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A first-principles relativistic orthogonalized-plane-wave calculation has been used to de-
termine the energy eigenvalues of grey tin at seven key points of the reduced zone. An ex-
tended zone k* p method has been used as an interpolation scheme to map out the band struc-
ture in the remainder of the zone. Optical constants and derivative optical constants have

been calculated from the ke p parameters.

The calculated normal incidence reflectivity is

compared to experiment. A detailed critical-point analysis of the calculated optical spectra
is presented. Valence-band mass parameters, effective masses, and g factors at several
points in the zone have been obtained and are compared to available experimental data.

I. INTRODUCTION

The extended zone k- method has been used
with considerable success to investigate the band
structure of several diamond- and zinc-blende-
type semiconductors.'™® These detailed band
structures represent the starting point of calcula-
tions of optical constants® 7 which provide insight
into the relationship between the band structure
and the charactens’uc features of the optical spec-
trum. In the k- p method, "% the energy-band
structure is determined by a set of parameters
which represent energy gaps at k=0, momentum
matrix elements, and spin-orbit coupling
strengths. While it is a straightforward matter
to work out the energy-band structure at a large
number of points in the reduced zone once a set of
parameters has been chosen, it requires consid-
erable effort and skill to arrive at a satisfactory
set of parameters.

In most applications it is possible to determine
experimentally some of the key parameters, and
to estimate many of the others. Some estimates
can be obtained from rough interpretations of ex-
periment; others can be arrived at by using the
results of the first-principles (as opposed to em-
pirical) energy-band calculations. While consid-
erable progress has already been made by using
parameters whose values have been obtained
from various different sources, it seems desirable
to consider a band structure all of whose param-
eters have been determined on the same basis.
Brinkman and Goodman have used the full-zone
EE method as an interpolation scheme in con-
junction with an orthogonalized-plane-wave (OPW)
calculation for Si.® Buss and Parada® have re-
cently used the '1213 method to calculate the optical
constants of PbTe. The E-'f) parameters (energy
gaps and matrix elements of P ) were determined
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from the augmented-plane-wave (APW) eigen-
values and eigenvectors at k=0.

In the present paper we discuss an energy-
band calculation for grey tin (@-Sn) which makes
use of first-principles relativistic OPW results
to establish the energy levels at selected high-
symmetry points in the reduced zone, and of
k-p results to map out the band structure in the
remainder of the zone. All of the parameters
appearing in the E-'f) interpolation scheme are ob-
tained by requiring this scheme to reproduce the
first-principles results at several points in the
reduced zone. Thus all of the k- D parameters
are determined on the same basis. In addition
to the higher degree of internal consistency made
possible by this procedure, the large number of
energy levels available for fitting (over 60 at
seven widely separated points of the reduced
zone) enables us to remove restrictive assump-
tions used in previous E-E calculations. Promi-
nent among those assumptions is the existence of
only one independent matrix element of the spin~
orbit interaction forced by the scarcity of exper-
imental data.

The imaginary part of the dielectric constant,
€,(w), has been calculated from the k -P parameters
using a method originated by Gilat ef al. 10 for cal-
culating phonon spectra, and adapted for applica-
tion to electronic spectra by the present
authors.® " ! The Kramers-Kronig relations
were used to obtain the real part of the dielectric
constant, €;(w). The normal incidence reflectivity
spectrum R(w) was obtained from €,(w) and €,(w)
and compared to experimental results.!? A de-
tailed critical-point analysis of the calculated op-
tical spectra is prosecuted. A survey of all exist-
ing experimental data for a-Sn and the correspond-
ing calculated values is given.
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- -
II. OPW AND k.p ENERGY BANDS
A. OPW Energy Bands

The starting point of the present work was a
relativistic OPW energy-band calculation based on
a simplified but physically realistic crystal poten-
tial. This crystal potential had the form of a
spatial superposition of overlapping atomic poten-
tials. For the latter, we used relativistic self-
consistent atomic potentials based on the Kohn-
Sham version of the free-electron exchange ap-
proximation.*»1* The present relativistic OPW
band calculation for grey tin closely paralleled
earlier calculations of this type for a number of
tetrahedrally bonded semiconductors, ' and for a
number of IV-VI compounds. *¢

Our principal numerical results are listed in
Table I. Here we show the energy eigenvalues
for the four valence bands and the lowest six con-
duction bands at seven key points in the reduced
zone. The zero of energy has been placed at the
level I';. Most of the levels are identified by their
double group-symmetry symbols, as well as by the
single group-symmetry species from which they
are derived. We wish to emphasize that all of the
numerical results in Table I are based on a first-
principles band calculation, and involve no em-
pirical corrections or adjustments of any kind.

