
MULTIPHOTON —INJECTED PLASMAS IN InSb

ionizing an impurity band. Since the position of this
peak varies with incident intensity, it may indicate
heating of the sample at the incident face. At higher
fields the series of peaks corresponds to three times the
laser photon energy, equaling the valence-band —to-
Landau-level separation. ' These three-photon absorp-
tion peaks were seen only when the peak of the photo-
response was monitored. For Is= 10' W/cms the
saturation region is attained; however, no instability
similar to those at LN2 temperatures was observed
at LHe.

III. SUMMARY
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These preliminary measurements of properties of
multiphoton-injected plasmas indicate several interest-
ing areas for further research. First, it seems possible to
inject homogeneous plasmas with densities in the 1015-

cm ' range, whose temperatures are very close to the
lattice temperature down to at least 10'K. These field-
free injected plasmas should be of considerable interest
in studying plasmas instabilities in InSb. Some recent
results" indicate interesting interactions between the
laser-injected plasma and an electric-field-injected
plasma. Shorter CO2 laser pulses may be able to probe
the plasma lifetimes in more detail, using the recom-
bination radiation and constant-voltage photoconduc-

~I' R. Slusher, W. Giriat, and B.Ancker-Johnson (unpublished).

FIG. 7. Magnetic field dependence of peak photoconductive
signal during 10.6-p laser pulse for n-InSb at I.He temperature.
Other parameters are similar to those in Fig. 6.

tivity as indicators. It is also possible to produce dense
()10"cm ') plasma in magnetic fields up to 100 kOe
using both 9.6- and 10.6-p radiation with intensities
in the range above 10' W/cm'.
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Calculation of the Refiectivity, Modulated Refiectivity, and Band
Structure of GaAsr GaP, ZnSe, and ZnS)
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We have calculated the electronic energy band structure, the imaginary part of the frequency-dependent
dielectric function, the reQectivity, and the modulated reQectivity (derivative of the reQectivity) for GaAs,
GaP, ZnSe, and ZnS, using the empirical pseudopotential method. A direct comparison of the measured and
calculated reQectivities is made. The calculated derivative of the reQectivity spectrum is compared with
thermoreflectance data.

INTRODUCTION

~HE electronic energy-band structure has been
calculated by us; also, the imaginary part of the

frequency-dependent dielectric function es(or); the
reflectivity R (or); and the modulated reflectivity
R'(or)/R(or), where R'=dR/dor, for GaAs, GaP, ZnSe,
and ZnS, using the empirical pseudopotential method'

f Work supported in part by the National Science Foundation.*National Science Foundation Graduate Fellow.
'M. L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 7W

(j.966), and references therein.

(EPM). In previous calculations' the imaginary part
of the frequency-dependent dielectric function e, (or)
was calculated and compared with experiment. How-
ever, since the reQectivity is the actual quantity mea-
sured, it was felt that a direct comparison between
measured and theoretically calculated reQectivity would
be desirable. The main reason for wanting a comparison
of this type rather than an es(or) comparison is that it
is necessary to use an integral transform of the reAec-

«W. Saslow, T. K. Bergstresser, C. Y. Pong, M. L. Cohen, and
D. Brust, Solid State Commun. 5, 667 i1967l.
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TmLE I. Comparison of the GaAs, GaP, ZnSe, and ZnS form
factors (in Ry) used in the present work (on top) with those used
in Ref. 1.

Ve(v3') Ve(+8) Ve(/11) V"(v3) Ve(2) Ve(/11)

GaP

ZnSe

ZnS

—0.245—0.23—0.225—0.22—0.223—0.23—0.249—0.22

—0.005
0.01
0.024
0.03—0.008
0.01
0.038
0.03

0.075
0.06
0.076
0.07
0.068
0.06
0.053
0.07

0.062
0.07
0.128
0.12
0.204
0.18
0.195
0.24

0.035 0.003
0.05 0.01
0.053 0.020
0.07 0.02
0.099 0.022
0.12 0.03
0.116 0.01.5
0.14 0.04

tivity over a large energy range to obtain es(sr), and
the experimental reQectivity is usually known only over
a limited range of energy.

In the theoretical calculation, es(au) is obtained and a
Kramers —Kronig analysis is still necessary; however,
there are several reasons for believing that the problems
in this case are less severe. First, the experimental
spectrum may contain exciton effects and this may cause
some structure to be weighted in a manner such that a
subsequent comparison of theory and experiment is
difFicult. Second, it is usually possible to calculate the
theoretical e~(ra) over a larger energy range than the
experimental measurements and to use tail functions to
accurately represent the contributions from the higher
bands. Finally, surface effects can alter the heights of
reQectivity peaks which, in turn, will cause energy
shifts in the es(s&) structure. No such effects are possible
in the theory calculations.

