
3810 G. F. NE UMARK

variation in P.
"This theoretical value 8-10 ' cm'/sec, which is based on

m* =m„* =m {following SD), would be increased by use of m,
'

= 3 m: this would lower the values m Eq. {18){which is an
average over conduction and valence band masses), and hence E,
resulting in a higher transition probability (note that 8 ~E ' i).

However, the SD approach gives best agreement with the m
'

approach for F„=0.5 (Sec. III B). Use of the m method with a
lower value of F„would again lower the transition probability,
and agreement with the experimental values could again be
obtained.
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Synchrotron radiation and standard light sources have been used to measure the polariza-
tion-dependent reflectance spectra of BeO, ZnO, ZnS, ZnSe, ZnTe, MgO, CdO, CdS, CdSe,
and CdTe for photon energies 0.6 &I'~ &30 eV at temperatures 90 & T &400 K. The reflectance
was analyzed via the Kramers-Kronig relations. We report curves for e~, z» -Im(1/e), and

Nef f (K(0) for all of the IIB-VI compounds studied. Strong structures in the valence-band transi-
tion region of the zinc compounds and of the cadmium compounds were found to scale linearly
with the Penn-Phillips average energy gap. Reflectance structures corresponding to core ex-
citations were observed. A doublet at about 13.5 eV in CdS, CdSe, and CdTe was identified
as a spin-orbit-split transition from the Cd 4d level. The observed spin-orbit splitting of this
level was 0.6 eV. A shoulder on the low-energy side of this doublet in CdTe at 12.8 eV is
identified as originating in the Te 5s band.

I. INTRODUCTION

In the past 15 years, measurements of the fun-
damental absorption spectra of solids have become
an increasingly important tool in the study of the
electronic configuration of crystals. ' Most re-
search, however, has been limited to wavelengths
above 1050 A (below about 12 eV), where LiF win-
dows and hydrogen discharge tubes can be used.
Above 12 eV continuous discharge sources are
quite weak, while line sources limit the available
resolution. Further, low-temperature reflectance
measurements require high vacuum (10 ' Torr) to
avoid surface contamination. This vacuum require-
ment is difficult to achieve above 12 eV, where no

windows can be used to separate the light source
from the sample since no solids transmit light of
energies larger than 12 eV. Finally, polarized
light is useful when studying anisotropic materials;
no transmission polarizer is possible above 12 eV,
and reflection polarizers involve large signal
losses because of the low reflectance magnitudes
of all materials at such high energies.

The use of synchrotron radiation sources has
removed these difficulties. It provides an intense
polarized continuum spectrum of light throughout
the vacuum-ultraviolet spectral region. Further,
in contrast to gas-discharge sources, the synchro-
tron source itself is maintained at ultrahigh vac-
uum (10 Torr), thus obviating the need to isolate
the sample from the light source when performing

low-temperature measurements. '
We use synchrotron radiation from the 240-MeV

electron storage ring at the University of Wisconsin
Physical Science Laboratory. ' This source is at
least two orders of magnitude more intense than
conventional gas-discharge sources at energies
E & 12 eV. Further, the light at our sample is
more than 80% polarized. It therefore facilitates
the study of the optical properties of anisotropic
materials at energies well above 12 eV. A tungsten
lamp and reflection polarizer were used in the en-
ergy range 0.6-4. 5 eV.

The II-VI compounds are of great intrinsic in-
terest. In particular, they provide us with core
states accessible to our measurements; the Zn Sd
and Cd 4d states are 8-10 eV below the valence
band. Band-structure calculations have had dif-
ficulty in locating these states precisely, particu-
larly in the oxides. ' It is hoped that the data
presented here will help to resolve this problem.
(A preliminary account of this work has been pre-
sented elsewhere. ') Further, the valence s shell
of the group-VI atoms lies within our energy
range; its energy position has been calculated 10,11

but until recently not observed in these materials.
These s bands should provide a sensitive test of
the hybridization of the s and p orbitals of the
group-VI atom and therefore increase our knowl-
edge of the chemical bonding of these materials.

These materials are all chemically related. The
valence shells of group-IIA and -IIB and of the
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structures are exploited in the study of these ma-
terials.