All the levels atALE =(4,4, %), where k is in
units of 27/a], L, W[k=(1,3, 0)], A[K=G,0,0)],and
Z[k=G,%,0)] are doubly degenerate, as are the

t and I' levels at I'. All the levels at X and I’
are fourfold degenerate. In the case of the W
point, we did not go to the trouble of determining
the double group-symmetry classification for the
various levels. However, we know that W,— W;

TABLE II. Matrix elements of the linear momentum
P (in atomic units) and spin-orbit splitting parameters
(in eV) for a-Sn as obtained from the k*p method and
experiment.

Theory Expt

Pi{T 4D 1T 1.1281 1.33 (Ref. 20),

1.69 (Ref. 19)
P’ (2i(T¥; [BIT4:)) 0.1800
pugzz'<r bee IDITYn) 0.0380
P (26T %5 1B IT'Y) 1.1145
Q, (24T 55 1B IT5)) 0.9267
Q" (2i(TY% IDITys)) —0.5868
R, (2i(Thse 1B 1 Ty50)) 0.7358
R" (2i{T%5 1D 1T 50)) 1.1258
T (2i{TY{[BITy;)) 0.9523
T @iTiHHIT;) 0.3560

Dggs 0.644 0.80 (Ref. 20)
Ay 0.479
Al 0.556

+Ws+ Wy, that Wy— W+ Wg+ Wy, and that Wy= W
and W,= W, by time-reversal symmetry. *’

It will be noted that the order of levels at the
zone center is precisely that envisioned in the
Groves-Paul energy-band model, *® i.e., the level
derived from T'k lies between the spin-orbit split
partners of I'is. Our values for I'; —T'; (0.416
eV) and I'; - T'; (0.654 eV) are in reasonable agree-
ment with experimental results.®™* The same
can be said for the indirect band gap, Lg. —I';

(0.15 eV).'® The magnitude and sign of this in-
direct band gap are fully consistent with the Groves-
Paul energy-band model.

We note in passing that the present results are
in good agreement with an earlier solution for
grey tin, based on an empirically refined (nonrel-
ativistic) OPW energy-band calculation.

e
B. kep Energy Bands

In the optical region the orbital electronic energy
bands of diamond-type semiconductors can be cal-
culated by a full-zone k-ﬁ technique using as a
basis 15 orbital states referred to k=0." These
states correspond to plane-wave states of wave
vector [000], [111], and [200] and are labeled I'j,
Tho, Tk, Ty, T4, T, T, and T3 in Table L.

The energies of these states, with the exception
of the last two, were taken from the OPW values
listed in Table I by correcting for the spin-orbit
splittings. The energies of the remaining two
levels were obtained by solving 2X 2 pseudopoten-
tial matrices using the parameters of Cohen and
Bergstresser.? It was found that the bands of in-
terest are insensitive to the choice of values for
'} and T'% .

Ten independent matrix elements of the momen-
tum p between the above states are allowed by
group theory. The values for these parameters
listed in Table II were obtained in the following
manner. Along A the energy of the highest-lying
valence band depends only on @ and @' anci hence
these parameters were adjusted until the k- p bands
agreed with the OPW calculation at k= (},0,0) and
at X. The doubly degenerate A, orbital bands de-
pend on @, @', R, and R’ so that once the former
two parameters have been determined, the latter
two were obtained by fitting the energies of the Lg
valence and L, conduction bands (see Fig. 1).

Values for T and T’ were arrived at by adjusting
the Ag, conduction band and lowest-lying Ag valence
band (not shown in Fig. 1) at the edge of the zone
(X;5) to the OPW energies listed in Table I. The
matrix elements P, P’, and P’’’ were then deter-
mined by arranging the A;, conduction band and
lowest-lying A, valence bands (not shown in Fig. 1)
so that they were degenerate with the respective
A band at X, and by fitting the energy of the Lg,
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FIG. 1. Energy bands of a-Sn along A, A, £ and the
line joining X and U, K. The double group notation has
been used to label the bands. The circles represent the
values obtained from the OPW calculation; the closed
circles indicate those energies used to fit the k 6 pa-
rameters.

(in double group notation) conduction band. As in
previous calculations for Ge, Si,'and @-Sn,? it
was found that the bands of interest are insensitive
to P’ and hence an approximate value was deter-
mined using the pseudopotential parameters men-
tioned before. In contrast to the OPW or pseudo-
potential methods which use symmetrized com-
binations of wave functions, those degeneracies
which are required by the translational symmetry
of the crystal are not incorporated into the full-
zone k- P method and therefore the degeneracy at
X must be imposed.

