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We have measured low-temperature exciton optical-absorption spectra at the lowest direct band
edge (Eo) of GaAs as a function of pressure up to 9 GPa. Spectra are analyzed in terms of the El-
liott model by taking into account the broadening of the exciton line. In this way, we determine the
dependence on pressure of the Fo gap, the exciton binding energy W, and exciton linewidth at
different temperatures. The pressure coefficient of the Eo fundamental gap [107(4) meV/Gpa] is

found to be independent of temperature. The exciton binding energy increases with pressure at a
rate of d lan/dP =0.083(3) GPa '. The exciton lifetime becomes smaller for pressures above the
crossover between I - and X-point conduction-band minima (P )4.2 GPa), a fact which is attribut-
ed to phonon-assisted intervalley scattering. From the pressure dependence of the exciton linewidth

we determine an accurate value for the intervalley deformation-potential constant D&&=4.8(3)
eV/A.

I. INTRODUCTION

The effect of exciton formation on the optical absorp-
tion of tetrahedral semiconductors near the direct band
edge is well established through a large body of experi-
mental' and theoretical ' investigations. Direct op-
tical transitions into discrete exciton states give rise to a
hydrogenlike series of absorption lines for photon ener-
gies just below the bandgap, and transitions to the exci-
ton continuum cause an enhancement of the absorption
above the gap energy. ' The exciton binding energy (R)
typically is a few meV [%=4.2(1) meV for GaAs (Ref.
1)]. In high-quality crystals the exciton linewidth is pri-
marily determined by electron-phonon scattering. Thus,
in optical-absorption exciton lines of tetrahedral semicon-
ductors are well resolved only at low temperatures. "

The effect of pressure on excitonic optical absorption
has been investigated at room temperature for a number
of semiconductors with strong-excitonic features for
which the exciton binding energy is about 1 order of
magnitude larger than typical values for III-V com-
pounds. Among these are Cu halogenides' and layered
materials like GaSe or InSe. ' ' More recently, the ex-
citon luminescence of Cu20 under pressure' was mea-
sured at low temperatures. One of the main aspects in
these previous pressure studies of excitonic effects in
semiconductors was to determine the shift of band gaps
or change of excitonic binding energies under compres-
sion.

In this work we report the effect of hydrostatic pres-
sure (P(9 Gpa) on the excitonic band-edge absorption of
GaAs at low temperatures. The pressure-dependent
optical-absorption spectra are analyzed in terms of a
modified Elliott model, ' which takes into account the
finite exciton lifetime. We determine the pressure
coef5cients of the band gap Eo and exciton binding ener-

gy A at different temperatures. Furthermore, we obtain

the pressure dependence of the exciton linewidth. The
latter aspect is of particular interest because GaAs, which
is a direct-band-gap semiconductor at ambient pressure,
becomes an indirect-band-gap material for P, )4.2
Gpa. ' We find a pronounced broadening of the exciton
line above the I -X crossover, which increases with ener-

gy separation between I - and X-point conduction-band
minima. This behavior is attributed to phonon-assisted
scattering of excited electrons from the I - to the X-point
conduction-band valleys. From the pressure-induced
broadening of the exciton optical-absorption peak we
derive a reliable value for the phonon deformation-
potential constant for I -X intervalley scattering in GaAs.
A preliminary account of this work has been published in
Ref. 18.

II. EXPERIMENTAL DETAILS AND SPECTRA

Transitions from the top of the valence band at point I
to s-like exciton states are dipole allowed, and the corre-
sponding absorption coefficient is quite large' (a-10
cm '). Therefore very thin samples are needed for exci-
ton optical-absorption measurements. The samples inves-
tigated here ( —100X 100 p,m size) were cut from a bulk
semi-insulating GaAs wafer, which was mechanically pol-
ished down to a final thickness of -4 pm. Optical-
absorption measurements were performed at 200, 100,
and 20 K by using a diamond-window high-pressure cell
[diamond anvil cell (DAC)] in combination with a flow-
cryostat and a micro-optical system. Because of the sen-
sitivity of the exciton optical-absorption peak to
uniaxial-stress components, "condensed helium was used
as a pressure-transmitting medium. In this way we en-
sure the best possible hydrostatic conditions also at low
temperatures. The pressure was measured in situ using
the ruby fluorescence method. ' ' At a given tempera-
ture, a pressure-independent wavelength offset of the
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ruby luminescence is taken into account, and the cali-
bration of the pressure scale is thus assumed to be in-

dependent of temperature. 23

For absorption measurements white light from a
tungsten lamp was focused onto the sample, forming a
light spot of -60 pm in diameter. The transmitted light
was then passed through a —,'-m single-grating monochro-

mator and detected by a cooled GaAs photomultiplier
coupled to a fast photon-counting system. The absorp-
tion coefftcient a(co) was determined according to

