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Except in the case of aluminum, the structure of
peaks is poorly de6ned and it may be premature to
attempt to match them with the predicted parallel-
band edges. In some cases, too, observable structure
might arise from symmetry points which are missed in
our two-band approach. However, the approach has the
virtue of giving unambiguous predictions of one or two
edges in each metal in contrast to the many possible
edges which may arise from symxnetry points and which

are obtainable only after a band calculation. The success
in the cleanest experimental case, aluminum, suggests
that the edges predicted may be the strongest ones.
Finally, such edges bring direct contact between the
optical properties and the pseudopotentials in terms of
which virtually all of the properties of the crystaP
may be studied.

The author is indebted to Dr. A. O. E. Animalu
and Dr. W. Spicer for fruitful discussions.
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The energy levels and interband osciDator strengths of antimony have been calculated at ~90 000 points
in the Brillouin zone by the pseudopotential method. The potential used was obtained with no adjustment
of parameters from empirical form factors of the semiconductors grey Sn and InSb. This potential had pre-
viously been used to obtain Fermi surfaces for electrons and holes in Sb in good agreement with experiment.
The present calculation agrees well with optical data of Cardona and Greenaway in the energy interval
0.5—8.0 eV with I polarized perpendicular to the trigonal axis. Polarization sects of order 10-20'P& are pre-
dicted by the calculation. The regions of the Brillouin zone contributing most strongly to the calculated
structure are identified, and predictions are made concerning spin-orbit splittings of the observed peaks.
Application of the analysis to As, Bi, and IV-VI semiconductors is discussed.

l. INTRODUCTION

�

~OR many years the electronic properties of the
group-V semimetals As, Sb, and Bi have been the

subject of extensive experimental investigation. Inter-
pretation of the experiments was hampered in the past
by lack of band calculations of su6icient accuracy and
generality to establish the position and shape of the
Fermi surfaces of electrons and holes in the Brillouin
zone. Recently it has been shown that considerable
progress towards interpretation of Fermi surface data
can be made in Sb' and in As' by making use of empirical
pseudopotentials derived from the very large amount of
data available on the electronic structure of groups IV
and III—V semiconductors. Thus in the case of Sb the
pseudopotential form factor was obtained' from the

~ Supported in part by National Aeronautics and Space Agency
and by a general grant from Advanced Research Projects Agency.

f Alfred P. Sloan Fellow.' L. M. Falicov and P. J.Lin, Phys. Rev. 141, 562 (1966).
~ P. J. Lin and L. M. Falicov, Phys. Rev. 142, 441 (1966).

Footnote added in proof. %e take this opportunity to correct an
error in Ref. 1. The factor of $ in Eq. (2.4) should be omitted.
According to Ref. 3, the correct value for V3(Sn) = —0.20 Ry. , and
using (2.4) with the factor $ omitted, V3(Sb) =(—0.20—0.06)
Ry. = —0.26 Ry. The value actually used was —0.27 Ry. By
accident this agrees with the correct value to 0.01 Ry. , which
is the limit of accuracy of the method. On this scale of energies(~.01 Ry.), agreement with the observed Fermi surface con-
stitues the best test of the correctness of the pseudopotential.

known form factors of grey Sn' and InSb.4 Without the
introduction of any adjustable parameters the empirical
form factor so derived from semiconductor spectra
yielded surprisingly good quantitative agreement in
the semimetals with detailed Fermi surface data ob-
tained by cyclotron resonance' and de Haas —van Alphen
experiments. '

We have been encouraged by these empirical successes
to extend the calculations over a wider energy range
and over the entire Brillouin zone in sufhcient detail
to obtain the optical spectrum in the range 0.5—15 eV.
The data available in this range show only Ave or six
broad peaks, with little hne structure evident. ' Over
the same range considerably more structure is expected
in the theoretical spectrum. Thus at present we cannot
hope to achieve a comprehensive and exhaustive analysis
of the spectrum of Sb to the degree that was achieved in
Brust's classic work on Si and Ge. The present work is
therefore exploratory in character. With the develop-
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3, 199 (1965).

~M. Cardona and D. L. Greenaway, Phys. Rev. 133, A1685
(1964).