In previous full-zone calculations for diamond-
type materials the eigenvectors of the orbital
k- P Hamiltonian were used to determine the effects
of the spin-orbit interaction using only two matrix
elements of the spin-orbit Hamiltonian ¥¢,.!™*
Thus

Azs' =(3i/02)(X(I‘£5’)":Kzso IY(réS’)*> ’
Bis=(3/c®){x(T i |3, |9 (Tys)t)

where the notation is that of Ref. 1 and ¢ is the
speed of light. The choice of only these two
parameters was dictated by the amount of avail-
able experimental evidence. Values for A, and
A;; were determined from the experimentally ob-
served spin-orbit splitting of the I'5.valence band
(Ge and Si) or the A; valence band (@-Sn) and the
degeneracy imposed by symmetry at the X;, va-
lence-band state.?® However, in the present work
it is possible to consider more spin-orbit param-
eters. We have found the coupling between the
upper and lower TI',, states, AYL, , where

1)
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25' = (32/02)(X(I"25. ” Imso I Y (Ths04) (2)

is approximately equal to Ays.and Ay5.  All other
spin-orbit parameters which could affect the bands
involved in optical transitions (e.g., the coupling
between Iy and I'j5) were found to be at least a
factor of 2 smaller than the above three matrix
elements and hence were neglected. Listed in
Table II are the values of Ay, A5, and A%, ob-
tained by fitting the spin-orbit splitting of the T'ys
valence band and I'y5 conduction band listed in
Table I and by imposing the degeneracy at X,
(see Fig. 1).

Shown in Fig. 1 are the energy bands of a@-Sn
along A A, and T as determined from the full-
zone k- P method by diagonalizing a 30X30 matrix
(including spin) using the parameters listed in
Tables I and II. Also shown are the bands along
the line joining X and U. The double group nota-
tion has been used to label the bands. The circles
represent the values obtained from the OPW cal-
culation; the closed circles indicate those energies
which were used to fit the k- D parameters. Listed
in Table I are all of the levels calculated by the
OPW technique and the corresponding E'ﬁ values.
Figure 1 and Table I indicate that throughout the
entire zone the agreement is very good, from the
lowest-lying valence bands up to about 6 eV.
Above this energy there is good accord along A to
L and along A to k~ (&, 0,0), while at X, W, and
% [k=G,%,0)] there are discrepancies of 1-2 eV.
Since the optical constants have been determined
to only 7 eV, the agreement is quite satisfactory
with the possible exception of the W point where
the OPW value is 4.03 eV while the k-ﬁ result is
9.14 eV,

A further indication of the reliability of the full-
zZone E~ﬁ method as an interpolation scheme is the
fact that in the optical region the bands reach the
edge of the zone with zero slope (or zero average
slope) at those points required by crystal sym-
metry. In addition the points at U and K are al-
most degenerate with the exception of the conduc-
tion band along Z originating from I'z. The reason
that this band does not bend over near K (as in-
dicated by the dotted lines in Fig. 1) is probably
due to the fact that plane-wave states above [200]
have been neglected. This is also the reason
why the bands along A above 6 eV do not reach the
edge of the zone with zero (or zero average) slope
and the discrepancy at W mentioned above.

The bands shown in Fig. 1 are in good agree-
ment with a recent pseudopotential calculation in-
cluding spin-orbit interaction by Bloom and
Bergstresser.? The main differences are in the
spin-orbit splitting of the I'i; valence band (0.73
eV in Ref. 24) and the energy separation between
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the upper valence bands and the I'g, I'j levels.
These authors find, for example, that the I'g
—-TI'g gap is 2.45 eV while we obtain a value of
1.96 eV. .

From the eigenvectors of the k.p Hamiltonian,
the matrix elements listed in Table II, and the
energy gaps listed in Table I, we have calculated
mass parameters at several points in the zone
and g factors at I'; and I';. These are listed in
Table III together with available experimental
data. The valence-band mass parameters F, G,
H,, and H, are those of Dresselhaus, Kip, and
Kittel.®® In our calculation of F we have omitted
the interaction with I'yy since this contribution is
negligible; hence (in atomic units), 26

F=PY[E(T;)-ET})] . 3)

Since we have not considered any I',; states, H,
=0. The parameter ¢, where (in atomic units)

a=8[(Ty5|p,| X)|%A15/9[E(TS) - E(Ty)] |, (4)

was postulated by Luttinger?”: It gives the effect
of the spin-orbit splitting of I';5 on the mass
parameters of I'y. It has recently been measured
in InSb by Pidgeon and Groves? and in Ge by
Hensel and Suzuki, %

