VoLUME 26, NUMBER 4

PHYSICAL REVIEW LETTERS

25 JANUARY 1971

degenerate quickly into phonons Zw < 2A and only
then are they long enough lived to be emitted in-
to the Ge. This indicates that we have succeeded
in generating milliwatts of phonon power over a
very restricted spectrum and have detected only
a small portion (the upper cutoff region) of the
distribution which makes the system effectively
a monochromatic source of phonons. We have
observed scattering of these modes by the hydro-
genic-like levels of Sb in Ge and the coupling
obeys the symmetry restrictions. We believe
that we have seen two types of scattering: (1) a
resonance absorption indicated by the resonance
peak, and (2) inelastic scattering manifested by
a step in the background of the absorption curve,
both structures occurring at a stress equivalent
to a splitting of 2A.
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The dielectric theory of the chemical bond has been extended to calculate pressure co -
efficients of interband energy differences in acceptable agreement with experiment.
Some improvements in Van Vechten’s prescriptions are suggested by these new, more
stringent tests. An approximate empirical rule for pressure coefficients is confirmed,

and deviations from it predicted.

Van Vechten has recently proposed' a general
model for tetrahedrally coordinated AYB®"" com-
pounds which is based on Phillips’s? spectroscop-
ic theory of electronegativity differences and
appears to yield good agreement between predict-
ed energy-band separations and experimental re-
sults. In this Letter we extend this model to cal-
culate the expected pressure dependences of
three direct and two indirect energy gaps in nine-
teen group IV, group III-V, and group II-VI semi-
conductors. With a few exceptions which will be
discussed in detail, we have adopted Van Vech-
ten’s prescriptions for these energy gaps and
have avoided adjusting his numerical values for
parameters, so that our comparison of calcu-
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lated with measured pressure coefficients may
provide a new test for his model.

A brief summary of Van Vechten’s prescrip-
tions follows:

(1) A direct interband energy separation E; in
a compound neither of whose elements possesses
core states (in practice, d states) close in ener-
gy to the valence-band energies is given by

,i)2]1/2, (1)

where E, ;, the homopolar gap, is assumed to be
a function of nearest-neighbor distance d only
and to be given by?

E, jocd®i. (2)

E,=E,;[1+(C/E,
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Indeed, the homopolar part of any energy separa-
tion is assumed to scale with distance in this
way. C represents the change in gap produced
by the antisymmetric potential in a binary com-
pound, and is assumed to be independent of the
direct gap under consideration.

In calculations, experimental determinations
of E, ; for two group-IV elements (C=0) give
s; and therefore E, ; for the other materials.
C is obtained from the real, static, electronic
dielectric constant of the compound under con-
sideration from

€,=1+DA(fiw,)?/(E, 2+ C?). 3)

In this formula, w,?=4n7Ne®/m with N=4X (atomic
density). E, is the isotropic homopolar gap of
the Penn model,* which is assumed to scale® as
d®. The factor A is equal to 1-(E,/4E ;) +3(E,/
4E)?, where E,?=E,? +C? and E is the free-
electron Fermi energy for 4 electrons per atom-
ic volume. Generally, A is about 0.9. The fac-
tor D is a correction for d-core effects! which
will be discussed below.

(2) The effect of core states (here d states),
near in energy to the valence-band bonding states,
on interband energy differences is introduced
through the expression
E':[Eh,i_(Dav—]-)AEi][1+(C/Eh,i)2]1/2~ (4)

1

For our purposes, only the direct gaps E, and E,
are considered; E, [T, (T')5)~ I, (I'))] and E,
[Lg (Lg)~ L,] involve s-like conduction-band
states which are the ones assumed to be most
affected by the d states. In expression (4), AE,
and AE, scale only as the nearest-neighbor dis-
tance and are determined by fit to experiment on
group-IV elements. D, is a weighted average
of factors D for skew compounds'® and is equal
to D for atoms from the same row. The values
of D are determined in principle from the ratio
of the effective plasma frequency to the free-
electron value and are tabulated in Table IV of
Ref. 1(a).

