an analysis
of the energies of excited states of donors, in ex-
cellent agreement with our results. An estimate
of AE can also be obtained from Dean and Her-
bert's value for k, of 0.047(2I'(a) with the aid of
the k p theory. Taking m=free-electron mass,
p, = ~ and 6 = 355 meV~~ in Eq. (A5) gives AE = 0.36
meV, which is incompatible with our results. A

value of ko about a factor of two larger is needed
to give BE=3 meV for reasonable mass parame-
ters.

The result of Ref. 3 that the exciton camel' s
back heights are 3.4 (X,) and 3.0 (Ã,) meV is based
on an attempt to fit both LA- and TO-phonon rep-
licas with the same line shape, i.e., without taking
into account the different oscillator strength of
the X, and X, states in the two cases. The struc-
ture we assign to the LA-phonon replica of an ex-
cited state was treated as part of the TO line
shape. The result is nevertheless useful in that
it gives an estimate of the relation between the
exciton camel's back height and that of the con-
duction band.

Since no measurements were performed above
He temperature, phonon absorption processes
were not observed, and the no-phonon exciton en-
ergy could not be determined. The excellent
agreement found with the results of Ref. 11, how-

ever, suggests, that it ould be-difficult to improve
on them, with the exception of the TO-phonon rep-
lica. From our measurements we would place the
threshold, defined in a manner consistent with

Ref. 11, at 2.3762 eV. For the other phonon rep-
licas, the threshold is determined by the X, ex-
citon, while this value corresponds to the X,. To
be consistent with the others it should be reduced
by the valley-anisotropy splitting to 2.3743 eV:
the TO-phonon energy is then estimated at 45.6
meV, in close agreement with the value 45.3 meV
from bound exciton luminescence. " A similar
correction might be necessary for free exciton
luminescence measurements. This may account
for the difference between our result and the 44.6
meV found by Mobsby et al."

CONCLUSION

We have studied the indirect exciton in GaP under
uniaxial stress, using the technique of high-reso-



R. t . HUMPHRKYS, U. g OSSLKR, AND M. CARDONA 18

lution wavelength-modulated absorption. The use
of a high resolution yields results on the details
of the exciton fine structure and its stress depen-
dence. In particular, we have determined the val-
ley-anisotropy splitting of the exciton ground state
and the height of the camel's back in the exciton
dispersion curve rather accurately.

A value of the exciton binding energy has been
determined from the observation of an excited
state at zero stress; level-crossing effects in the
stress measurements are consistent with the re-
sults so obtained. Effects of the variation of ex-
citon binding energy with stress have also been
observed.

The deformation potentials are consistent with
those previously obtained, and the discrepancy
between the results of uniaxial and hydrostatic
pressure measurements is found to be the result
of the neglect of the stress dependence of the ex-
citon binding energy and the valley-anisotropy
splitting on the uniaxial measurements.

It has been found that the proposed value of kp

(Ref. 12) is inconsistent with the observed camel' s
back height and existing theory, and the only ob-
vious deficiency of the theory (except for the as-
sumptions inherent in k p perturbation theory) is
shown to be unable to account for the discrepancy.
By contrast, our result is in excellent agreement
with that obtained from fitting the energies of
donor excited states. ' In interpreting the results,
we have made use almost exclusively of the [001]
stress and zero-stress data, since the results for
other stress directions are not understood.

The camel's back height which we have mea-
sured is that of the exciton. The results of Ref. 3
suggests that the conduction-band camel's back is
of the order of 0.5 meV larger. Even within this
error margin, the determination of the camel' s
back height sets a very stringent requirement on
the band parameters, due to its extreme sensi-.
tivity to the X,-X, splitting and the matrix element
between these bands.

-42+0' k/ 2m,

(A1)

where d is the Xj X3 conduction-band splitting, P
is the momentum matrix element multiplied by
I/m„and m, and m, the longitudinal masses of
the X, and X, bands due to all other interactions:

m, ~ ~(X',

m.
1 1(X,' ~P ~XQ ['

m, , g(X;) g(X,')

Substituting

1/m=-,'(1/m, +1/m, ), 1/p, =-,'(1/m, —1/m, ),

the dispersion relations are found to be

(A2)

E=k k /2m+ [(g&+0 k /2g)'+P'k']' ', (A3)

APPENDIX

The k p theory suggested by Lawaetz, "which
treats GaP as a perturbation on Si, is useful to
give a clear picture of the origin of the camel' s
back in GaP. However, the assumption that cou-
pling with other bands due to the antisymmetric
potential in GaP is negligible is quantitatively
doubtful.

In this Appendix, we generalize the k-p theory
of Lawaetz to eliminate this difficulty, while re-
taining the simple 2 x2 matrix form that permits
analytic solutions to be obtained, and only intro-
duces one -further parameter. The approximation
is that the k p interaction of the Xj and X, con-
duction bands with all other bands can be repre-
sented by constant mass parameters different for
the two bands. The k p interaction between X,
and X, bands is then solved exactly within the usual
approximation of a constant matrix element. The
k p Hamiltonian along the [001]direction is then
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Since there is an experimental value for k„"it is
convenient to substitute for P in terms of ko, which
gives
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(A6)

and it is clear that the introduction of p, can only
yield a reduced camel's back height, while we re-
quire a larger value than is found from the k, of
Ref. 12.

In the curve fitting, we have set iL= ~ (i.e. , the
approximation of Ref. 13). The absorption coef-
ficient due to an exciton with this dispersion
curve is proportional to its density of states. As-
suming parabolic dispersion with a constant mass
m, perpendicular to the valley axis,

n~m, (k„—k ), for -AE&E&0,
a o-m, k+, for E& 0,

where

k', = (2m(k')(E+-,'(a, —z) y [-,'(z, g)'+ &,E]'~'}.

The zero of energy is at the peak of the camel' s
back, and k, are the wave vectors corresponding
to the energy E on the dispersion curve.
=2mP'jl' is the value of the X,-X, splitting for
which the camel's back vanishes. It is clear from
this expression that the line shape is only depen-
dent on two parameters, and the effective-mass
parameters only affect the intensity, which must
be adjusted as the matrix element is unknown.
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