Our calculated value of F is somewhat lower
than the experimental values. In the case of
Groves et al.'® this discrepancy is due to P (see
Table II) since the calculated (0.416 eV) and ex-
perimental (0.413 eV) values for the I'; - T'; gap
are in good agreement while in the case of Booth
and Ewald®® the difference is due to both param-
eters [E(T'}) - E(I';)=0.63 eV]. However, Booth

TABLE III. Calculated and experimental values of
the band parameters (in units of free-electron mass)
at 'y, T'7, I'}, the Ag, and the Li, conduction-band min-
" ima. Also listed are the g factors (in units of Bohr mag-
netons) at T'; and T%.

Theory Expt

F +41.6 +58.3%,  +65 x2M¢
G —-1.89 +0,562, +3 £0.1P
H, —-5.15 —8.04%, —-8.0£0.4°
H, 0 0P
q° +0.241 +0.422
m*(T'7) -0.39 -0.058%
m*(T'}) —-0.039 —0.041%
mi (Do) 0.89
mt (Do) 0.086
mi (L) 1.35
mi (L) 0.072
g (7)) —-78.1
g (T'Y) —~48.9

3See Ref. 20.

bSee Ref. 19.

°n Ref. 19 this quantity is denoted by F'
dSee Refs. 27—29.

and Ewald note that their values of both P and
E(T'3) - E(I';) may be in error since the effects of
some bands have been neglected in their analysis.

There is a serious disagreement for the quantity
G. Both experiments give a positive value while
the calculation gives a negative value. The I'yp
bands which contribute to the Eﬁ sum for G derive
from antibonding d-like levels. The negative cal-
culated value occurs because only the I'y,, conduc-
tion band, with 5d character, has been considered.
The positive experimental values of G indicate
that the 4d valence bands (see Table I) must be
taken into account.

The discrepancy for m*(I';) is caused mainly by
our somewhat low value for the spin-orbit splitting
of the T'}s valence band (see Table II). The ex-
pression for m*(I';) is given by (neglecting inter-
actions with higher-lying bands)

Iiz 2 1
3 ( E(T;)-ET;) TET;) -E(r;)) '
(5)
Since in the above equation the energy denomina-
tors have opposite signs and are approximately
equal, there is considerable cancellation between
the two terms. A small error in these energies
will thus have a large effect on the mass.

_1
m*T7)

1Il. DETERMINATION OF OPTICAL CONSTANTS

The contribution of direct interband transitions
to €,(w), the imaginary part of the complex dielec-
tric constant, is given by (in atomic units)*

o) T a i@l 0w, -0), ©
'Y Bz

where M”(l.;)=(i Ip-elj) is the matrix element of
the momentum p between occupied and empty states
(¢ and j, respectively), e is the unit polarization
vector of the incident radiation, and the integral

is over the Brillouin zone (Bz). The method used
to evaluate this integral was first applied to the
calculation of phonon frequency distribution func-
tions by Gilat et al.'® In this technique the ir-
reducible section of the zone (;% of the B_z.) is di-
vided into a uniform simple cubic mesh k,. With-
in each of these cubes the constant energy surfaces
are approximated by sets of parallel planes per-
pendicular to Vzw;,(k,). The integral of Eq. (6)
then reduces to an integral over constant energy
planes within each cube; thus,

@)= D WD s Mulil® o)

IViwidk, )’
where S;;(w) is the area of the cross section of the
cul_o_e for a plane located a distance w from k,, and
W(k,) is a weighting factor which is used because
the cubic mesh does not exactly fill the volume of

S”(w)
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FIG. 2. Calculated values of the real [€;(w)] and im-
aginary [€,(w)] parts of the complex dielectric constant.

the irreducible section. |M;;(K)I? is considered
to be constant throughout the cube. The area is
a polynomial of order 2 or less in w, and hence
Eq. (7) can be integrated exactly between w and
w +dw to yield z_a..histogram for €,(w). In our case
the distance in k space between centers of adjacent
cubes was chosen to be 7/6a, which is 3 the dis-
tance between I and X. This choice was dictated
by consideration_s. of the time necessary to diagon-
alize the 30X 30 k: D matrix. In order to obtain
better resolution of the optical constants a finer
mesh was obt_g.ined by expanding the energy to sec-
ond order in k and evaluating the expansion co-
efficients from the eigenvectors of the k p Hamil-
tonian at the center of the “coarse” cube using
nondegenerate perturbation theory.?! The distance
between the constant energy surfaces and hence
the resolution was set at 0.01 eV. A constant
broadening parameter of 0.03 eV was introduced
phenomenologically in order to smooth the
curves.