(3) The absolute value of the energy of the top
of the valence band at k=0 (I,,, or T,,) is given
by the negative of the ionization potential /:

I=5[1+(C/L,)*]"2, (5)

where /[, is the homopolar contribution to 7.
(4) The splitting of the X,-X, conduction-band

states in heteropolar crystals is assumed to be a
linear function of C only, viz. 24X =0.142C.

(5) The absolute value of the maximum valence-
band energy at the X point X, (X,) is argued to
be a property of the rows only, and specifically,
independent of the value of the “antisymmetric
gap” C. Thus

Ey,=Ey, (SD[d,dp)"2/d s, ], 6)

where j =X, and d,, dgz, and dg; are the covalent
radii! for the two elements of the compound and
for silicon, respectively. We prefer to modify
the model and describe E ,, by an expression
similar to that in Eq. (1). Thus

EX4 =EX4,)! [1 + (C/EX4,’I )2]1/2’ (7)
where
Ey,»<d®, (8)

since this postulate® is more consistent with the
overall model than is Eq. (6). In principle, at-
mospheric pressure band structures might be
supposed to differentiate between prescriptions
(6) and (7). The result is that prescription (7)
rather than (6) leads to somewhat better agree-
ment with experiment at atmospheric pressure;
however, since (C/Ey,,) is roughly } in the crys-
tals tested, this comparison is not very good for
differentiating between them. We shall see later
that a comparison with experiment of calculated
pressure coefficients, which involves making a
choice between Eqs. (6) and (7), leads to a more
critical test.

(6) The energy of the Ly, (L;) valence-band
state below T, (T',;) is set equal to a constant
fraction ¢ of the energy separating Ty and X,.
Van Vechten arbitrarily set £=0.5. However,
we shall set £=0.4 since Zallen and Paul found
that under pressure the relative shifts of L,, and
X, with respect to T,,, were in this ratio.® This
somewhat less arbitrary assumption actually
leads to better indirect gaps at atmospheric pres-
sure. Thus the pressure dependence of E Lgs is
fixed by Eq. (5) plus Eq. (7). The choice of ¢ only
affects the calculated coefficients for I' to L
transitions.

The pressure coefficients of the ionization po-
tential, the absolute energy of the X, valence-
band level, and the direct and indirect gaps are
simply derived from Egs. (5), (7), and (4). The
direct-gap pressure coefficients are given, from
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(4), by
é.lii = 2 llz[dEh.i - d(Dav_l)
—p [1+(C/E, ,)?] 7P AE; 7P

. E
1+(E,,/C

The pressure coefficients of the indirect gaps
follow by a suitable combination of the pressure
coefficients of the direct gaps and of the absolute
energies of the I,,: (T',;) and X, levels. In Eq.
(9), the atmospheric pressure values of C, E;,
E,;, AE;, and D,, for each crystal are taken from
Van Vechten’s prescriptions as described by Eq.
(1)-(5). EX4 is taken from Eq. (7). The Van Vech-
ten model, however, does not include the varia-
tion with nearest-neighbor distance of D,, and
for III-V and II-VI compounds, it is not possible
to extract the variation with distance of C in the
manner described for materials in the NaCl
structure.!

Van Vechten introduced the correction term
(D —-1)AE, into Eq. (4) to take account of the ef-
fect of d-core states on valence-conduction-band
transition energies. His arguments are based on
an increase in the oscillator strengths for val-
ence-conduction-band transitions, caused by the
negative terms in the f -sum rule associated with
valence-band—d-core transitions. It is evident
that the valence-conduction interband energies
will be affected by the presence of d-core states
not too distant in energy from the valence band,
and therefore with a charge distribution over-
lapping that of the valence states to some extent.
Such an effect may be differentiated from the
changes in interband energies produced by dif-
ferences among compounds of E, ; and C [see
Egs. (1), (2), and (4)]. Thus we shall write as
the correction term for the compound A¥B®™Y,