I,(~)
a(co) =—ln

d I (r0)

where I (cu) and Io(co) are the intensity transmitted
through the sample and the reference intensity measured
with light passing through the pressure cell next to the
sample, respectively. The sample thickness d was deter-
mined from interferences in transmitted light at photon
energies below the absorption edge. The quantity a,
takes into account reflection losses at sample and dia-
mond window surfaces. For each pressure and tempera-
ture two spectra were recorded: one in a wide spectral
range of energies from far below to well above the ab-
sorption edge, the second one was taken with higher reso-
lution (0.2 meV) in the energy range close to the exciton
line. All absorption spectra measured in the wide range
of energies were rescaled to a common value of a=0 at
Ace=1.4 eV, where GaAs is transparent. These spectra
were used as a reference for the absorption spectra in the
direct exciton region. In this way it was possible to deter-
mine the correction term a, and thus absolute values for
the absorption coef6cient in the excitonic region.

Figure 1 shows some representative optical-density
spectra of GaAs at 100 K measured at different pressures
in an extended spectral range around the direct band gap.
High-resolution spectra of the absorption edge at
different temperatures and pressures are shown in Fig. 2.
The peak at the absorption edge is assigned to optical
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transitions into discrete exciton states dominated by that
with principal quantum number n =1. Individual absorp-
tion lines corresponding to n& 1 exciton levels, ' which
should be 1 order of magnitude weaker than the n=1
line, could not be resolved for the samples used here
presumably because of residual line broadening due to
impurity scattering. The decrease of the exciton
linewidth with decreasing temperature reveals a
signi5cant contribution of phonon-scattering processes to
the lifetime. %ith increasing pressure the exciton peak
shifts towards higher energies, following the blue shift of
the Eo band gap with pressure. ' As the pressure in-
creases to about 4 GPa the exciton peak becomes more
pronounced. Above -4.2 GPa, where the I -X crossover
in GaAs occurs, ' the exciton starts to broaden monoton-
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FIG. 1. Absorption spectra of a thin GaAs sample near the
direct band gap measured for different pressures at T= 100 K.

FIG. 2. Exciton-absorption spectra (data points) of GaAs
near the direct gap Eo at different pressures and at 200, 100, and
20 K. Solid lines represent fits to the experimental data with
Eq. (7).
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ically. This line-broadening effect is stronger at higher
temperatures; for example, at 7 Gpa and 200 K the exci-
tonic peak is not well defined anymore. The line
broadening is attributed to electronic intervalley scatter-
ing into X conduction-band states that are assisted by
zone-edge phonons.

III. ANALYSIS AND DISCUSSION

A. Model for the exciton line shape

The hydrogenlike bound exciton states ( is, 2s, . . . ) aris-
ing from Coulomb interaction between electrons and
holes are characterized by the effective Rydberg energy
A and Bohr radius as

e4 eA'X= ",„a,= (2)

Here, p is the exciton-reduced mass and e the low-
frequency dielectric constant. Equation (2) applies to the
case of direct allowed interband transitions between non-
degenerate parabolic bands. Excitonic states are
broadened through exciton-phonon interaction giving
rise, in the weak exciton-phonon coupling limit, to a
Lorentzian line shape. A finite linewidth of the exciton
states can be introduced in the Elliott expression for the
absorption coefficient' by means of a Lorentzian convo-
lution function. The absorption coefficient then takes the
form

n(co)cubi mo '",m (fuo E)—+I Eo

1 r,
1 —e ' (%co E) +1—,

(3a)

with

z =%I(E Eo); E—=ED —R jm, m =1,2, . . . ;

(3b)
here, mo is the free electron mass, c the speed of light,
n (co) the refractive index, and f,„ the oscillator strength
for optical transitions between valence and conduction
bands. Within the dipole approximation f„is given by

f,„=21M„I Amoirico), (4)

where Mz is the matrix element for electron-photon in-
teraction. We simplify Eq. (3) by defining the
absorption-strength parameter

4ir(2p, ) e ~Mn ~Co=
nciii m 0

I

I

For the linewidth of the mth line we use the empirical re-
lation

=I., —(I., —r, ) rm

with the linewidth I, and I, of the m = 1 state and of the
continuum, respectively.