Shown in Fig. 2 are the calculated values of
€,(w) and €,(w), the real and imaginary parts of

) 2.0 3.0 4.0 5.0 6.0 7.0
ENERGY (eV)

FIG. 3. Calculated values of the real [#(w)] and im-

aginary [k(w)] parts of the complex index of refraction.
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FIG. 4. Calculated and experimental (Ref. 12) values

of the normal incidence reflectivity in the range 0-5 eV.

The arrows at the bottom of the figure indicate the posi-

tions of the structure seen in electroreflectance (Refs.
4 and 32).

the complex dielectric constant, respectively,
where €,(w) was obtained by a Kramers-Kronig
analysis of €,(w). Plotted in Fig. 3 are n(w) and
k(w), the real and imaginary parts of the complex
index of refraction, respectively. The calculated
and experimental®? values of the normal incidence
reflectivity (R) in the energy range 0-5 eV are
shown in Fig. 4. At the bottom of the figure we
have indicated by arrows the positions of struc-
ture seen in electroreflectance.* 3 Comparison
of the reflectivity rather than €,(w) is made since
R has not been measured in a sufficiently large
energy range to obtain reliable values of €,(w).

<———VALENCE BANDS --— =|<~CONDUCTION BANDS-~

D (w)[(states eV ) satom]

ENERGY (eV)

FIG. 5. Individual electronic density of states for the
upper three valence bands (six including spin) and lower
three conduction bands of o-Sn.
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The individual electronic density of states, D(w),
for the upper three valence bands and lower
three conduction bands is plotted in Fig. 5.

IV. COMPARISON OF EXPERIMENTAL AND CALCULATED
REFLECTIVITY

The over-all features of the calculated R are
in reasonably good agreement with McElroy’s
data. There is a difference of 0.2-0. 3 eV in the
positions of the structure. This discrepancy
could be corrected by slightly revising the OPW
calculation. There is some difference in the line
shape of the E; doublet which is caused by exci-
tonic effects. This point will be discussed later.
The disagreement in the intensity of the E, strue-
ture is probably due to experimental difficulties.

In all the diamond- and zinc-blende-type materials

the magnitude of E, is greater than the E; doublet
in R.% 3 However, if the surface of the sample
is poor, E, is found to be smaller than E;, as in
Fig. 4. The low amplitude of E, has also made
it impossible to reliably determined €,(w) from
the experimental R.

At energies above E, there is a sharp decrease
in the experimental curve, with some structure
labeled E{, while an increase is observed in the
calculated curve. This discrepancy is probably
due to (a) the truncation at 10 eV of the Kramers-
Kronig analysis used to generate €,(w) from €,(w),
and (b) the difficulty with the bands above 6 eV as
discussed in Sec. II B. Similar difficulty above
E, has been encountered by Walter and Cohen®*
in a pseudoptential calculation of serveral cubic
semiconductors even though they have used an
analytic tail in €,(w) above about 9 eV.

In order to identify the origins of the structure
in the optical spectrum we have also calculated
(a) the contributions to the total €,(w) from six

40 — £ 5
a-sn n'
yv-LC —— I

32 yv-ec ———— /! 4
UV-3C ———

ENERGY (eV)

FIG. 6. Contributions to €;(w) due to transitions from

the upper valence band (UV) to the lowest (LC), second
(2C), and third (3C) conduction bands.

a-Sn
E+D, 2v-LC

2v-2C ————
2V-3C ——e—

€ (W)

AN N

ENERGY (eV)

FIG. 7. Contributions to €;(w) due to transitions from
the second valence band (2V) to the lowest (LC), second
(2C), and third (8C) conduction bands.

pairs of bands, (b) the constant energy contours
for these transitions in the (110) plane (most of
the important symmetry points and lines lie in
this plane), and (c) the derivative optical con-
stants de,/dw, de€,/dw, and R™' dR/dw. Shown in
Fig. 6 are the contributions to €,(w) due to tran-
sitions from the upper valence band (UV) to the
lowest (LC), second (2C), and third (3C) conduction
bands. It should be noted that at k = (3, 0, 0) the
lowest-lying conduction band changes from Aq,

to Ag, (see Fig. 1). Plotted in Fig. 7 are the con-
tributions from the second valence band (2V) to
the three conduction bands. No broadening has
been introduced in these calculations. The con-
stant energy contours for these six transitions
are shown in Figs. 8-13. The derivative optical
constants are displayed in Fig. 14.
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FIG. 8. Constant energy contours (in eV) of the UV-
LC transition in the (110) plane.
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FIG. 9. Constant energy contours (in eV) of the UV~
2C transition in the (110) plane.