N <4,

(D —-1)AE, < AE d”[¢ R ,(1-f)*
+@gRy(1+/)*], (10)

where f is the ionicity.? The factor AE; recogni-
zes that the correction will depend on the transi-
tion considered. The factor d* recognizes that
there will very likely be a dependence on lattice
constant, assumed to be a simple power law on

a par with Egs. (2) and (8). The factors R, and
R recognize that the effect will depend on the
atomic d core involved. The factors (1-f)* and
(1+f)* recognize that any such effect should de-
pend on the redistribution of charge, 4f per
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—(Dav-nﬂ]

d.
ap

)’] [515% "E:_,. %J‘S‘i]' ©)

rz;.torn, away from the ideal covalent distribution

f =0. Finally, ¢, and ¢z are unity for atoms
with d cores, and zero otherwise.

The perturbative effect of the d core will de-
pend in some inverse way on the ionization poten-
tial of the outermost d electron, which increases
sharply from left to right across the periodic
table. Thus provided ¢ ,=¢,=1, A#B, we have
R, >Ry and for this case,

(Dyy=1)AE;~AE d°R ,(1-1)*. (11)

R, and R are assumed volume independent, and
the pressure dependence of D, —1 is finally de-
termined from that of f, which follows from the
discussion of C in the next section. The param-
eters x and y are regarded as adjustable to fit
the pressure coefficients. Van Vechten’s expres-
sion for D can be reduced to a form very similar
to (11), and indeed, since it does not involve f,
we use it to determine D at atmospheric pres-
sure.® However, we consider Eq. (11) a better
point of departure for a consideration of volume
coefficients.

Van Vechten pointed out that in ionic materials
(i.e., E,=0), (#/C)dC/dr ~0. This implies that
the condition that the total energy be a minimum,
which determines the equilibrium lattice constant,
is equivalent to the condition that the mean ionic
potential C be a maximum.'? We shall first as-
sume dC/dP =0 as the simplest extrapolation,
and then compare the resultant pressure coef-
ficients, especially for the dielectric constants,
with the available experimental values.

From fitting the pressure coefficient dE,/dP
of Ge, we obtain y =13, and this assumption,
along with dC/dP =0 and the other assumptions
regarding atmospheric pressure values of param-
eters, suggests that x=2.4. However, values of
x and y close to these give an adequate descrip-
tion of the experimental results, and we have not
carried out an extensive optimization procedure.

The pressure coefficients of the direct and in-
direct gaps and of the refractive indices deter-
mined with these assumptions for D,, and C are
shown in Table I. The agreement with experi-
ment is good. Included in the right-hand columns
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Table I. Ionicity, pressure coefficients, and compressibilities of several zinc-blende and wurtzite compounds.