The integral in Eq. (3) represents the contribution of
the exciton continuum to the absorption coefficient. It
can be separated into two parts: the first one gives an
arctan function, while the second can be solved by in-
tegration in the complex plane (see the Appendix for de-
tails}. In this way we obtain the following analytical ex-
pression:

c,x'" - ~ r.
a(i}ico)=

2
+———arctan

„=i mi (%co—E )~+I i 2 2

fin —Eo

I,
~c + ir sinh(2u+ )

, m (%co E) +I, 2—cosh(2u+) —cos(2u )
(7a}

with

„, [(r~—E,)'+r,']'~'+(X~ —E, )u*=n(%/2)'~.
(fico Eo } + I', —

(7b)

Because of the 1/m factor in the summation, terms with
m )3 can be neglected.

Equation (7) describes the spectral dependence of the
absorption coefficient near the direct exciton transition.
This analytical form is used here for the analysis of the
experimental absorption spectra. Figure 3 illustrates the
result of a fit of Eq. (7) to the absorption data of GaAs at
6.1 GPa and 100 K. The fitting parameters are E„(the

energy position of the m= 1 exciton line), %, I i, I „and
Co. The difFerent contributions to a(co} are also shown
separately in Fig. 3. Curve I represents the total contri-
bution of the discrete exciton spectrum. The superposi-
tion of the discrete absorption lines, weighted by the fac-
tor 1/m, yields a single peak roughly centered at the en-
ergy E„and approximately of width I,. The curves la-
beled II and III in Fig. 3 represent the exciton continuum
and correspond to the second term and the sum of the
third and fourth terms in Eq. (7), respectively, which to-
gether yield a steplike absorption edge of width I,.

The solid lines in Fig. 2 represent the results of non-
linear least-squares fits to absorption spectra of GaAs
measured at other pressures and temperatures. The main
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samples. It has been associated with transitions to exci-
tonic states bound to neutral donors, which can have a gi-
ant oscillator strength with enhancement factors of the
order of 10 . Furthermore, luminescence experiments on
GaAs under pressure demonstrate that below the I -X
crossover the energy of shallow donor levels follows the
blue shift of the Eo fundamental gap. Above the band
crossing donors couple to the lower-lying X-point
conduction-band minimum. According to these observa-
tions, we associate the low-energy shoulder or peak with
bound-exciton optical absorption.

In the fitting of Eq. (7) to the measured optical-
absorption spectra (see solid lines in Fig. 2) we have
neglected data points in those spectral regions where the
additional structures occur. In this way we ensure satis-
factory fits of the main exciton peak and the absorption
coefficient in the exciton continuum regime. From the
results of these fits we determine the pressure dependence
of the Eo energy gap and of exciton parameters.

FIG. 3. Exciton-absorption spectrum of GaAs at 6.1 GPa
and 100 K. The solid line represents the result of fitting the
model function (7) to the experimental data. Dashed lines cor-
respond to contributions of individual terms in Eq. (7) to the ab-

sorption (see text for details).

excitonic features of the absorption edge are well ac-
counted for within the model presented here. However,
there are additional structures in the measured absorp-
tion profiles.

A relatively broad peak is observed about 7 meV above
the exciton peak. We believe that this second peak in our
absorption spectra is originating from built-in inhomo-
geneous stress that partly lifts the degeneracy of the
heavy- and light-hole valence bands. The internal
stress apparently is difficult to avoid for the small and
very thin samples used in this experiment. This interpre-
tation of the second peak is supported by a number of ob-
servations: The intensity of the second peak varies with
pressure like that of the main exciton. The energy sepa-
ration between the two peaks remains constant up to -5
GPa and then increases slightly with pressure (at 8 GPa
the separation amounts to about 12 meV). This indicates
that He is no longer fully hydrostatic above 5 GPa. We
have observed a similar but more intense structure in ab-
sorption spectra when Xe was used as the pressure-
transmitting medium, which has a larger shear strength
compared to He. Finally, Sturge" also reported the ap-
pearance of double-exciton peaks for stressed GaAs sam-
ples at low temperatures.