The first structure seen in the experimental re-
flectivity is the E, E;+ &, doublet, which occurs
at energies of 1. 365 and 1. 832 eV, respectively.
The corresponding peaks in the calculated €,(w)
and R (see Figs. 2 and 4) occur at somewhat
lower values of 1.1 and 1.55 eV. A similar struc-
ture has been observed in the optical spectra of
all of the diamond- and zinc-blende-type semi-
conductors except Si.* ¥ Uniaxial stress mea-
surements on a number of these materials®*~%"
have shown that the doublet corresponds to tran-
sitions between the spin-orbit split A; valence
band (in single group notation) and the lowest-
lying Ag. conduction band. An analysis of the
individual €,(w) and constant energy contours re-

a—Sn
Upper Valence —
35g Conduction

FIG. 10. Constant energy contours (in eV) of the UV~
3C transition in the (110) plane.
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FIG. 11. Constant energy contours (in eV) of the 2V-
LC transition in the (110) plane.

veals that the calculated doublet arises from UV-
LC and 2V-LC transitions along A from k= (3,4,
# to L. These are labeled E, in Fig. 8 and E,
+4; in Fig. 11, The line shapes of €,(w) and
de,/dw indicate that these gaps are of the M;- or
two-dimensional minima type. % 3% 3% 3 1 Fig,
15 we have plotted €;(w) in the vicinity of a Van
Hove singularity® in one, two, and three di-
mensions assuming a constant matrix element.
The discrepancy between the theoretical and ex-
perimental line shapes is due to excitonic effects,
which have not been included in the calculation.
The existence of excitons at a hyperbolic (M,)
critical point has been demonstrated by studying
the stress-induced exchange splitting of the E;,

X U

a-—Sn
2nd  valence —
20d Gonduction

FIG. 12, Constant energy contours (in eV) of the 2V-
2C transition in the (110) plane.
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a-Sn
Valence —
Conduction

FIG. 13. Constant energy contours (in eV) of the 2V-
3C transition in the (110) plane.

E,+ A, structure in GaAs. *® Analysis of the wave-
length-derivative spectrum of this doublet in InSb
has shown that the electron-hole interaction at an
M, critical point results in a mixing of M; and
M, line shapes.*' Such an admixture would change
the line shape of the calculated R from peaks
which are approximately symmetrical about their
maxima to ones having a more abrupt high-energy
side, thus bringing the two curves into better
agreement.

In the energy region 2—-3 eV four structural
features are observed experimentally between
the strong peaks associated with the E; doublet
and E,. There is structure in electroreflectance
at 2. 28 eV, at about 2. 6 eV in both reflectivity
and electroreflectance, 2.85 eV in reflectivity

(102ev™)

| | | | | |
0 1.0 2.0 3.0 40 5.0 6.0 7.0

ENERGY (eV)

FIG. 14. Calculated derivative optical constants
dey/dw, dey/dw, and R™! dR/dw.
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FIG. 15. Imaginary part of the complex dielectric
constant, €;(w), in the vicinity of a Van Hove singularity
in one, two, and three dimensions, assuming a constant
matrix element. The energy of the gap is given by 7Zw,.

only, and at about 3.3 eV in both R and electro-
reflectance. Following McElroy*? we have labeled
these J, I, H, and G, respectively. In Refs. 4
and 32, J and I have been denoted by Ef and E{
+4g, respectively. The calculated curves for
€,(w) and R have shoulders at 2.45, 2.7, and
3.15 eV. There is also structure in the theoreti-
cal values of de,/dw and R~! dR/dw at about these
energies. Since the calculated values of the E;
doublet and the E, peak are approximately 0.2

eV lower than experiment, it seems reasonable
to associate these three calculated structural
features with I, H, and G and to look for the ori-
gins of J at about 2 eV. Inspection of the individ-
ual €,(w) shows that there is a square-root edge
(Mg) at 1. 96 eV caused by UV-2C transitions at
k= 0(I's -T}). The absence of this edge in the
total €,(w) and reflectivity is not surprising since
it is very weak and would be superimposed on the
high-energy side of the large E; + A; peak. How-
ever, M, critical points show up strongly in elec-
troreflectance and hence the J spectral feature
should be ascribed to the I';-I'; transitions.