Pseudopotential form factors for these crystals were
obtained by Cohen and Bergstresser' (CB) using the
EPM. These form factors were obtained by comparison
with the existing optical data. ' ' ' New measurements
of the optical properties have been made7 "since that
time. The results of these measurements and a direct
comparison between the experimental and the theoreti-
cal R(&o) were used to make slight adjustments of the
CB form factors.

We have made a critical-point analysis to identify
the optical structure in terms of interband transitions.
The symmetries and positions in energy of the im-

' D. L. Greenaway, Phys. Rev. Letters 9, 97 (1962).
4 H. R. Philipp and H. Ehrenreich, Phys. Rev. 129, 1550 (1963).' M. Aven, T. P. Marple, and B. Segall, J. Appl. Phys. Suppl.

32, 2261 (1961).
'M. Cardona and G. Harbeke, in ProceeChngs of the Seumth

Internateonal Conference on the Physccs of Semccondnctors
(Dunod Ci., Paris, 1964), p. 217.

'A. G. Thompson, M. Cardona, K. L. Shaklee, and J. C.
Woolley, Phys. Rev. 146, 601 (1966).

F. H. Pollak, M. Cardona, and J. Barber (to be published).
9 J. W. Baars, in 1967 International Conference on II-VI Semi-

conducting Compounds, edited by D. G. Thomas (W. A. Benjamin,
Inc. , New York, 1967), p. 631."R. C. Eden, Stanford Electronics Laboratory Technical
Report No. 5222-1, 1967 (unpublished)."E. Matatagui, A. G. Thompson, and M. Cardona, Phys. Rev.
176, 950 (1968)."S. S. Vishnubhatla and J. C. Wooley, Can. J. Phys. 46, 1769
(1968).

» Y. Petroff, M. Balkanski, J. P. Walter, and M. L. Cohen,
Solid State Commun. (to be published).

portant critical points have been determined and their
contributions to es(re) and R(&o) have been investigated.

A comparison between theory and experiment shows
good agreement for both the reQectivity and the
modulated reQectivity. The latter is compared only with
thermoreQectance data" and not with other modulated
reQectance data, e.g., electroreQectance. The reason for
this restriction to thermoreQectance is that other
methods, such as electroreQectance, involve a more
complicated variation of the reQ ectivity and conse-
quently a simple derivative of the type we have calcu-
lated ls not appI'opllate for comparison.

where G is a reciprocal-lattice vector. V(~ G ~) can be
conveniently expressed as

V(G)=Vs((G~) cosG ~+sV"()G)) sinG e, (3)

TAsLE II. Theoretical and experimental reflectivity structure
and their identifications, including the location in the Brillouin-
zone, energy, and symmetry of the calculated critical points for
GaAs. The experimental results are due to Philipp and
Ehrenreich. '

Re8ectivity
structure (eV)

Theory Experiment

Associated critical points

Location in zone
CP energy

Symmetry (eV)

~ ~ ~ 1.48

2.95 2.88, 3.15
(spin orbit)

4.45 4.55

4.85 5.00

5.65 5.55b

6.45 6.6

6.75 6.6

r 1&-r~(o,o,o)
L,S-L1(0.5,0.5,0.5)
Al-A8 (0,21,0.21,0.21)
hp-h1(0. 60,0,0)
(band 4-5)
Xp-X1(1,0,0)
d,s-t4t1(0.35,0,0)
(band 4-5)
z -z1(0.58,0.58,0)
b,g-h1 (0.50,0,0)
(band 4-6)
Volume e8ect from

region around
{0.57,0.43,29)
{band 4-6)

I-p-L.I(o.s,o.s,o.s)
AI-A3(0.43,0.43,0.43)

(band 3-6 and
band 4-7)

Ap-A3(Or43, O.43,O.43)
{band 4-6)

Mp

Mp
Mx

Mp

1.46

2.69
2.93

4.10

4.34

4,76

5,69

6.35

6.45

6.51

6.51

a Reference 10.
b This shoulder appears in Greenaway's datum (Ref. 3).

CALCULATIONS

The EPM involves adjusting pseudopotential form
factors to achieve good agreement with experimental
results for the principal optical transitions. These form
factors are then used to determine the electronic energy
bands on a Qne mesh of points in the Brillouin zone.