Absorption spectra measured at 100 and 20 K show an
additional shoulder at the low-energy side of the exciton
peak, which increases in intensity when pressure is raised
up to the crossover pressure P, . At 100 K and 4.5 GPa
the shoulder develops into a clearly resolved peak 3 meV
below the exciton line. For higher pressures this addi-
tional shoulder or peak always disappears (at 6 GPa it is
no longer observable). An optical transition situated a
few meV below the 1s exciton line has also been observed
in the absorption spectra of very pure epitaxial GaAs

B. The Eo band gap and absorption strength Co
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FIG. 4. Energy Eo of the direct band gap of GaAs at 200 and
100 K as a function of pressure. First- and second-order pres-
sure coefficients corresponding to the solid lines are given in
Table I.

The energy Eo of the direct band gap is given by
Eo =E&, +A. The pressure dependence of Eo at 200 and
100 K is shown in Fig. 4. A similar result is obtained for
T=20 K. The linear and quadratic pressure coefficients
of Eo are listed in Table I together with other experimen-
tal results at 300 K (Ref. 17) and 4 K. Our values of Eo
at normal pressure agree with those determined by ellip-
sometry. We note that the pressure coefficients of the
Eo fundamental gap of GaAs are, within experimental er-
ror, independent of temperature.

The parameter Co [Eq. (5)] determines the strength of
the exciton absorption as predicted by Elliott's theory.
Within k p theory the reduced e8'ective mass p at the I
point is proportional to the direct-band-gap energy Eo. '
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TABLE I ~ First- and second-order pressure coefficients of the
direct optical gap Eo of GaAs [Eo(P)=ED(P =0)+bP+cP j
at di8'erent temperatures. Experimental results for other tem-
peratures are also given for comparison.

T (K)
0(I' =0)

(eV)
b

(10 ' eV/GPa) (10 eV/GPa )

300
200
100

20
4

1.43(1)'
1.465(6)
1.505(6)

1.512(6)
1.5192(2)

10.8(3)'
10.6(3)
10.6(4)

10.7(4)
10.73(5 )'

—14(2)'
—13(4)
—16(7)
—14(5)

'Reference 17.
Reference 1.

'Reference 29.

One thus expects that Co-Eo . The values of Co for
200 K, when plotted versus Ep/, lie on a straight line, as
shown in Fig. 5. The same behavior is found for the Co
data at 100 and 20 K. This, in fact, implies that the ma-
trix element Mz of the electron-photon interaction for
dipole-allowed transitions, which is given by the inter-
band momentum operator P —2rr/a, is essentially in-
dependent of pressure. One can obviously neglect the
small variation with pressure of the lattice parameter a
compared to the change of Eo.

A roughly linear increase of the absorption ceScient
a(Ep) at the direct edge was reported for GaAs (Ref. 17)
and Ge (Ref. 32) at T=300 K. This effect was attributed
to exciton formation. The present results obtained at low
temperatures confirm this dependence of the absorption
coefficient on the gap energy, since according to Eqs. (2),
(5), and (7) one has a(Ep) —Cp%'/ /Ep —Ep. Contribu-
tions to the absorption coming from indirect transitions
to the lower-lying X-point conduction-band minimum
(P& 4.2 GPa) are negligible in the pressure range investi-
gated here.

C. Exciton binding energy

p '=m, '+(m)h'+mhh')/2 . (8)

Here m, is the electron conduction-band mass and m&h

(mhh) are the light- (heavy-) hole valence-band effective
masses. By using the data for GaAs from Ref. 35
(m, /mp=0. 068, m)h/mp=0. 076 mh} /mp=0. 5, and
E= 12.5) one finds from Eq. (2) a value for % that is only
10% smaller than the experimental value at 2 K of Ref. 1

(see Table II). Actually, the binding energy can be calcu-
lated more accurately. Baldereschi and Lipari have
developed a perturbation method that allows to calculate
the energy position of the 1s and the 2s levels of the
fourfold-degenerate Eo exciton in tetrahedral semicon-
ductors. In the case of GaAs, they 6nd excellent agree-
ment (within 1%) of their calculated binding energy with
the experimental one.

