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Effect of hydrostatic pressure on the direct absorption edge of germanium
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The dependence of the direct gap of germanium (I » ~I'2) on hydrostatic pressures up to 104 kbar has been
measured. This dependence is found to be sublinear and to reflect mostly the nonlinearity in the
compressibility. The linear pressure coefficient found for the gap is (1.53 + 0.05) && 10 eV/kbar while the
quadratic one amounts to —(4.5+1)X10 ' eV/kbar'. When the gap is plotted as a function of lattice
constant a small sublinearity remains. This sublinearity is well reproduced by a calculation based on empirical
pseudopotential coefficients. At pressures above 8 kbars a strong tail develops below the direct edge. It is
attributed to I » ~ L& and I 25 ~h, indirect transitions. The strength of the direct exciton edge is found to
evolve with pressure in a way proportional to the I » iI, gap energy. At 105 kbar the material is found to
become opaque as a result of a phase transition.

I. INTRODUCTION

The development of the diamond anvil cell and

the ruby fluorescence manometer' has made pos-
sible optical measurements under pure hydrosta-
tic pressures in excess of 100 kbar." A study of
the direct edge of GaAs (F»-F„also referred
to as E,) for pressures up to the phase transition
(180 kbar) has revealed a sublinear variation of
the gap energy with pressure. ' Most of this non-
linearity is related to nonlinearities in the bulk
modulus: it disappears when the gap is plotted
as a function of lattice constant. However, a
small sublinearity remains in the dependence of
the E, gap of QaAs on lattice constant. This sub-
linearity can be theoretically explained with the
empirical dielectric theory of energy gaps' and
with the empirical pseudopotential method. ' A
calculation based on Heine and Cohen analytic
pseudopotentials gives a superlinear pressure de-
pendence of Ep unless pressure-dependent hard-
core pseudopotential radii are assumed. '

As a result of the sublinearity in the pressure
dependence of Eo the linear pressure coefficients
found in conventional measurements, limited to
pressures below 10 kbar (1.1x10 ' eV/kbar for
GaAs), are too low. Nonlinearities may also be
responsible for the wide range of pressure co-
efficients reported for the E, edge' of Ge (be-
tween 1.1 and 1.4 x 10 ' eV/kbar) while signifi-
cantly higher values have been calculated'
(1.6x10 2 eV/kbar). In order to test this idea
and to clarify the origin of these nonlinearities
we have performed measurements of the pressure
dependence of the E, gap of Qe up to the phase
transition (105 kbar). We found a nonlinear be-
havior similar to that found earlier for QaAs and

deduced an initial slope of 1.53 +0.05 eV/kbar,
higher than any previously reported. The non-
linear behavior is reproduced by a calculation
based on empirical pseudopotential coefficients. ' '
As a by-product, we have shown that the height of
the exciton-induced step in the absorption co-
efficient is proportional to the gap energy, as re-
quired by Elliott's theory. ' Above 8 kbar a tail
develops below the E, gap. This tail grows as
the pressure is increased. A comparison with
the indirect edges of Ge (I'». -I,) and Si
(F» -6,) suggests that this tail is due to both
types of indirect transitions, with a small con-
tribution (- 20%) of F„-h, via, the I", intermedi-
ate state. This intermediate state should not con-
tribute to the I'» -4, transitions of Si since it
occurs 4 eV above the I » valence band.

II. EXPERIMENT AND RESULTS

The details of the optical and pressure appara-
tus have been published in Ref. 3. The sample
was a 10-p, m-thick piece of Qe measuring about
0.1 mm across. It was prepared by chemically
etching a polished platelet of 10 0 cm n-type Qe

and by cracking it into small pieces. The pres-
sure was measured to within + 1kbar by using
the shift of the fluorescence lines of a small
piece of ruby placed in the pressure cell. ' All
measurements were performed at room tempera-
ture.