The pseudopotential Hamiltonian has the form

H= —(I'/2m) Vs+ V(r).

The weak pseudopotential V(r) is expanded in the
reciprocal lattice

V(r) =P V(( G))s-'o'
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where Ug, , and U~, , are the periodic parts of the
valence- and conduction-band wave functions, and the
integration is performed over the entire Brillouin zone.
The summation is over the highest three valence bands
and the lowest six conduction bands. e2(u) is calculated
precisely as described by Saslow et a/. ,

' with the one
modification that each cube is divided into 512 equal
subcubes.

An analytic tail replaces the calculated e&(&o) for
higher energies. This is done to account for the high-
energy transitions which are not represented in our
nine-band e2(ao) calculation. The tail function used is
Pro/(co'+y')', where y= 4.5 eV, and P is determined by
continuity with e2(~) at the energy where the transi-
tions neglected in our band cutoG become important.
The tail function begins at 8.85 eV for GaAs, 8.95 for
GaP, 10.85 for ZnSe, and 10.95 for ZnS. A Kramers-
Kronig transformation gives e~ (&o); this function

TABLE III. Theoretical and experimental reactivity structure
and their identifications, including the location in the Brillouin
zone, energy, and symmetry of the calculated critical points
for GaP. The experimental results are due to Philipp and
Ehren reich. '

Reflectivity
structure {eV)

Theory Experiment

Associated critical points

Location in zone
CP energy

Symmetry (eV)

~ ~ ~ 2.80

3.70 3.70

4.7 4.6

5.3 5.3

6.7 6.9

6.9 6.9

r&s-r&(0,0,0)
Ls-L1(0.5,0.5,0.5)
As-A1(0. 15,0.15,0.15)
4s-41(0.71,0,0)

(band 4-5)
Xs-Xz (1,0,0)
4s-41 (0.30,0,0)

(band 4-5)
z~x&(o.so,o.so,o)
Volume e8ect from

region around
(0.50,0.43,0.29)
(band 4-6)

Ls-Ls(0.5,0.5,0.5)
As-As (0.37,0.37,0.37)

(band 3-6 and
band 4-7)

As A s (O.37,0.37,0.37)
{band 4—6)

Mo 2.79

Mo 3.40
M1 3.76

Mo 4 SO

4.57

4.72

5.20

6.5

Ms
Mi

6.57

6.68

6.68

a Reference 10.

where ~=~~a(1,1,1) and a is the lattice constant. In
these calculations only the six form factors Vs(43),
V (+8), V (+11), V"(v3), V (2), and V (+11) are
allowed to be nonzero; i.e., zero values are taken for
G'&12 and when the structure factors cosG s and
sinG ~ are zero.

The solution of (1), using the form factors in (3),
alloys a calculation of E(k) at many points in the
Brillouin zone. This permits us to calculate the imagi-
nary part of the dielectric function using

ek
g, ((g) = —Q b(E, (k) —E,(k) —A(o)

3~m2~& c,o

xl«, ,.lvlU. .)l'd'~, (4)

TABLE IV. Theoretical and experimental reQectivity structure
and their identifications, including the location in the Brillouin
zone, energy, and symmetry of the calculated critical points for
ZnSe. The experimental results are due to Petroff and Balkanski. '

Re6ectivity
structure (eV)

Theory Experiment

Associated critical points

Location in zone
CP energy

Symmetry (eV)

2.9
4.85

6.55

2.9
4.75, 5.05
(spin orbit)

6.00
6.63

7.3 7.25

7.55 7.6

8.35
7.8
8.28, 8.46
(spin orbit)

9.05 8.97, 9.25
(spin orbit)

9.6 9.7

rls rl(0,0,0)
Ls-I 1(0.5,0.5,0.5)
As-A1(0.31,0.31,0.31)
Xs-x&(1,0,0)
4s-41 (0.64,0,0)

(band 4-5)
Z2-Z1{0.64,64,0)

(band 4-5)
4s-41(0.41,0,0)

(band 4-6)
4s-41(0.57,0,0)

(band 4-6)
zt-zi(0. 20,0,0)

(band 3-6)
r1&-r1&(o,o,o)
Volume e8ect from

region around
(0.64,0.43,0.29)
(band 4-6)

As-As(0. 36,0.36,0.36)
(band 4-7)

As-As (0.36,0.36,0.36)
(band 3-6)

Volume eKect from
region around
(0 43,0.14,0.07)
(band 3-7)

Mo

Mo
M1

Mo

M1

2.90

4.59
4.73

5.99
6.20

6.63

7.06

M1 7.23-

7.48

degenerate 7.84

8.25

8.79

8.79

9.35

Reference 13.

together with ~2(~) allows a calculation of the reflec-
tivity R((o).