8 D. Brust, Phys. Rev. 134, A1337 (1964); 139, A489 (1965).
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is given in the notation of Ref. 8 by

2%8 2
g, '~(a)) = h P 8(co„,,(k)—co)

neo .s s z. (2s)'

X ~M„,g'(k)Mg, g~(k) ~d'k, (2.1)

where M„,'(k) is the interband momentum matrix
element

AM„,*(k)= (P.(k) i p'iP, (kl). (2 2)

Fro. 1. The Brillouin zone of Sb. The basic volume sampled in
our calculations constituting one-twelfth of the volume of the
zone is bounded by the interior planes FLL,', FI UT, FL'XT, and
the surface planes of the zone. For a more detailed description of
the crystal and Brillouin zone structure, see Ref. 14.

ment of modulated electro-reflectance' and piezo-
reAectance" techniques of high resolution we hope that
the details of the structure discussed here will become
accessible to experiment, not only in the pure crystals
but also in the alloy systems.

Because of the covalent character of the semimetal
crystal structure" even using the comparatively weak
pseudo-potential' for Sb, one requires 90 plane waves to
obtain covergent energy levels. Sampling these levels
at a suSciently large number of points in the primitive
one-twelfth of the Brillouin zone (B.Z.) to obtain good
statistics for spectral histograms would be prohibitively
expensive if carried out directly, even in a pseudopoten-
tial representation. (We extimate that in standard
orthogonalized-plane-wave or augmented-plane-wave
calcula, tions the cost would be 10—100 times greater
still. ) Economical techniques for handling the sampling
problem have been developed by Brust. ' Ke have
refined his techniques somewhat, as described in Sec. 2.
In Sec. 3 we present the spectral histograms for E
unpolarized and analyze the interband edges. The
spectral histograms for E polarized

~~
to the trigonal

axis are analyzed similarly in Sec. 4. Comparison with
experiment for Sb is made in Sec. 5, and the e6ects of
spin-orbit interaction are discussed in Sec. 6. In Sec. 7
the spectrum of As is discussed and extension of the
results to IV—VI semiconductors is considered.

2. COMPUTATIONAL TECHNIQUES

In the Hartree or random-phase approximation the
imaginary part e2(~) of the complex dielectric response

'B. O. Seraphin and R. B. Hess, Phys. Rev. Letters 14, 138
(1965)."W. E. Engeler, H. Fritzsche, M. Garfinkel, and J.J.Tiemann,
Phys. Rev. Letters 14, 1069 (1965); G. W. Gobeli and E. O.
Kane, ibid. 15, 142 (1965).

"M. H. Cohen, L. M. Falicov, and S. Golin, IBM J. Res.
Develop. 8, 215 (1964).

~@„(k))=P,c;(1z,k) ~k+ K;). (2.3)

"M. S. Dresselhaus and J. G. Mavroides, Phys. Rev. Letters
14, 259 (1965}.

"L. M. Kleinman and J. C. Phillips, Phys. Rev. 118, 1153
(19).

The superscripts i, j describe the tensorial character
of the dielectric response. The group V semirnetals can
be considered as two interpenetrating face-centered
cubic lattices with a trigonal distortion of the rhom-
bohedral angle y from the value 60'. For Sb at 4.2'K we
have &=57', so that the trigonal distortion is only 3'.
Thus if there are any measurable polarization effects in
the energy range considered we should expect to find
them in the diiference between e&~~ and e&', with E /or
p' in (2.2)] parallel or perpendicular to the trigonal
axis. Because of the quasihexagonal symmetry in the
basal plane polarization effects are assumed to be small
there, as is found to be the case in infrared magneto-
optic experiments. "

To evaluate e~~~ and e2' from (2.1) we have used the
pseudopotential model. ' In order to obtain convergence
the model wave functions @„(k), which describe the
Bloch functions P„(k) but with core oscillations omitted,
are expanded to 90 plane waves. The resulting secular
equation is then reduced to about 30 plane waves using
the perturbation procedure described by Brust. ' The
kinetic cutoff energy E~ was chosen as 36.7 eV. Kith
this choice of the cutoff the energy di6erence between Ez
and free-electron degeneracies at I', I, I., and T was
maximized, thus insuring minimum loss of symmetry
due to reduction of the secular equation. Sampling at
several values of k showed that this truncation procedure
introduced errors in the eigenvalues of O.i eV or less.