While Ge has an indirect edge (F».-l, ,) at 0.65

eV at room temperature, the absorption near this
edge is weak and the direct edge (F» -F, ) ap-
pears strongly as a sharp excitonic step" which
saturates at 0.82 eV at atmospheric pressure
(see Fig. 1). We take this saturation point or kink
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FIG. l. Absorption
edges of Ge obtained at
room temperature and for
several hydrostatic pres-
sures up to the phase tran-
sitions. The vertical
values indicate the posi-
tion of the excitonic "kink"
as obtained from the trans-
mission curves. The num-
bers on the vertical ar-
rows represent the pres-
sure (in kbar) at which the
data were taken.
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'
1 ). The solid line represents the

pseu opo en iad t t' l calculations discussed in Sec. III, while
the dashed line represents the initial slope o e qua-
ratic fit to the experimental points.

as indicated by the arrows of Fig. 1, to be the
direct gap since, within the accuracy of the room-
temperature measurements, the excitonic binding
energy' (0.002 eV) can be neglected. This kink
is better defined in the transmission curves (I/Io)
than in the absorption coefficient n = —(1/d)ln(I/1, )
and we usually took it from the transmission
curves. The energy of the direct gap obtained in
this manner is plotted in Fig. 2 as a function of
pressure P. The strong nonlinearity in the Ep(P)
curve is similar to that reported for Qahs. ' A
quadratic least-square fit to the experimental

t ' ld for the linear and quadratic pressure

eoeff icients

' =(1.53+0.05)&&10 ' eV/kbar,
dp

(4 5 g 1)&&10- V/khan
2 dp'

III. DISCUSSION

It has been shown recently' that the pressure de-
pendence of the E, gap of QaAs measured up to
180 kbar can be accounted rather well by band-
structure calculations as a function of lattice con-
stant based on the empirical pseudopotential
method. ' Ke present here the results of similar
calculations for Qe. The ionic pseudopotential
form factors (PFF) are obtained as a function of
wave vector q by fitting a second-degree poly-
nomial to the symmetric crystal PFF of Qe given
by Cohen and Bergstresser, " after multiplica ion
b the volume of the unit cell and the q-dependent
dielectric constant. This dielectric constan q)
is taken to be that of the Penn model suitably
modified by Brust to include exchange and corre-
1 t ' The q-dependent crystal PFF of Qe area ion.

F b thethen obtained by dividing the ionic PFF y e
volume of the unit cell (dependent on lattice con-
stant) and by e*(q). This involves the use of a
self-consistency loop since e q is a function of
the average (Penn) gap, which is taken to the gap
calculated for the (2w/a)( —,', —,', 0) point of the Bril-
louin zone. eTh band structure was obtained by
diagonalizing a secular equation with approxi-

point) with about 80 additional waves included by
I 6wdin perturbation theory.

The dependence of the E, direct gap and of the
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I'».-L, indirect gap (E,) on lattice constant cal-
culated by this procedure is shown in Fig. 3. The
gaps obtained for the zero-pressure lattice con-
stant a, (ha = 0) are somewhat larger than the
experimental ones, a result due, in part, to
having neglected the spin-orbit splitting in the
calculation (the spin-orbit splitting decreases both

gaps by 0.1 eV) and to the fact that no parameters
were adjusted by ourselves. The three PFF of
Cohen and Bergstresser were adjusted so as to
optimize the agreement with seven energy gaps
measured at loco temPemtuye. The two gaps of
Fig. 3 for Aa =0 appear in a pseudopotential cal-
culation as the difference of two large energies and
are therefore rather sensitive to the value of the
PFF chosen. This is, however, not the case for
their pressure coefficients. "

The calculated gaps of Fig. 3 are seen to vary
nearly linearly with ba/a, . However, a slight
sublinearity can be detected. The variation of E,
and E, with b a/ao is represented by

where a is the lattice constant under a pressure
P, B, the bulk modulus" (B, = 743.7 kbar), and B,'
its pressure derivative" (4.76). The theoretical
dependence of Fig. 3, converted into a function of
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FIG. 3. Calculated dependence on lattice constant of
the Eo direct gap (solid lines) and the I'&5. L& indirect
gap of Ge. The dashed line indicates the initial slopes
of the calculated curves. The crosses represent our
experimental data for the Eo edge with the origin of
energies shifted to make comparison with calculations
possible.

AE, (eV) = —37.5 (b,a/a, ) —52 (Aa/a, )',
AE; (eV) = —19(b,a/a, ) —65(d, a/a, )' .