The Cohen and Bergstresser pseudopotential form
factors were used as our starting point. By the process
described above, we calculated e2(~) and R(co) and then
compared R(&u) with the experimental reflectivity. Much
of the gross detail was the same and thus the most
important identiGcations were easily made. By varying
the form factors slightly we attempted to move the
major peaks to agree more closely to experiment and to
duplicate the finer structure. The CB form factors were
constrained in the following way: The symmetric form
factors for GaAs and ZnSe were made to agree with
the Ge-potential, which is in the same row of the
Periodic Table; the GaP and ZnS syimnetric form
factors were sent equal to an average of the Group-IV
elements corresponding to the rows involved, i.e., an
average of Si and Ge. This constraint was relaxed when
we made our "Gne" adjustment of the form factors.
A comparison of the CB form factors and those used in
the present calculation are given in Table I. The
largest variation is about 0.02 Ry.

ln order to shift the reflectivity peaks or shoulders in
a predictable manner, we had to determine the transi-
tions responsible for the major contributions to these
structures. This was done by ending the energy of the
desired peak or shoulder on the eg(ar) graph and then
examining the contributions to e2 at that energy from
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TAaz.z V. Theoretical and experimental reQectivity structure and their identiications, including the location in the Brillouin zone,
energy, and symmetry of the calculated critical points for ZnS. Experiment 1 refers to Aven, Mangle, and Segall. a Experiment 2
refers to Baars, b

Theory
Reflectivity structure (eV)

Experiment 1 Experiment 2
Associated critical points

Location in zone Symmetry CP energy (eV)

3.8

5.55

6.6
7.05

7.55

9.15

9.75

3.66, 3.76
(spin orbit)

5.79

6.99

9.8

3.68, 3.75
(spin orbit)

5.78

7.02

7.5

8.35

9.0

9.6

I"15-F1(0,0,0)

L3-L1{0.5,0.5,0.5)
A3-A1 (0.32,0.32,0.32)

X,-X,(1,0,0)
6 -6 (0.50,0,0) (band 4—5)
Z,-Z, (0.53,0.53,0)
Aq-61(0, 37,0,0) (band 4—6)
6 -6 (0.51,0,0) (band 4-6)
~i5-~i5

Volume effect from rey'on

around (0.57,0.36,0.14)
(band 4-6)

Ag-As (0.29,0.29,0.29)
(band 3—6)

Volume eGect (bands 3—6
and bands 4-7)

Volume effect (bands 3—6
and bands 4-7)

3IIp

Hag

iVp

M1
Mg

Mo

degenerate

3.74

5.40
5.52

6.31

6.99
7.08

7.45
7.57

7.79

8.35

8.85

9.5

a Reference 5. b Reference 9.
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FIG. 1. Band structure of GaAs along the
principal symmetry directions.

the constituent interband transitions. When we had
determined the interband transition contributing the
greatest amount, e.g. , bands 4 to 5, we examined a table
of energy differences for these bands throughout the
Brillouin zone. Particular attention was given to locat-
ing critical points with energy in the vicinity of the
energy of the optical structure, although volume effects

and the relative size of the momentum matrix elements
were also used to determine the probable origin of the
structure; the ultimate test of the correctness of our
labelling was to change the pseudopotential slightly,
to note how the energy splitting changed at that
transition point, and finally to see if the peak position
changed by the same amount as the energy splitting.
All of the prominent reQectivity structure was labelled
by this procedure.

To further elucidate this procedure, let us examine
the large e~ peak which occurs at 4.7 eV for GaAs. The
value of e~ at that energy is 31.0. From our tables of
interband transitions the major contributions to that
peak are bands (4—5), 26.2, bands (3—5), 2.7, bands
(4-6), 1.4, with other bands contributing even smaller
amounts. Thus transitions from bands (4-5) are almost
totally responsible for this peak. An examination of the
energy differences between bands 4 and 5 throughout
the Brillouin zone reveals that an 3f2 critical point
occurs along the Z direction at 4.76 eV with large oscil-
lator strength. Furthermore, we observe that if by
varying the form factor slightly the energy splitting at
that point is changed by an amount 6, then the position
of the e& peak changes by ~ with insignificant error. We
therefore conclude that the GaAs peak at 4.7 eV can be
labelled by the transition Z2-Z~.