Although the core terms are omitted from the model
wave functions @„, in strongly covalent structures the
repla, cement of Q„)p~f,) by (p„~p~g, ) causes little
error at low energies because most of the oscillator
strength from bonding to antibonding states lies in the
region of interatomic overlap outside the atomic cores.
This was demonstrated explicitly for Si in orthogona-
lized plane wave calculations, " and was confirmed in
the pseudopotential calculations' for Si and Ge.

Because p (k) has been expanded in plane waves
calculation of (@„~p~ p, ) is straightforward. For reasons
of economy eigenvectors were obtained in terms of the
first 20 reciprocal lattice vectors K;:
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Fn. 5. The energy bands of Sb as calculated using the present pseudopotential and as described in Ref. 1. Interband arrows have been
drawn indicating the approximate location of regions contributing to the peaks shown in Table I.

when only the anion is varied (solid lines) the interband
energies decrease with increasing lattice parameter.
The absolute decrease associated with core sects is
about twice as rapid for the higher energy group as for
the lower energy group. Because of relativistic efI'ects, s
levels in Pb are more tightly bound than in lighter
elements, a fa,ct confirmed both spectroscopically by
atomic-term values and chemically by the divalence of
Pb in chemical reactions. Thus the shift of the high-
energy group, which originates from s-like cation levels,
is expected, for with increasing lattice constant the Pb
atoms fill a decreasing fraction of the volume of the
unit cell, thus binding s levels less tightly. When only
the cation is varied (dashed lines), a reverse trend is
found, as expected when Pb is replaced by lighter
elements with less tightly bound s levels. Finally, the
smaller shift of the low-energy group compared to the
high-energy group indicates that the bonding ~ anti-
bonding transitions in the 1- to 7-eV range are less
affected by hybridization of s-like states in the valence
band, and thus have predominantly p character.

The generality of the foregoing discussion of chemical
shifts is both appealing and disappointing. In order to
assign particular peaks to particular bands and par-
ticular regions of the Brillouin zone, as was done' for
Si and Ge, it is necessary to carry out detailed band
calculations. The results obtained from the energy
bands' shown in Fig. 5 by averaging over all orientations
of E relative to crystal axes and summing over all
pairs of bands are shown in Fig. 6. Two main peaks are
found in e~E' located at 2.2 eV (labeled E2) and 5.1 eV
(labeled E4). There is a subsidiary peak (labeled Es) at
6.8 eV and weaker peaks are seen at 9.2, 10.9, and 12.6
eV.

The theoretical oscillator strengths at higher energies

are considerably weaker than the experimental oscil-
lator strengths. This is almost certainly caused by the
fact that the initial and final states are well separated
in the nearly free-electron approximation; the oscillator
strength for higher energy transitions is chivy asso-
ciated with the core terms, which have been omitted
in our calculation. However, the states of greatest
interest are those near the Fermi energy which con-
tribute to the spectral structure below 7 eV. VVe

therefore focus our attention on this region.
Structure in interband optical spectra arises because

there are regions in k space where the valence and con-
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FIG. 6. The calculated values of E2E' in Sb in (eV) for un-
polarized light and for R polarized parallel to the trigonal axis
using the band structure which is partially described in Fig. 5.
Three major peaks are resolved and these appear to correspond
to peaks E2, E4, and E& in the notation of Cardona and Greenaway.
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E II triton.
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10-

duction bands are nearly parallel. Associated with each
of these regions are one or more critical points defined

by
vgLE, (k) —F.„(k)]=o. (3.1)

A single critical point produces the usual asymmetric
edges. Two or more quasidegen crate saddle-point
edges of opposite types produce a peak (see Fig. 1 of
Ref. 8).

In cubic crystals such as Ge and Si where most of the
oscillator strength is concentrated in a single pair of
bands, the number of strong interband edges may be so
small that most of the important edges are resolved in
the spectrum of a single crystal. In a given case some
edges may be masked by stronger edges, but can be
separated and observed in other crystals of the same
family. Moreover, the topology of the bands may be
such that a peak produced by two quasidegenerate
edges remains in spite of substantial chemical shifts,
because the two edges move together (e.g., the 4.4-eV
peak in Ge and Si is seen also in many III-V and II-VI
zinc-blende crystals).