With regard to the I structure Figs. 6 and 7 in-
dicate three possible sources. There is a strong
peak in the UV-2C curve at 2. 45 eV which has an
M, - or two-dimensional minima-type line shape
(see Fig. 15). The constant energy contour shows
that these bands are fairly flat along A near T’

(I in Fig. 9) with approximately this energy sep-
aration and hence it is probably this region that
causes the peak in the individual €,(w). Based

on an earlier OPW calculation by Herman et al.,?
McElroy has also identified I with Ag.~4g, tran-
sitions, Figure 6 also shows a weak contribution
from UV-3C transitions starting at about 2. 4 eV,
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which corresponds to the I';-I'; gap. Figure 7 in-
dicates that the €,(w) contribution from 2V-2C
transitions begin at about 2.4 eV. At K=0 this
transition (I';-T';) is forbidden in reflectivity be-
cause of parity, but becomes allowed off I" and hence
€,(w) hasathree-halves power line shape near the
gap. McElroy hasindicated that the I'y -I'; transi-
tion isallowed inelectroreflectance since the elec-
tric field lifts the parity selectionrule. Thus itis
possible that the I'y -I'; transition gives the dom-.
inant contribution to the electroreflectance spec-
trum at 2. 6 eV while the Ay, -4, transitions pro-
duce the I reflectivity shoulder. These results
are summarized in Table IV.

Contributions to the spectral feature H may
also come from several sources. There is a
shoulder in the €,(w) of UV-LC starting at about
2.6 eV (see Fig. 6). The contours are quite flat
with this energy separation in the region labeled
H in Fig. 8 (in this region the conduction bands
have already crossed so the transition is g, -4g,).
In addition, there is a fairly strong peak in the
2V-LC curve at 2. 8 eV also originating from tran-
sitions near K~ (3,0,0). These Aqz -A,, transitions
have been labeled H in Fig. 11.

In the UV-LC curve (Fig. 6) there is a sharp
peak at 3.1 eV which might presumably be as-
sociated with the calculated G spectral structure.
However, this peak is spurious owing to the fact
that U and K are not degenerate. If the degener-
acy were imposed this peak would merge with
the large E, structure and hence we must look
elsewhere for the origins of the experimental
G structure. Table I and Fig. 1 reveal that the
energy of the T';-I'; gap is 3.1 eV. This tran-
sition has been included in the total €,(w) of Fig.
2 although we have not calculated the individual
€,(w). Another possibility is 2V-2C transitions
along A near T (G in Fig. 12).

The E; reflectivity peak appears as the main
spectral structure of most diamond- and zinc-
blende-type materials. % 3* As mentioned before
the discrepancy in the amplitude between the
calculated and measured curves is probably due
to a poor surface. In Ge and Si E, was originally
assigned to X;,-X;, transitions possibly combined
with transitions at a = saddle point (Z5,~upper
Ts,) on the basis of a suggestion by Phillips® and
later pseudopotential calculations by Brust. 2
Piezoreflectivity measurements on Ge and Si%
provide some evidence for the X assignment al-
though they are by no means conclusions. Elec-
troreflectance studies in Si*? show a structure on
E, which may be caused by the T transitions. The
band calculations of Herman et al. ** for Ge and
Si and Kane® for Si indicate that the assignment
of this structure to only X and T critical points

TABLE IV. Comparisons of the energies (in eV) of
experimental and theoretical optical structure. Also in-
dicated are the transitions responsible for the structure
in the calculated spectrum.

Spectral
feature

Experiment Theory

Reflectivity * Electrore- Energy

flectance®

Transition

E, ¢ 0.4 r-ry
E, 1.365 1.365 1.10 AgmAgys50
E +4 1.832 1.845 1.55 Age-Agy
J 2.28 1.96 r;-T}

I 2.62 2.63 2.45 Age-Ag, Mmear T)
r;-T'§ (weak)
rg-ry¢

gy, ®
AgmBg,* (?)
T5-T5(?)
BgmAg, !

UV-LC around
X-U, K

LiLi gt

H 2.85 2.7
G 3.3 3.3 3.15
E, 3.75 3.718 3.35
E 4.0 412 4.2
4.43 4.43 4.4

4.66 4.65
UV-2C around
Uand K
4.88 4.89 4.8 Ly s-La®
Eq 5.4 UvV-3C
2See Ref. 12.
See Refs. 4 and 32.
®Magnetoreflection studies have yielded a value of
.413 eV (see Ref. 20).
dAllowed in electrgreflectance only.
°In region around k~ %,0,0).
In region around k~ (},0,0).
8Also along A near L.