For the determination of the form factors from the
experimental data, six structural features of R(cv) are
chosen as being particularly descriptive of that func-
tion. These structures include the basic gap and the
major peaks. ln order to determine how the form factors
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should be varied, we use the following expression:

BE; 0

E;=E Q — (F; FP—),
BIi;

(5)

36—

I I I I I I I I I I. I I I I

GaAs

where the Ii are the six nonzero CS form factors and
the E are the six characteristic energy splittings.
(BE,/BF, )' are the derivatives of the characteristic
energy splittings with respect to the form factors,
evaluated at the CH form factors. The E; are the ex-
perimental characteristic splittings and the Il; are the
new form factors. In practice this equation is useful only
in the range IF; FP I

&0.0—1 Ry. If we define 6.E;=E;—
—E,', AF; =F; F,—and —A;,—= (BE~/BF;)0, then Eq. (5)
may be written

24—

20—

aE;=P A;;6F;, only if
I LFi

I
+0.01. (6)

I I I I I I il I I I 1

0 1 2 3 4 5 6 7 8 9 10 11. 12 13 14 15

Energy (eV)

The terms hE; are known and the terms A;; can be
easily calculated. This equation cannot be merely
inverted because the AE; are suKciently large for some

j that IAF, I)0.01, and consequently Eq. (6) no
longer correctly describes the situation. We therefore
use a gradient projection method of nonlinear pro-
gramming. ' The function

6 6

F=P (DE;—Q A;,BF;)2

is a measure of the goodness of the 6t to the experi-
mental points. P is minimized subject to the constraints

I
hF,

I
&0.01.Fmust decrease if the matrix A is nonzero,

but if P is still too large after this process is completed,
the new form factors replace the old and the process is
repeated. We have found it necessary to perform at
least two iterations before satisfactory agreement is
achieved between theory and experiment at:he
characteristic points. This procedure does not guarantee
that P can be made equal to zero but after each iteration
P can be no larger than the previous P. We note, how-
ever, that the anal form factors do not necessarily
constitute a unique solution to the problem.

For GaAs, the following six splittings and identi6ca-
tions are used to characterize R(&o): I"iq-I'i (1.54 eV),
La L& (2.68 eV), Z2-Z& (4.75 -eV), 6.r Ai (4—6) (5.55 eV), -

volume effect (4—6) (6.35 eV), and La La (6.40 eV). -
For GaP, I' g-I' (2.80 eV), I. L(3.45 eV), Z -Z, -

(5.12 eV), volume effect (4—6) (6.52 eV), La-L~ (6.60 eV),
and Aa-Al (6.60 eV). For ZnSe, I'is-I'i (2.90 eV), L3Li-
(4.75 eV), Z, -Z, (6.75 eV), D~-hi (4-6) P.00 eV),
volume effect (4—6) (8.25 eV), and A8-Ai (8.75 eU).
For ZnS, I'i5-I'i (3.72 eV), La-Li (5.55 eU), Z2-Zi
(7.00 eV), 65-Di (4—6) (7.35 eV), volume effect (4—6)
(8.35 eV), and A~-A3 (8.75 eV).

&4 J. 11. Roaan, J. Soc. Indust. Appl. Math. 8, 181 (1960).

FrG. 2. Theoretical e2(co) for GaAs. The tail
function begins at 8.85 eV.

I I I

GaAs

I 0.5
IJ

4l
0

0.4
i=
0
V
Ol

o 0.3
OC

I .I .. 3 .3 I .. I . ..I
2 3 4 5 6 7 8

Energy (eV)

0 . .I II i
0 1 10 11

Fxe. 3. Comparison of theoretical@and experimental E(ar) for
GaAs. The experimental results are due to Philipp and-Khrenreich
and appear in Ref. 10.The tail function begins at 8.85 for eq(co).

RESULTS

The band structures in the principal symmetry
directions and graphs of selected optical functions are
shown in Figs. 1—15. Table I presents a comparison of
the CB form factors and those derived in this work.
Tables II—V tabulate the important critical points for
the four compounds.