The situation in the semimetals is diferent. Because
the crystals are distorted by only a few degrees from
fcc symmetry, a number of interband edges split into
quasidegenerate edges. Moreover as shown in Fig. 5
the crystal potential is such that at I. and T (which are
equivalent to the point L in fcc crystals) near EF there
are six levels distributed over a band of energies 2.5 eU
wide near E' (which is to be compared with 5 levels
spread over more than 5 eU in Si and Ge at L"). At F
in the conduction band from 3 to 5.5 eV above Ep there
are also six levels. Only at X and tV are the levels
sparsely spaced.

Because of the small-energy denominators members
of a group of closely spaced levels at a symmetry point
repel one another strongly as one leaves the symmetry
point. Thus the critical points at F, L and T are not

E(eV)

Fro. 7. The 4 —+ 6 contribution to the complete spectrum shown
in Fig. 6. The letters A and 8 refer to neighborhoods shown in
Table I. We label by E3? structure which might correspond to the
I'3 peak of Cardona and Greenaway, but which is too weak for
positive identification.

5~650-
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E II trigon

20—

IO—

X~X—
4 FIG. 8. The 5 ~ 6

contribution to the
complete spectrum
shown in Fig. 6. Note
that the polarization
eft'ects which were
large in the 4 —+ 6
spectrum shown in
Fig. 7 are negligible in
the 5~6 spectrum.

EIV)

"J.B. Conklin, Jr. , L. E. Johnson, and G. W. Pratt, Jr. ,
Phys. Rev. 137, A1282 (1965).' P. J. Lin and L. Kleinman, Phys. Rev. 142, 478 (1966).

expected to contribute strongly to structure in the
fundamental absorption region. However, there is
ample evidence' ""that the direct absorption edge Eo
at around 0.3 eV in PbTe, PbSe, and PbS occurs at L
Thus we would expect that the Sb band edges identified
at 0.10 and 0.14 eV in magneto-optic studies" should
be associated with transitions from or to the Fermi
surface near L or T. (The detailed ordering of the levels
at these points will not significantly aGect the optical
spectrum in the energy range we are considering; how-
ever the ordering shown in Fig. 5, while not necessarily
unique, is compatible with Fermi surface data. )

Other interband critical points may be found along
symmetry lines. Removal of crossover degeneracies in
the free-electron approximation produces kinks, e.g.,
between I' and X, which were previously tentatively
identified with interband edges in the spectra of the
Pb salts. ' "However the present calculations show both
that the phase space associated with these kinks is
small and that they do not fall at energies close to peaks
in the interband density of states for the pair of bands
in question. This emphasizes the importance of de-
tailed sampling of k space for the interpretation of
optical data.

Because of the large number of critical points pres-
ent in the spectrum we have followed Brust's procedure'
and decomposed the complete spectrum into a super-
position of spectra from paris of bands. Bands 4 —+ 6
and 5 —+ 6 are shown in Figs. 7 and 8 and bands 5 —+ 8
and 5 —+ 9 are shown in Fig. 9. From the pair spectra
we conclude that peak E2 is associated with 4 —+ 5 and
4 ~ 6 transitions, peak E4 with 4~ 5, 4 —+ 6 and 4 ~ 7
transitions, and peak E' with (4,5) —+ (8,9, 1O)
transitions.

Consider peak E4 in the 4~ 6 and 5 —+ 6 spectra.
The leading edge in the 5 —& 6 spectrum falls at 5.10
eV and is readily identified with an M&-type saddle
point belonging to X4 —+ X~. Within the accuracy of
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TABLE I. Description of energies and polarizations of interband
critical points. The oscillator strengths are given in arbitrary units
in order to indicate the extent of polarization eGects.

Location

Av.
Energy oscillator

Bands Symbol (eV) strength
oscillator
strength

(1, —0.02, —0.02)
(1, —0.02, —0.02)
(0.92, —0.10,0.06)
(1.0, —0.19,0.15)
(0.24, 0.24, 0.24)

5 —+6
4~6
4~6
4 —+6
5 —+9

X4~X1
X3 —+ X1

A
J3

A1 A1

5.10 0.22
5.10 0.32
5.25 0.26
5.8 0.26
6.6 0.1.8

0.42
&0.15
&0.15
&0.15

0.54

10-
t I

I/% I 5~8

Fro. 9. The 5 —+8
and 5 ~ 9 spectra in
the region of the E5
peak.