In order to compare our calculations with the ex-
perimental results, we used Murnaghan's equation
of state"

(2)

P with Eq. (2), is represented by the solid line of
Fig. 2. Practically the same line is obtained with
Birch's equation of state. " It fits the experimental
points rather well except maybe for the two highest
pressures. A glance at Fig. 1, however, shows
that at these pressures the edge is broadened, be-
comes less well defined, and may even be lowered
by interaction with the large background of indirect
transitions. The large absorption coefficients used
may also produce an apparent lowering of the edge
due to scattered light. One should also point out
that a calculation using the analytic atomic PFF
of Cohen and Heine" yielded a slightly superlinear
dependence of E, on ha/a, instead of the sublinear
ones of Fig. 3. We have also plotted in Fig. 3 the
observed energy gaps Ep with the pressure trans-
formed into lattice constants using Eq. (2) (a con-
stant has been added to the Ep energies to make
comparison with the calculations possible). A

slight sublinearity, similar to the calculated one,
is apparent in the experimental points. We point
out that a plot of the experimental points as func-
tion of volume shows a larger, well defined sub-
linearity.

For pressures above 8 kbars a tail develops be-
low the E, excitonic step. This tail must be due
to indirect transitions from I „.to the L, and the

A, conduction minima (E; =0.65 and 0.86 eV, re-
spectively, at" T = 300 K and P =0). Experiments
with thicker samples (~0.1 mm) should yield the
pressure dependence of these indirect edges which
could then be compared to the calculations of Fig.
3 for the I'» -L, edge and to similar calculations
for the I'» -&, edge. The pressure coefficient
obtained from Eg. (1) and B, for the I'» -L edge
is 8x10 ' eV/kbar, considerably larger than the
experimental value"" (5x10 ' eV/kbar). The
pressure coefficient of the I'25& Ay edge of Si has
been measured up to 7 kbars and equals -10 '
eV/kbar. " The calculations of Ref. 5 yield a
Positive coefficient at zero pressure which revers-
es sign at higher pressures: large errors are,
however, expected in the calculations of such
small coefficients which arise from compensating
terms. For this reason we have not included in
Fig. 3 the pressure dependence of the I'» -4, gap.

We shall now try to analyze the indirect tail of
the 41.2-kbars curve of Fig. 1 (replotted as the
crosses of Fig. 4), for which the most detailed
data were taken. The absorption coefficient for
allowed phonon induced indirect transitions be-
tween parabolic bands can be written"

(tB,m„)' ':- ',p; (2sg + 1)
u)n([S(u [')

where P; is the matrix element of linear momen-
tum between initial and intermediate state j or be-
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n=6. 25 x10'(&u —0.65)' cm ', (4)

with e in eV. A comparison of Eq. (4) with Eq.
(3) indicates that there must be a cancellation in
the m dependence of terms &u and (I ha I ) in the
denominator of Eq. (3) which may be also helped
by a frequency dependence of the terms in the
numerator, such as P, -,~;. The simple form of
Eq. (4) suggests an estimate of the contribution of
the I » -L, transitions to the indirect absorption
of Fig. 4 merely by shifting e; from 0.65 to 0.93
eV, the value calculated at 4.12 kbar with the help
of Fig. 3. This gives the dashed line of Fig. 4
which is obviously insufficient to account for the
observed absorption. The reason is to be sought
in the contribution of I"».-4, transitions which
can be estimated from the indirect edge of Si.
In fact, all of the band parameters which contri-
bute to the I'». -6, transitions should be nearly
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FIG. 4. Experimental absorption edge of Ge at 41.2
kbars and 300 K (crosses). The dashed line represents
the I'25. 1.

&
indirect transitions estimated on the basis

of the indirect absorption edge of Ge. The solid line
is an estimate of the I'2&- 6& transitions based on the
indirect edge of Si.

tween intermediate and final state (dependent on
order of phonon and photon transitions), m, and
m„are the effective masses of the initial and final
bands, respectively, =,~; is the corresponding
matrix element of the electron-phonon interaction,
&u; the indirect gap (the phonon energies are being
neglected since in our measurements the edge
cannot be decomposed into its phonon absorption
and emission components), n~ the Bose-Einstein
statistical factor for the appropriate phonon, n the
refractive index (nearly constant in the region of
interest), and ( lb.~ I')' ' an average energy dif-
ference between the intermediate and the final
state. The contribution of the I'». -L, indirect
transitions to Fig. 4 can be estimated by extra-
polation of the corresponding transitions observed
at zero pressure. We find from Refs. 18-20