dE_/dP dE, /dP dE,/dP dEp /dP dEpy/dP d(tn n)/dP d1/aP K
Compounds| f 10-6eVbar-l 10-6eVbar-l 10-6eVbar-l 10-6eVbar"1 10-6e\fbar-1 10-617ar.I 10-6eVbar- 10-6ba1r-l
Theory Exp. Theory | Exp. Theory| Exp. Theory | Exp. Theory | Exp. Theory Exp.
Si 0 3.7 5. O(E')o 2,7 3.6 3 1.2 -0.1 -1.5 |0.3%0.05[-0.3 2.3 1.02
Ge 0 14.3 |14.2 7.1 7.5 4.4 5.5 5.4 5 -0.1 -1.5 f1.0%0.2 |-0.7(-10) 2.9 1.33
GaSb 0.261 14,7 |(14.7 6.6 7.5 4.0 6 4.8 5 -0.6 -0.8 " 3.1 1.77
GaAs 0.310 | 11.0 |10.7-11.7 4.5 5.0 3.6 2.8 -0.8 l-0.5%0. 2 |-0. 7X0. 1 2.5 1.34
InSb 0. 321 15.8 |15.5-17.¢4 7.6 8.5 4.3 6 5.5 -0.9 -1.1 " 3.3 2.20
GaP 0.328 9.2 [10.5+1.6| 4.6 5.8 3.2 2.8 -0.8 -1.1 [F0.3 " 2.1 1.13
InAs 0. 357 12,2 9.6-10.8 7.5 7.0 3.8 6.0 -0.1 -0.7 " 2.9 1.72
InP 0. 421 9.5 8.5 4.8 3.0 3.4 -1.0 -0.4 " 2.3 1.38
AlSb 0.426 13.5 |10 #22 7.0 3.4 2.5 -1.0 -1.5 [-0.5 " 2.8 1.69
GaN 0.43 5.3 4.2_ 2.3 2.1 1.2 -0.7 -0.05%0. 1 1.0 0.5
ZnTe 0. 610 8.1 7 3.7 3.3 1.7 -1.7 o.o1r " 2.7 2.00
ZnS 0.623 7.2 6.5+1 3.5 3.0 1.7 -1.7 0.05%0.1/-0.1 2.2 1.39
ZnSe 0. 630 7.1 7 - 4.0 3.3 2.0 -1.8 -2.0 [0.07 " 2.3 1.70
CdTe 0. 668 8.1 8 3.9 3.1 1.9 -1.9 0.1 " 2.9 2.36
Ccas 0.69 6.1 4.5-5 3.0 1.8 1.8 -2.3 0.05 " 2.0 1.53
CdSe 0.70 6.9 3.2 2.1 1.9 -1.7 0.05 2.3 1.86
HgTe 0.65 12.0 [14t1.5 5.4 3.4 2.40
HgSe 0. 68 13.0 5.9 3.9 2.54
HgS 0.79 10.4 3.2 3.8 2.67
Error Estimate +1 1 +] .5 .5 Tl

2Uniaxial stress measurement.

are the theoretical variations of the ionization
potentials with pressure and of the compressi-
bilities, which allow the reader to find the de-
formation potential of any of the band edges,
Several details may be noted.

(a) At least for the conduction band of Ge, the
deduced volume deformation potential is reason-
able. From Table I, the calculated absolute shift
of L, is +2.5X107% eV bar ™!, which leads to a
deformation potential E,=-1.9 eV=E, + 3= .
From piezoresistance measurements, =, =18
eV whence =, =-7.9 eV=-0.44% . Paige’ has
suggested that the best estimate of =, at 77K is
E,=-0.38%,, so that our calculations give ac-
ceptable values for the deformation of the band
edges. We hasten to add that the test is not a
very sensitive one, since Paige’s best estimate
of =, /%, with =18 eV corresponds to an absolute
shift of L, of +1.1X107% eV bar .

(b) The pressure coefficients of the I',,, =X,
transition are notable. Experimentally, these
are usually close to —1.5X107% eV bar~!. Using
the Van Vechten prescription for Ey,, we can
derive values of typically +2X107% eV bar™!. On
the other hand, redefining E x, @8 we have done
[Eq. (7)] results in the improved agreement with
experiment as illustrated.

(c) Where a test is possible, the agreement
between calculated and measured pressure coef-
ficients of the refractive index is good. It is

notable, however, that the agreement is much
worsened if the effect of changes in D,, is omit-
ted from Eq. (3). For example, Eq. (3) yields
for d(Inn)/dP of GaAs, with the D,, variation
omitted, a coefficient of —0.095 bar~?!, consider-
ably different from the experimental value of
-0.7 bar~1.8