GaAs

The threshold in e&(~) at 1.46 eV is caused by
I'iq-I'i transitions (Figs. 1—4). The rise and peak in the
2.7—3.1-eV region corresponds to J~-I-~ transitions at
2.69 eV and A3-A~ transitions at 2.93 eV. The prominent
peak at 4.7 eV is caused almost entirely by Z2-Z& transi-
tions in the vicinity of (0.58,0.58,0) (units of 2n./u).
Some contribution comes from the shoulder on the left



768 J. P. WALTER AN D M. L. COHEN

2.0
I I I I I I I I I I I I I I

1.e —
G~As

1.2—

0.8
3

0.4
QC

THEORY

32—

ed{coj

20—

16—

GaP

-0,4

-0.8—
EXPERIMENT ~

I

0 1

I I I

3 4

Energy (evj

0 I I I I I I il I I I I I

0 1 2 3 4 5 6 7 8 '0 10 11 12 13 14 15
Energy (eV)

Fro. 4. Comparison for GaAs of theoretical ff'(cu)/E(s&) with
thermore6ectance measurements by Matatagui et ul. (Ref. 11).
The experimental results have been scaled by a constant factor.

side of the peak; this shoulder is attributed to transi-
tions As-hr (Mo singularity) at 4.10 eV, As-Ar (3f'r) at
4.23 eV, and Xs-Xt (Mr) at 4.34 eV. The (4—6) transi-
tions are insignificant in their contribution relative to
(4-5) transitions in the vicinity of this peak. The
X5-X3 transitions at 4,59 eV and 7~5-F~5 transitions at
4.82 eV create no discernible structure. Changing the
energy splittings for these transitions causes no notice-
able change in the peak structure. The small peak at
5.7 eV is attributed to As-hr (4-6) transitions at
5.69 eV. The last major peak at 6.35 eV is caused
almost entirely by (4-6) transitions within the Brillouin

ris

XI

res

Ol
sI -2

LU

FJG. 5. Band structure of GaP along the
principal symmetry directions.

Fro. 6. Theoretical ss(cs) for GaP. The tail
function begins at 8.95 eV.

zone in the vicinity (0.57, 0.43, 0.29). Some contribu-
tion does come from J3-1.3 transitions at 6.45 eV, but
most of the contribution is from the volume eKect.
The shoulder at 6.5 eV is caused by A3-A. 3 transitions,
and the last shoulder arises from a volume effect caused
by (4-7) transitions.

Plots of both theoretical and experimental reQectivity
appear in Fig. 3.The 6rst peak after the small structure
at threshold corresponds to the A peak occurring at
3.1 eV in es(u&). The shoulder on the main peak in the
reQectivity corresponds to the shoulder on the main e2

peak and in general each piece of structure in the
reQectivity plot has its counterpart on the e2 plot,
displaced by at most 0.25 eV. The experimental
reQectivity shows a doublet peak at 2.90 and 3.14 eV,
which is attributed to spin-orbit splitting. In addition,
this peak has greater magnitude than the theoretical
peak. This can be attributed to exciton eGects, "—'
which can occur at this band edge for all four com-
pounds under consideration. Our theory does not take
into account either spin-orbit splitting or exciton effects.
This agreement between theory and experiment in the
vicinity of the main peak is excellent. A shoulder appears
in both the experimental and theoretical reQectivity at
4.4 eV. Another shoulder in the theoretical reQectivity
appears at 5.65 eV. This can be seen in Greenaway's
data' at 5.55 eV and in Vishnubhatla and YVoolley's"
at 5.45 eV. It is not present in the reQectivity observed
by Phillip and Ehrenreich. Beyond 6.0 eV the experi-
mental reQectivity no longer shows the detailed struc-
ture which appears in the theoretical reQectivity.

"C.Y. Pong, Vil. Saslow, and M. L. Cohen, Phys. Rev. 168,
992 (1968).

'~ J. C. Phillips, in Solid State Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc., New York, 1965), Vol. 16.' K. L. Shaklee, J. E. Rowe, and M. Cardona, Phys. Rev. 174,
828 (1968).
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FIG. 10. Theoretical e2(eo} for ZnSe. The tail
function begins at 10.85 eV.