At all temperatures we observe an essentially linear in-
crease of the exciton effective rydberg (see Fig. 6). Actu-
ally, the simple hydrogenic model predicts, to a Grst ap-
proximation, a linear pressure dependence for A in GaAs
[see Eq. (2)]: The static dielectric constant e of GaAs

Figure 6 shows the exciton binding energy A as a func-
tion of pressure for three different temperatures. The
solid lines in Fig. 6 represent the results of fitting a linear
function to the data points. The corresponding values of
% extrapolated to zero pressure and the slopes are given
in Table II together with other experimental and theoret-
ical results. The values of % at 200 K determined here is
in good agreement with that in Ref. 1, where % was de-
duced from the energy difference between the m = 1 and 2
exciton-absorption lines.

The validity of the description of the Eo exciton of
GaAs in terms of a hydrogenic model is not obvious be-
cause of the degeneracy of the light- and heavy-hole
bands. Equation (2) can nevertheless be used to estimate
the effective rydberg energy A, provided that an average
value p for the reduced mass is introduced as given by
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FIG. 5. The absorption-strength parameter Co as defined in

Eq. (5) vs energy gap Eo for measurements at 200 K. The solid
line is a fit to the data with a linear function.

FIG. 6. Exciton binding energy A of GaAs at 200, 100, and
20 K as a function of pressure. The lines are fits to the data
with linear expressions (corresponding parameters are listed in

Table II).
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TABLE II. Binding energy 8' and its pressure coeScient of
the direct exciton of GaAs at different temperatures. Other ex-

perimental and theoretical results are given for comparison.

T (K)

20

% {meV)
Experiment Theory

4.0(1)'
3.0(4)
3.5(1)'
3 3(5)
3.1(1)'
3 4(5)
4.2(2)'
4.4

39'
4.1'
4.22~

d in%/dP (Gpa ')

0.083(3)'

0.080{3)'

0.086(3)'

'This work, absorption (fit).
Reference 11,absorption (fit).

'Reference 1, absorption (energy difference of m = 1,2 lines).
Reference 33, luminescence.

'From Eqs. (2) and (9), H-atom model.
'Reference 7, perturbation theory.
~Reference 34, variational calculations.

does not change appreciably with pressure. Thus, the
exciton effective rydberg R is proportional to the reduced
mass p (within k p theory3' we have p ~ Eo ), i.e., R 0- Eo.

The Eo fundamental gap increases by only 3% between
200 and 20 K. Furthermore, from the analysis of absorp-
tion spectra Sturge" deduced no substantial change of %
with decreasing temperature (see Table II}. However, we
find the parameter % to decrease by 25% in the same

temperature range. In our case we cannot completely
rule out that the additional structure found in the absorp-
tion spectra at energies above the main exciton peak (dis-
cussed in Sec. III A} has some influence on the determina-
tion of %, because these structures become more pro-
nounced at low temperature (see Fig. 2). However, we
offer a physical explanation for this effect in terms of an
increase of the low-frequency dielectric constant e at low
temperatures.

A strong enhancement of the electronic polarizability
occurs when the concentration of neutral donors ap-
proaches some critical value for the insulator-metal tran-
sition. In Si:As (Ref. 38) a significant increase of e has
been observed for donor concentrations close to 6X10'
cm when the donors are not thermally ionized. Furth-
ermore, Castner estimated for Si a 10% increase of e for
concentrations between 5 X 10' and 10' cm (which
corresponds to a 20% decrease of %). The Mott transi-
tion in GaAs is expected at donor concentrations approx-
imately 2 orders of magnitude lower than in Si, due to the
smaller conduction-band mass in GaAs, i.e., larger
donor-effective Bohr radius. Donor concentrations of
10' cm are common for a semi-insulating GaAs
wafer" as used in the present experiment. Therefore,
the main effect contributing to the decrease of A with de-
creasing temperature may well be related to an increase
of e due to the freeze out of carriers at shallow donor

states. This interpretation, which is supported by the
fact that d lnRldP is approximately constant and in-
dependent of temperature (see Table II), deserves further
study.

D. Exciton line broadening above the I -X crossover

The values of the half-width I
&

of the 1s exciton line as
a function of pressure are shown in Fig. 7 for the three
different temperatures. At normal pressure I, is reduced
by 50%, when temperature changes from 200 to 20 K.
The interaction of excitons with impurities or defects de-
pends on the quality of the sample and yields a roughly
temperature-independent exciton linewidth (for undoped
materials}. Thus, the strong temperature dependence of
the exciton linewidth indicates that electron-phonon in-
teraction is a dominant scattering mechanism in our sam-
ples.