(d) The overall agreement of calculated with
experimental coefficients would appear to justify
the assumption that dC/dP=0. This point may
be further scrutinized in the following two ways.
(i) It is found that the coefficients for the direct
interband transitions are quite insensitive to dC/
dP. However, a relatively small variation of C
with P, for example, (1/C)dC/dP=K/3—which
corresponds to setting Cocd '—would eliminate
the difference between calculation and experi-
ment for the d(Inn)/dP of GaAs and ZnSe, but
would produce changes in dI/dP, dE,/dP, and
dE Xé/dP leading to a positive, rather than the
experimentally determined negative, coefficient
for X,—-T',;. We conclude that either the variation
of C with P is close to zero, or that something
is wrong with the original assumptions regarding
the prescriptions for Ey, and I. (ii) We saw
earlier that the conduction-band splitting X,-X,
or 2AX is 0.14 C. An infrared absorption peak
in n-type GaP has been identified as due to trans-
itions X, to X, and the pressure coefficient of
the separation 2AX measured as less than 1X 1078
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eV bar !, This yields (1/C)dC/dP=2.2x10"%
bar '~ 6(K/3). Such a variation of C would de-
stroy the overall agreement shown in Table I.
We conclude that the experimental error on the
pressure coefficient of the GaP absorption was
sufficient to be consistent with a much smaller
variation of C, and/or that the assumption in
Sec. (4) that the splitting 2AX depends only on C
is inaccurate.

(e) In order to calculate a pressure dependence
for D,,—1, we were forced to use an expression
for it somewhat changed from that of Van Vech-
ten. In particular, this expression takes account
of shifts in valence charge between ions and sug-
gests quite different pressure coefficients (of
say E,) for compounds of nearly the same f but
different d-core ionization energies; thus the
predicted pressure dependences of E, for InP
(f =0.421) and AlSb (f =0.426) are significantly
different. Comparison of such predictions for
the pressure coefficients with their experimental
values may be useful in indicating the best form
for such d-core corrections.

(f) A comment is in order on an empirical rule®
for pressure coefficients, viz., that they be near-
ly equal for the same pair of states in all mem-
bers of the germanium family. In practice this
rule has been applied with good success to elu-
cidate properties of the group IV and group III-

V compounds, but it has often been an uncertain
guide for II-VI compounds. From the table we
see that, with the exception of Si, which has no

d core, and GaN, the values of dE,/dP for the
group IV and group IIT-V compounds are all near
to 12X 1076 eV bar~!. On the other hand, the
coefficients for the II-VI compounds, other than
those of mercury, cluster around 8X107% eV
bar "! while the coefficients for the mercury
chalcogenides are about 12X 107 eV bar™!. Sim-
ilar remarks apply to E,. There seems to be no
monotonic trend of either pressure coefficients
or deformation potentials with increasing f as
has been sometimes asserted.!® The present ob-
servations rationalize deviations which had been
noted to be superimposed on the empirical rule,
but which can be seen from Table I not to impair
its usefulness in predicting band-structure dis-
tortions under pressure.

As we pointed out at the beginning, we have
tinkered as little as possible with Van Vechten’s
prescriptions and numerical values for param-
eters, so that our comparison of calculated with
experimental pressure coefficients might be a
fair test of his model for tetrahedrally bonded
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compounds. Specifically, we have changed his
prescription for E, to a form more consistent
with his prescriptions for other energies; we
have altered the energy of L,. relative to those
of I',; and X, to give a better fit to somewhat
meager experimental advice; and we have de-
veloped a correction for the effect of d cores on
interband transitions which permits the results
of volume changes to be estimated. At the cost
of adding only two new parameters to Van Vech-
ten’s theory we have been enabled to calculate
any number (here 120) of pressure coefficients.
The resultant overall agreement of calculation
with experiment is sufficiently good to allow
judicious extrapolation to hitherto unmeasured
transitions and compounds. The demand of a fit
to experimental pressure coefficients clarifies
the necessity for a d-core correction term and
suggests a preferred form for it which may be
tested. The calculations raise questions regard-
ing the volume dependence of the antisymmetric
potential C and prescriptions for interband ener-
gies and splittings involving C. Finally, the re-
sults confirm the approximate validity of an em-
pirical rule for pressure coefficients and ration-
alize deviations from it. However, useful as this
extension of Van Vechten’s model may be, both
in affording an additional test of it and in provid-
ing extrapolation of calculated pressure coeffic-
ients to new transitions or new compounds, it is
not construed by us to be necessarily the unique
way of systematizing and extrapolating these coef-
ficients.
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