4.9-eV region corresponds to L3-I I transitions at
4.59 eV and As-A I transitions at 4.73 eV. The prominent
peak at 6.45 eV is caused by d &-A~ (Mr) transitions in

the vicinity of (0.64, 0, 0) at 6.20 eV and &2-&&(3f2)
transitions in the vicinity of (0.64, 0.64, 0) at 6.63 eV.
X5-XI transitions at 5.99 eV contribute only slightly to
the peak. The small peak at 7.2 eV is caused by (4-6)
transitions in the A direction at 7.06 eV (Mo) and
7.23 eV (iVq). The shoulder at 7.55 eV is attributed to
(3—6) (3IIq) transitions along Z at 7.48 eV. Fqs-T'&~ transi-
tions occur at 7.84 eV. The peak at 8.25 eV is caused

by (4-6) transitions in a volume centered at
(0.64, 0.43, 0.29), which is along the XJ. line near I..
The peak at 8.85 eV is caused chiefly by (4-7) and

(3—6) transitions in the A direction in the vicinity of
(0.36, 0.36, 0.36). The shoulder at 9.35 eV is caused

by (3—7) transitions in a volume centered at
(0.43, 0.14, 0.07).

The theoretical and experimental reAectivity appear
in Fig. 11. The theoretical peak at 4.85 corresponds
to the spin-orbit split experimental peak at 4.75 and
5.05 eU. The theoretical peak is of the same magnitude
as the experimental peaks, but it is displaced from the
center of the two experimental peaks by 0.05 eV. The
next experimental peak occurs at 6.63 eV and has the
same shape and roughly the same magnitude as the
theoretical peak at 6.65 eV. The experimental reAec-

tivity shows a small peak at 6.0 eV which does not
appear in the theoretical reRectivity. However, the
X5-XI critical point at 5.99 eV could explain it, since
spin-orbit splittings would slightly flatten the bands at
X. The theoretical shoulder at 7.3 eV corresponds to
the shoulder at 7.25 eV in the experimental data. The
steeper slope of the low-temperature data on the right
side of the main peak indicates that a low-temperature
study in the region of 6.9—7.2 eV might reveal a dip
similar to that appearing in the theoretical reQectivity.
Another experimental shoulder appears at 7.6 eV,
corresponding to a slight shoulder at 7.55 eV for the
theoretical reflectivity.

The small peak in the experimental data at 7.8 eV is
attributed to I'I5-I"I5 transitions. Although this peak
does not appear in the theoretical reQectivity, we expect
that the spin-orbit splitting would flatten the bands
near I' and produce this small peak. Since the theoretical
peak at 8,35 eU is caused by transitions near L,, we
expect the peak to be spin-orbit split in the experimental
reQectivity. The experimental data does show two peaks
at 8.28 and 8.46 eV. The next theoretical peak at
9.05 eV is caused by A transitions; the cprresponding
experimental peaks are spin-orbit split at 8.97 and
9.25 eV. The somewhat Rat theoretical peak at 9.6 eV
corresponds to the experimental peak at 9.7 eV.
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FIG. 11. Comparison of theoretical and experimental R(~) for ZnSe. The experimental results are due to Petroff
and Sagmnski (Ref. 13).The taj]. function begins&at 10.85 eV for e2(co).
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The agreement between experiment and theory is
good for ZnSe. ln most cases the location of the struc-
ture in energy, the shape of the structure, and the
height of the structure is the same for theory and
experiment.

A comparison of E'(&o)/R(or) and the thermoreflec-
tance appears in Fig. 12.

ZnS

The threshold in e2(co) is caused by 1'»-1'& transitions
at 3.74 eV (Figs. 13—15). The rise and peak in the
5.4—5.7-eV region is caused by I-3-I j transitions at
5.40 eV and A3-A~ transitions at 5.52 eV. The principal
contributions to the peak at 7.0 eV comes from Z2-Z~
transitions at 7.08 eV located near (0.54, 0.54, 0) and
from 65-h~ transitions at 6.99 eV located near
(0.50, 0, 0). The Xs-Xi transitions at 6.31 eV also
contribute to the peak, causing the slight bulge at
6.5 eV. The small peak at 7.5 eV is caused by (4—6)
transitions in the 6 direction at 7.45 and 7.57 eV. The
peak subsides with I'~5-I.'~5 transitions at 7.79 eV. The
peak at 8.35 eV is caused by (4-6) transitions in a
volume centered at (0.57, 0.36, 0.14). Although L~La-
transitions also occur at 8.35 eV, changing the energy
splitting has negligible effect on the peak, whereas
changing the splitting in the vicinity of (0.57, 0.36, 0.14)
does change the position of the peak by an amount
equal to the change in the splitting. The peak at 8.65 eV
is caused principally by (3—6) transitions in the A direc-
tion. The next two pieces of structure at 8.85 and 9.5
eV are attributed to (3—6) and (4—7) volume transitions.