(=]

may be an oversimplification and that transitions
in an extended region of the zone contribute to it.
For GaAs Walter and Cohen®* conclude that E, is
caused almost entirely by Z;,-Z;, transitions in
the vicinity of k= (r%, r%, 0) with some contribution
from Ag;-A; and X;~X, transitions (in single group
notation). Based on the earlier @-Sn band cal-
culation by Herman et al.? McElroy has attribu-
ted this structure to Aqg,~Aq, and Aq,-Ag, transi-
tions. In the present investigation we find that
E, is caused almost entirely by UV-LC transi-
tions (see Fig. 6). The constant energy contours
for this transition indicates that there is a large
region around X and U that contributes to this
peak (E, in Fig. 8). Similar results have been
obtained for InSh, ® * which has a band structure
quite similar to @-Sn in this region. The dis-
crepancy in the line shape of Fig. 4 is probably
due to computational difficulties. As mentioned
before, above 4 eV the calculated reflectivity
amplitude is too high thus pulling up the high-
energy side of E,. In the case of InSb, where it
was possible to make a comparison of €,(w) rather
than R, the calculated and experimental line
shapes of the E, peak are in good agreement. 6 31
Above the E; peak there are three weak spectral
features labeled E in the experimental R at 4. 43,
4.66, and 4.88 eV. McElroy also reports very
weak structure at 4.0 eV. Structure in electro-
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reflectance has been observed at 4.12, 4,43, and
4. 88 eV, as indicated by the arrows at the bottom
of the figure. Similar structure has been observed
in most of the diamond- and zinc-blende-type
semiconductors and is attributed to transitions
between the spin-orbit split L, (A;) conduction
and Ly (A;) valence bands.  ® This assignment
was made on the basis of the observed equality
between the splitting of two of the E, peaks and
4,, the spin-orbit splitting of the Ly (or A;) val-
ence band. Although no corresponding structure
appears in the calculated R, four weak peaks are
observable in €,(w) (see Fig. 2) at energies of
4.2, 4.4, 4.6, and 4.8 eV, which correspond to
the gaps of the spin-orbit split Ly valence (Lg,-
and L, 5,) and Ly conduction (L3, and L 5, )
bands. Examination of Fig. 6 shows a strong
peak with a shoulder on the low-energy side at
about 4. 3 eV in the UV-2C curve. The constant
energy contour of this transition (Fig. 9) reveals
that these bands are quite flat in this energy
region near L (Lg, -Ly, 5, ) along A and that there
is an M, critical point due to the maxima in Aq,
at k~(3,0,0). Figure 6 also shows structure in
the UV-3C curve at 4. 4 eV which corresponds to
Li, sc-Ly 5, transitions (see Fig. 10). The dif-
ference in amplitude between UV-2C and UV-3C
is caused mainly by a difference in M;, [see Egs.
(6) and (7)]. In the 2V-2C curve there are three
small peaks at 4.0, 4.3, and 4. 65 eV. Examina-
tion of the constant energy contours of Fig. 12
reveals that the latter structure is due to Lg, -
Lg, (and nearby A) transitions while the 4. 3-eV
structure comes from A;.-Aq, in the region of the
zone where A, hasa maximum (see Fig. 1). We

have not been able to identify the origin of the

4, 0-eV peak since the bands are fairly flat at
this energy at a number of points of the zone.

In addition there is a small spectral feature in
the 2V-LC curve at about 4. 65 eV which comes
from the regions of the zone marked E1I in Fig.
11, In the individual €,(w) for the 2V-3C transi-
tions (Fig. 7) there is a sharp peak at 4.8 eV
which is due to L, 5, -Lg, transitions (see Fig.
13).

Above the E, spectral features a small peak
labeled E; at about 5.5 eV appears in the calcu-
lated €,(w) in Fig. 2. This is caused by UV-3C
transition in the region of the zone labeled E; in
Fig. 10.

In the energy range below 1 eV there are two
dominant features in the calculated €,(w) and R:
the shoulder at 0.4 eV labeled E, and the rapid
increase in these optical constants below this en-
ergy. As shown in Fig. 7, E, is due to 2V-LC
transitions and corresponds to the I'g-I';" gap.
Below this energy €;(w) is caused by only UV -
LC transitions. Since the direct gap is zero
€,(w) increases rapidly as w approaches zero [see
Eqgs. (6) and (7)]. Because broadening has been
included in the total €,(w) but not in the individual
€,(w) there is a difference between Figs. 2 and
6 below E,.
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