0-
Ol

a
Ol

4I
OI

IO-

I I

Unpolorized
I 1

E I trlgon. I I

5~95-

E bY)

~ U. Gerhardt, Phys. Rev. Letters 15, 401 (1965).

our calculation X3 is degenerate with X4. The splitting
of these levels caused by the trigonal crystal field is
smaller than 0.03 eV. However the leading edge of peak
E4 in the 4 —+ 6 spectrum is displaced to 5.25 eV, be-
cause the interband critical point has moved to the
point 2 shown in Table I. This shows that although the
rhombohedral splitting of the X levels is small, the
same splitting of the interband edge is 0.15 eV, because
in the crystal of lower symmetry one of the interband
critical points has moved slightly away from X. The
movement in k space, i.e., the distortion of the shape
of the interband energy surface, produces a far larger
crystal field splitting of the edge than of the states at
the symmetry point. Displacement of critical points
has been mentioned as an important source of structure
in piezo-refIectance experiments, " and the behavior of
the (XB,X4) —+ Xq edge supports this suggestion.

Presumably the E4 peak in the 5 —+6 spectrum is
produced by a combination of M& and cM& saddle points.
The M2 saddle point associated with the higher edge is
difFicult to locate because its energy is close to that of
the Mi edge; we believe it falls near U, and the transi-
tion is near U~ —+ Uj. The higher edge in the 4~ 6
spectrum is marked 8 in Fig. 7; it is associated with
U2 ~ U~ transitions.

The E2 peak is prominent in the 5 ~ 6 and 4 —+ 6
spectra, with peaks at 2.0 and 2.4 eV, respectively. No
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Fro. 10. Comparison of theoretical and experimental spectra
with EJ trigonal axis. Note that the scale of the theoretical
spectrum has not been adjusted. The experimental data are from
Cardona and Greenaway (Ref. 7). The correspondence at lower
energies between the three main peaks E2, E4, and E5 is good. At
higher energies the theoretical oscillator strengths are too small,
probably because of the omission of core terms. It is also possible
that the experimental values of ~~E' are too large at higher energies
(especially above 10eV) where the rate at which e~ ~ 0 may not be
given accurately by the Kramers-Kronig transforms.

edge structure is evident, and none of the critical-point
energies derived from symmetry points or lines fit the
peak energy. From a survey of the points contributing
to these histograms we have concluded that for both
4 —& 6 and 5 —& 6 transitions peak E2 arises from critical
points in the general volume of the zone near g=k
= (0.59, —0.43, 0.08). A curious feature of the points
contributing to the 4 —+ 6 and 5 ~ 6 histogram E2
peaks is that many of them fall in same region of k
space with a splitting of about 0.3 eV. We return to this
point later in connection with spin-orbit efI'ects.

The E& peak at 6.8 eV is derived primarily from 5 ~ 9
transitions, as shown in Fig. 8. It appears to be pro-
duced by M&- and M2-type critical points near FT=A.
We have not located these critical points, but we list
in Table I and show in Fig. 5 the position of an inter-
band transition along FT which accounts for the
polarization e6ects discussed in the following section.

4. POLAlRIZED SPECTRUM

We have evaluated (2.1) using ~(+~pcs)~s for the
oscillator strength, giving e2 with E unpolarized, and
also using 3

~
re~ p&~ s) ~', where P& is the component of

p along the trigonal axis, from which we obtain 62ii. At
first sight with a distortion in Sb of only 3' from cubic,
one might expect polarization eBects to be small.
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However, even at I' states of p character that would
have been threefold degenerate in cubic symmetry are
split by as much as 0.5 eV by the rhombohedral dis-
tortion. Moreover the displacement of critical points
away from symmetry points, lines and planes by the
cubic distortion appears often to have opposite effects
for pairs of bands with oscillator strengths strongly
polarized parallel or perpendicular to the trigonal axis,
leading to a separation of parallel and perpendicular
oscillator strengths over an energy range two or three
times greater than the crystal-field splitting of the F
levels. This tendency" has been noted previously in
connection with polarized studies" of the refIectivity
of zinc blende and wurtizite crystals (cubic and hex-
agonal symmetry, respectively).