the same for Qe as for Si, with the exception of
the presence in Qe of transitions via the I;. in-
termediate date. This state is too far away in Si
to contribute. ~' For Si the I'». -6, indirect ab-
sorption is

n=4x10'(e —1.06)' cm ', (5)

with (d in e7. The sum of the two calculated
curves of Fig. 4 accounts for about 80/0 of the ob-
served indirect tail. The remaining 20/0, al-
though it falls in the range of the uncertainties
involved in our estimates, could be due to
I » -6, indirect transitions via the l, . inte-
mediate state. These transitions take place with
participation of LO phonons, in contrast to the
TO phonon aided Si-like transitions. Absorption
studies of thicker samples near the indirect ex-
citon threshold I should be able to separate the
contributions of the various phonons and thus to
test our conjecture concerning the various inter-
mediate states involved.

We discuss now the strength of the direct ex-
citonic step of Fig. 1 and its pressure dependence.
The strength of the excitonic step is given by (in
au )a, i2

an= (4v/c(u, n)P„'(2p)'~'(E, )'~', (7)

where c is the speed of light, n the refractive in-
dex'2 (=4.2), P„ the matrix element of linear mo-
mentum between valence and conduction bands
(=0.41 at units per each valence band"), p the re-
duced density of states mass, and E„ the exciton
binding energy" (1.7 meV) which is approximately
equal to iL/2e a.u. (p, =0.033, e =16). Replacement

with e in eV. In order to find the corresponding
absorption coefficient of Qe at 41.2 kbar, the
I'» -6, gap of this material" (0.86 eV) must be
shifted down by about 0.04 eV as obtained from
the pressure coefficient of this gap in Si." We
also must take care of the different statistical
factors n~ in Eq (3).(the transitions occur mainly
by absorption or emission of TO phonons" with
energy 0.058 for Si and 0.036 for Ge). The sta-
tistical factor 2n~+1 should enhance the absorp-
tion of Qe by a factor of 1.32 with respect to Si.
Besides, the matrix element ™2is proportional to
the square of the amplitude of the zero-point vi-
bration, inversely proportional to the square root
of the atomic mass. This introduces a factor
(Ms; /Mo, )' ' = 0.62. The factor of &u in the de-
nominator of Eq. (3) suggests the multiplication
of the absorption of Si by the ratio of the indirect
gap of Si to the corresponding one of stressed Qe
(1.06/0. 82 =1.3). Thus, from Eq. (4) and the
above we find

n =4.2 x 10'(~ -0.82)' cm ',
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of these values into Eq. (7) yields at zero pressure
~a= 3.1X10'cm '. This value shouldbe multipliedby
two to take into account the degeneracy of the valence
bands. One thenobtains ho. =6.2 &&10' cm ', in excel-
lent agreement with the zero-pressure data of Fig. 1.

It is easy to find an explicit expression for the
dependence of 4n on pressure. This dependence
arises mainly from the explicit co, dependence in
Eq. (7) and from the dependence of p, and E,„on

The dependence of the dielectric constant and
of P on pressure can be neglected. " Replacing
E,~ 0 and p ~ E,/P 2 in Eq. (7) we find that Aa
should be directly proportional to ~,. The
strength of the excitonic step, as measured from
the indirect background, is plotted in Fig. 5 as a
function of (d, . A linear dependence holds for v,
up to 1.5 eV (-50 kbars). Up to this pressure the
steepness of the excitonic step does not change.
At higher pressures, the step begins to broaden
and becomes ill defined, probably because of de-
cay into the large growing indirect background.
At the highest pressures the broadened step can
no longer be separated from the indirect transi-
tions background.

In conclusion, we have measured the dependence
of the energy of the direct gap of Qe on hydro-
static pressures up to 104 kbar and found it to be
sublinear. While most of the sublinearity is due
to the decrease in compressibility with increasing
pressure, a small sublinearity remains when the
gap is plotted as a function of lattice constant.
This sublinearity is explained by an empirical
pseudopotential calculation. With increasing
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FIG. 5. Strength of the step in the absorption coeffi-
cient of Ge due to direct excitons, as a function of the
direct gap energy which is varied by application of hy-
drostatic pressure.
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pressure, strong indirect transitions (1» -L,
and I'». -b, ,) appear below the direct edge. Ex-
periments with thicker samples should yield de-
tailed information about these indirect transitions.
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