The width I, remains approximately constant up to
the I -I crossover pressure P, . For P &P, the exciton
line broadens significantly (see Fig. 7), this broadening be-
ing stronger for higher temperatures. Obviously the data
in Fig. 7 allow one to distinguish two pressure ranges
below and above P, characterized by different excitonic-
scattering mechanisms.

In the pressure range below P, excitons can be scat-
tered within the conduction-band minimum at point I by
phonons with small wave vectors q. Toyozawa has
shown that the strength of the exciton-phonon coupling
via deformation potential -interaction is proportional to q
in the case of the optic modes, but proportional to q'
for acoustic ones. For that reason acoustic phonons are
mainly responsible for intravalley scattering. The scatter-
ing times are inversely proportional to the phonon oc-
cupation number Nq=[exp(E /keT) 1] '. The —aver-
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represent the mean width for pressures below the critical pres-
sure P, for I -X crossover. For 200 K only data points for pres-
sures close to P, were considered for the average.
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age values of I i for P & P, (see horizontal lines in Fig. 7)
at different temperatures follow well that behavior with
an average phonon frequency Eq —17 meV (for T=200 K
only data points for 2 GPa & P & P, were considered in
evaluating the average width).

For P &P, phonon-assisted intervalley scattering of
electrons from I - to X-point conduction-band states be-
comes possible. Now both acoustic- and optical-phonon
modes contribute to the scattering probability. We thus
attribute the corresponding decrease of the exciton life-
time for P & P, to phonon-assisted transitions from the
I - to the X-point conduction-band valleys. From the
broadening effect we can evaluate the phonon
deformation-potential constant for intervalley scattering
in GaAs.

We define the broadening EI for a given pressure P
greater than P, as the difference between the actual
linewidth I, and the average width below P, given by the
horizontal lines in Fig. 7. The EI data obtained in this
way are shown in Fig. 8 as a function of the energy
difference hEzz between the I and the X points in the
conduction band. The energy difference hEzz is calcu-
lated for different pressures using the direct-band-gap
pressure coefficients obtained in the present work and the
indirect I -X gap pressure coelcient after Ref. 17. The
broadening bI is more pronounced at 200 K than at
lower temperatures, as is clearly shown by the data of
Fig. 8.

To interpret the exciton-broadening data we have used
a simple model for intervalley electron scattering within
the effective-mass approximation. ' As a scattering
mechanism the phonon-induced deformation potential is

GaAs
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FIG. 8. Broadening AI of the direct exciton of GaAs for
pressures greater than P„(a) at 200 K, (b) at 100 K, and (c) at
20 K as a function of the conduction-band energy difference
bEr». Solid curves are the results of fitting Eq. (10}to the ex-
perimental data with Sas the only adjustable parameter.

considered. The corresponding matrix element is given
42

2pEq

' 1/2

Dr»+Nq+ (9)

where E and Nq are the phonon energy and occupation
number, respectively, of a given phonon with wave vector
q, p is the material density, and Dzz is the phonon
deformation-potential constant for I -X intervalley
scattering (in units of eV/A). The possible dispersion of
Dr» is neglected here. The plus (minus) sign in Eq. (9)
corresponds to the emission (absorption) of a phonon. By
symmetry only certain phonon modes can participate in
the scattering process. In GaAs the first conduction
band at the X point has X& symmetry. Thus only
zone-edge LO phonons mediate electronic transitions
from point I' to point X. We take Eq =30 meV for the
energy of the LO phonons at the X point of GaAs. '

The exciton broadening induced by scattering with
phonons is simply related to the transition probability
through Fermi's golden rule. Considering a parabolic
conduction-band dispersion at the I and X points, the
broadening b, I is expressed as a function of the energy
difference b,E&» as '

with

3m„D ~~S = NQ(T) .2~v~
Here fs =exp(Eq/ks T) is the Boltzmann factor,
p=5.34(2) g/cm for GaAs, ' andm„=(mim~~)'~ =0.43
is the density-of-states efFective mass at the X-point
conduction-band minimum.