The spectrum of e2~~E' is shown in Fig. 6 together
with e2E' (unpolarized). There are strong polarization
effects accompanied by alternation of intensities: peaks
E2 and E5 are stronger with E parallel to the trigonal
axis, while peak E4 is weaker. To establish the origin
of these polarization effects, we also show the results
for &2~~ in Fig. 7 (4~6 transitions), Fig. 8 (5 —+ 6
transitions), and Fig. 9 (5~ 8, 9 transitions). Peaks
E2 and E4 are polarized in 4 ~ 6 but not in 5 —+ 6
transitions. Comparing the results listed in Table I
with those shown in Fig. 7 and Fig. 8 we see that there
is general agreement between the polarization behavior
at the critical points and in the histograms, except that
the polarization of X4 —+ X& does not significantly en-
hance the polarization of the E4 peak in the 5 —+ 6
histogram. On the other hand, the region near A pre-
sumably accounts for the polarization of the E5 peak
in the 5 —+ 9 histogram, which is why this point along
A is listed in Table I even though the associated critical
points are displaced somewhat from the A. line.

S. COMPARISON WITH EXPEMMENT

The experimental data were taken with EJ (trigonal
axis). We obtain e2'E' from Fig. 6 and in Fig. 10 plot
it against the experimental values" obtained by
Kramers-Kronig transformation of the refIectance.
Below 8 eV the agreement between experiment and
theory is remarkably good. Note that peak E&, which
is resolved in As and in Bi, is not seen in the Sb spec-
trum. Also peak E3 in the original refIectance spectrum
is weak and is lost when the Kramers Kronig
transform is taken to obtain e2. As shown in Fig. 7
there is weak structure in our histograms which might
be associated with E3 in the reflectance spectrum, but
we prefer not to attach that much significance to our
calculation. Similar remarks apply to peak E6. The
strong peaks E2, E4, and E5 agree with experiment far
better than was anticipated, considering the exploratory
character of the calculation.

"J.C. Phillips, Phys. Rev. 133, A452 {1964)„"M. Cardona and G. Harbeke, Phys. Rev. 137, A1467 {1965).~ We are grateful to Professor M. Cardona for communicating
hig original values of ~2~.

&so=) L 8 (6.1)

to the Hamiltonian, what will its effect be on the
spectral structure shown in Fig. 10?

Specifically peak E4 is identified with (4,5) ~ (6,7)
transitions near X and E. The low-energy edge of E4
associated with 5 —+ 6 transitions is marked X4 —+ X~
in Fig. 8 and that associated with 4~ 6 transitions is
marked 3 in Fig. 7. The separation of 0.15 eV between
X4 —+ Xj and A is small compared to the spin-orbit
parameter X=0.6 eV in Sb. Thus when (6.1) is included
by perturbation theory the low-energy edge of peak E4
should show a spin-orbit splitting similar to those
exhibited by A3~A. & edges in the diamond- and zinc
blende-type crystals. ' In spite of lifetime broadening
this splitting may be detectable by derivative techniques
at low temperatures.

Because the initial and final states are nondegenerate
no splitting is expected of E5. Whether peak E2 should
split or not is difFicult to say. The E2 peaks in the 4 ~ 6
and 5 —+ 6 histograms are separated by less than 0.3 eV
(orbital split ting). As noted in Sec. 3, many of the same
volume points contribute both to the 4 —+ 6 and 5 —+ 6
E2 peaks and are separated by as little as 0.2 eV. These
states (unlike Xa and X4) do not have definite p atomic
character, but are part s and part p, so that the spin-
orbit splitting will be only a fraction of X. Thus a
splitting in Sb may be difIicult to detect. In Bi, on the
other hand, with X=1.5 eV the doublet structure ob-
served in refiectivity at 1.2 and 1.7 eV and marked E&?,
E2 by Cardona and Greenaway, ' does correspond to the
magnitude of the spin-orbit effect that would be ex-
pected on the basis of our calculations.