The data of Cardona and Harbeke' and of Baars'
show a small peak at 3.7 eV. The theoretical counter-
part is a bump at 3.8 eV. The experimental data shows
an exciton-enhanced peak at 5.8 eV. The theoretical
peak occurs at 5.6 eV, giving only fair agreement with
experiment. The main theoretical peak occurs at
7.05 eV; the measured value is 6.99 eV' and 7.02 eV.'

FIG. 13. Band structure for ZnS along the
principle symmetry directions.
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FIG. 14. Theoretical ~2(~) for ZnS. The tail
function begins at 10.95 eV.

Shoulders appear in the experimental data at 7.4 and
7.9 eV for Cardona and Harbeke and at 7.5 eV for
Baars. The corresponding theoretical shoulder occurs
at 7.55 eV. Cardona and Harbeke find a 7.9-eV shoulder
which does not appear in the theoretical results or in
Baars' data, so it must remain unexplained for the
present. Baars' data exhibits peaks at 8.35, 9.0, and
9.6 eV, which are in good agreement with the theoretical
peaks at 8.45, 9.15, and 9.75 eV. The data of Cardona
and Harbeke has only one peak in this region at 9.8 eV.

We consider the agreement between experiment and
theory to be only "fair" compared with the agreement
achieved for the other crystals. However, we should
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point out that there is only fair agreement between the
experiments themselves. No thermoreQectance data
was available for ZnS; a theoretical curve for R'(~)/R(~)
was therefore, not calculated.

DISCUSSION

We have obtained good agreement between measured
and calculated reQectivity and between modulated
reQectivity and thermoreQectance. The agreement
appears good enough to indicate that our identifications
of the important transitions are substantially correct
and that our band structure is accurate in the region
near the fundamental gap.

The results for GaAs and GaP are good. One point
that should be discussed in detail is that in our calcula-
tions for GaAs and GaP, the shoulder on the low-energy
side of the main Z peak of e2(&v) is caused by (4-5)
transitions along d and at X, and that the I'~5-I'15

transitions do not contribute significantly. A careful
study of our band structure reveals that it is consistent
with photoemission yield data for GaAs."' As the
vacuum level" is lowered, the first small peak is caused

by (4—6) transitions at 4.60 eV along Z at (0.15, 0.15, 0).
The photoemission yield peak becomes larger and shifts
its center from 4.65 to 4.50 eV because of (4—6) transi-
tions along 6 (with an average energy of 4.4 eV) and
the beginning of massive (4-5) transitions along both
6 and Z. Eden' estimates that 115-I'~5 lies in the range
of 4.6 to 4.8 eV for GaAs, in good agreement with our
value of 4.8 eV, and he estimates a value in the range
of 4.8 to 5.2 eV for GaP, as compared with our value of
5.2 eV. If we allow for a small spin-orbit splitting of
bands 3 and 4 along the 6 direction, our band structure
is also consistent with the electroreQectance measure-
ments of Thompson et al.~

The experimental data of G. Gobeli and I". Allen appears in
M. L. Cohen and J. C. Phillips, Phys. Rev. 139, A912 (1965).

The availability of new and precise data for ZnSe
has enabled us to apply the EPM to explore the details
in the reQectivity spectrum. The agreement between the
calculated and measured reQectivity is very good. We
believe the only real differences arise from spin-orbit
contributions, and we plan to add spin-orbit terms in
the near future to test this conclusion.

For ZnS the 6tting procedure was dificult because
the experiments diGer by a fair amount. In fact, the
differences between experiments is greater than that
between the theory and either experiment. The agree-
ment is only fair.

For all four crystals the calculated reQectivity at high
energies has greater magnitude than the measured
reQectivity. Assuming the experimental measurements
are accurate in this region, one possibility is that the
pseudo-wave-functions might not give accurate oscil-
lator strengths at higher energies. Another possibility
is that the high-energy set of calculated e2 peaks
(located at 6—'7 eV for GaAs and GaP and at 8—10 eV
for ZnSe and ZnS) should be smaller in magnitude and

smeared over a slightly larger area, which might occur
if we were to include indirect transitions and lifetime
effects. /The steep slope followed by the small mag-
nitude of e2(co) on the high-energy side of these peaks
is essentially what causes the high reflectivity. j

A comparison shows that the pseudopotentials for
gallium and zinc are in reasonable agreement with the
model potentials of Animalu and Heine. "The agree-
ment is not precise because our pseudopotential takes
into account crystalline effects and is constrained equal

to zero for G') 11.
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