The solid curves in Fig. 8 are obtained by fitting Eq.
(10) to the experimental broadening b, l at the three
selected temperatures. The factor S is the only adjustable
parameter. Its values obtained in this manner allow us to
determine the deformation potential (i.e., the electron-
phonon coupling constant) Dr» for I -X interband
electron —LO-phonon interaction of GaAs. We have ob-
tained for D„» at 200, 100, and 20 K the values 4.9(5),
4.8(4), and 4.8(4) eV/A, respectively. In accordance with
Ref. 44, Dz& is found to be independent of temperature.
We take the mean value as the final result, i.e.,

Dr»=4. 8(3) eV/A

Scattering deformation potentials were usually derived
indirectly from high-field transport experiments (i.e., mi-
crowave oscillations) or by measuring relaxation times of
field-excited or photoexcited carriers. The disadvantage
of these methods is that the interpretation of the experi-
mental results is not straightforward, because inforrna-
tion about the scattering mechanism is obtained through
complicated Monte Carlo simulations of the transport
properties. ' Values for D&~ obtained with these

ar(aE„)= P', (T)+WE„, E,+QaE„—+E,]
q

(10)
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methods lie in the range 5—10 eV/A. The Dzz's were
also calculated using rigid-ion empirical pseudopotential
methods ' giving D„X=3 eV/A, in reasonable agree-
ment with the present experimental value. The agree-
ment may improve if ab initio, self-consistent calculations
are performed.

IV. CONCLUSIONS

We summarize the results of low-temperature exciton-
absorption studies of GaAs under high hydrostatic pres-
sure as follows. (1) The energy of the direct band gap Eo
of GaAs exhibits a sublinear dependence on pressure with
a linear coefficient of 0.107(4) eV/GPa. Within experi-
mental error the linear and quadratic pressure coefficients
are independent of temperature and consistent with
literature data. ' ' (2) The strength of the absorption
coefficient a(Eo) at the direct optical gap energy in-

creases with pressure and is proportional to the energy of
the Eo fundamental gap. This result is consistent with
Elliott's theory of exciton absorption. ' ' (3) The bind-
ing energy A of the direct exciton in GaAs increases
linearly with pressure. The average slope in the ternpera-
ture range 20-200 K is d in'/dP=0. 083(3) GPa '. This
pressure dependence of % can be understood as being due
to an increase of the reduced effective mass of the exciton
with pressure. ' (4) The exciton linewidth in GaAs,
which remains essentially constant up to the I -X cross-
over pressure P„broadens significantly above this pres-
sure due to phonon-assisted intervalley scattering pro-
cesses. From this broadening we determine the phonon
deformation potential Dzx for I -X intervalley scattering
in GaAs. Our result for Dzz is probably the first reliable
determination of this quantity.
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APPENDIX

+ rc
E coth(iiz)

E. (E f~)2+—r,'

I„can be directly integrated, giving

(A 1)

7T
]I =———'arctancl

Eo fico—
I, (A2)

The integral I,2 can be solved in the complex plane with
the following substitution of variables:

x =z =(E Eo)/A; —
g =(Eo fico)/g; y, =—r, /g .

This gives for I,2

Rewriting the exponential function in the integrand of
Eq. (3a) as

1 =
—,
' [1+coth(irz) ],

8

the contribution to the absorption coefficient coming
from transitions into the exciton continuum splits into
two integrals:

I, =I„+I,2
I,

(E —~~)2+ r,'
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I,2= y, x coth(x'+ (2)2+ y',
(A3)

The poles of the integrand in the upper hemisphere of the
complex plane are

—
( (2+ i y )1/2

, &2
' in the denominator of Eq. (A3 );

x2 = iyq

l
x =—,m =1,2, 3, . . . in coth(ir/x) .m'

By integrating Eq. (A3) along the real axis and a half-circle in the upper half-plane one thus obtains

I =—cothC2 4
+coth

( /+i y, )'— ( g i y, )'— — 7C
1 1

m (g —1/m ) +y
(A4)

The final result of Eq. (7) is obtained from Eq. (A4) by taking u, =m /x, =u ++iu and u2 =u ', (complex conjugate):

vr sinh(2u +
) C

2 cosh(2u+) —cos(2u ) =, mi (fico E) +I, — (A5)

We note that I,2 is a monotonic function of photon energy (it can be demonstrated that it is related to the 4 function,
i.e., the logarithmic derivative of the I' function).
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