'T. APPLICATION TO As AND TO IV—VI
SEMICONDUCTORS

There are two qualitative differences between Sb and
As. The distortion angle 8=60'—y, where y is the
rhombohedral angle, is about 3' in Sb and 6 in As.
Also the spin-orbit parameter X is about 0.2 eV in As.
This means that orbital splittings of edges that would
have been degenerate in the cubic structure are likely
to be larger in As than Sb. When this is combined with
a reduced value of X it seems unlikely that spin-orbit
splittings of either E& or E4 should be observable in As.

As an example consider the peak E4. Theoretical and
experimental edge energies are shown for this peak for
Sb and for As in Table II; the theoretical values for As
were obtaining using the pseudopotential described
previously. ' Ar first sight the shift of the reflectance
peak of 1.2 eV from 5.7 to 6.9 eV on going from Sb to

0. SPIN-ORBIT EFFECTS

In view of the remarkable agreement between theory
and experiment exhibited in Fig. 10, we now examine
the results of our calculation critically. Polarization
effects of order 10-20% should be observable. H we now
add a spin-orbit term
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TABLE H. Comparison of two interband energies in electron
volts at X and 8 {seeTable I}in As and Sb, as calculated theoreti-
cally. The maximum in the theoretical value of e~ in Sb is listed.
Also the centers and widths of the E» reflectance peak as measured
by Cardona and Greenaway for Sb and As are shown in the last
two columns.

the PbTe bands obtained by the augmented plane wave
method" to the Sb bands obtained by the pseudopoten-
tial method' and to the PbTe bands obtained empiri-
cally" is reassuring.

Element X» —+ Xi

Sb 5.1
As 5.6

5.8
7.4

c2E Center E» Width

5.6 5.7
6.9

0.7
1.1

As appears to be in poor agreement with the change in
energy of 0.5 eV of X4 —+ X& from the pseudopotential
calculations. However, the energy at 8 changes by 1.6
eV. This indicates that increase of the trigonal dis-
tortion should broaden E4. The reQectance data for As
have not been transformed by Kramers-Kronig methods,
but the width of the E4 reflectance peak does seem to
be about 50% greater in As than in Sb in qualitative
agreement with our expectations.

Our assignment to specific regions of k space of the
interband peaks is most firm for peak E4, which we
assign to the X and EC neighborhoods. Because of the
striking similarities of the IV-VI and V spectra we
believe this assignment should also be valid for the
IV-VI semiconductors. In the case of PbTe the spin-
orbit splitting of the X3 and X4 levels (X~, in the cubic
single group, X6—+X7 in the cubic double group) has
been calculated" to be 0.9 eV, and the transitions
X6—~ X~ and X7——+ X» are found at 5.3 and 6.2 eV,
respectively, compared with an experimental value of
6.2 eV. Ordinarily the interband curvature of the lower
of a pair of spin-orbit doublets is much less than that
of the higher, leading to much greater oscillator strength
for the lower, heavy mass edge. Thus the values to be
compared are the theoretical value of 5.3 eV and the
experimental value of 6.2 eV. The values so obtained
are similar to those shown in Table I for Sb, with the
experimental value about 0.7 eV greater than the
theoretical one in both cases. The general similarity of

8. CONCLUSIONS

With this survey of the optical data we have shown
that the energy bands of As and Sb obtained by the
pseudopotential method from form factors of the
elements yield good agreement with Fermi surface data
and with optical data over a range in energy from 0.5 to
8.0 eV. The form factors of the elements in turn were
obtained empirically from semiconductor spectra, and
for our purposes contained &so adjustable parameters.
Should the exploratory calculations described here and
in previous papers" prove to be correct we shall have
succeeded in determining the electronic structure of the
lighter semimetals empirically from the known electronic
structure of the simpler cubic semiconductors. This
approach, which has already yielded good results'4
for Mg2X with X=Si and Ge, appears to represent a
universal empirical method for obtaining the electronic
structure of crystals which do not contain transition,
rare-earth, or nobel metals.

The calculations presented here make simple predic-
tions concerning polarization eBects and spin-orbit
splittings which it should be possible to test experi-
mentally. As noted by Cardona and Greenaway, ' the
effects of lifetime broadening are greater in the semi-
metals than in semi-conductors, but it should be pos-
sible to overcome these using recently developed
derivative techniques. ' "
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