A brief discussion of the chemical considerations
and current band-structure calculations is pre-
sented in Sec. II. The experimental techniques are
presented in Sec. III and an overview of the results
is given in Sec. IV. Section V discusses the ob-
served core-state transitions. Section VI presents
a discussion of the temperature and polarization
dependence of the individual crystals, as well as a
comparison with density-of-states calculations
when available. Section VII presents the results of
a Kramers-Kronig analysis of these measure-
ments.
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FIG. 1. Atomic energy eigenvalues for the atomic
components of the II-VI compounds reported in the pres-
ent work.

group-VI atoms are identical except for different
principal quantum numbers. Also, the IIB atoms
have filled d shells at energies close to the energies
of their valence shells. In view of these chemical
similarities, we searched for a scaling parameter
for the energies of strong structures. It was
found that the energies of strong structures scaled
linearly with the Penn-Phillips' ' energy gap, if
we stayed within the series of a single metal.
This correlation has been used in interpreting the
spectra, particularly for materials for which den-
sity-of-states calculations have not been per-
formed.

This paper reports measurements of the near-
normal-incidence reflectance spectra of BeO,
ZnO, ZnS, ZnSe, ZnTe, MgO, CdO, CdS, CdSe,
and CdTe in the energy range 0. 6-25 eV and at
temperatures 100 & T &400 K. These results ex-
tend the energy range at which the optical proper-
ties are known and further extend the energy range
for which low-temperature results have been ob-
tained. Although all of these materials have been
studied before at energies below 12 eV, ' ' and in

many instances at low temperature, '~ 7 experi-
mental work above 12 eV has been more lim-
ited. Reflectance measurements with polarized
light above 12 eV have been performed only on
ZnO. ' No low-temperature data above 10 eV have
been reported for these materials. The measure-
ments reported here reveal more structure than

had previously been observed, and these new

II. THEORETICAL CONSIDERATIONS

The materials examined here are closely related
chemically. The metal atoms all have an outer
filled s shell, an empty P shell, and the group-IIB
atoms have a filled d shell about 10 eV below the
filled s shell. The group-VI atoms have a filled s
shell and four electrons in their outer P shell. No

other electrons in the atoms lie at energies acces-
sible to our measurements.

A graph of atomic energy levels is shown in
Fig. 1. All levels are referred to vacuum. One
notes that the greatest energy difference between
the valence electrons of the metal (outer s shell)
and the group-VI atom (outer P shell) is in CdO
and MgO. The energy difference between the d
shell of the metal and the P shell of the group-VI
atom has been used as a first approximation to the
separation of the d band and valence band in the
solid. This ignores the possibly large energy
shift caused by a transfer of charge from the metal
atom of the group-VI atom. ' Such a charge trans-
fer would bind the d electrons more tightly to the
metal atom. It would become larger as the P shell
of the group-VI atom becomes more tightly bound,
and hence closer in energy to the uncorrected d
shell of the metal. The charge transfer will there-
fore be smallest in the tellurides, as the energy
difference between the s shell of the metal and the

P shell of the tellurium is quite small. It is in-
teresting that in this case the s shell of the tellu-
rium has an energy quite similar to that of the d
shell of the metals. This fact will be of assistance
in locating transitions from the s shell of telluri-
um, and perhaps the other chalcogens, to the con-
duction band.

The bonding of these materials is perhaps best
discussed in terms of their crystal structures. To
this end we divide the crystals into two types-
fourfold- and sixfold-coordinated structures.

The sixfold compounds are CdO and MgO; they
are highly ionic and involve a transfer of the s
electrons of the metal to fill the P shell of the
oxygen. This produces positive (metal) and nega-
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FIG. 2. Structures of the crystals studied in the present
work.

tive (oxygen) ions, the latter with a p-like outer
electron shell. The metal ion has either a p-like
outer shell (MgO) or a d-like outer shell (C10).
The P shell of Mg is too tightly bound (55 eV) to
be observed in this experiment, but the d shell of
CdO, while perhaps more tightly bound in the ion
than in the atom, should still lie well within our
energy range. The first and second conduction
bands come, to a first approximation, from the un-
filled s and p shells of the metal ion.

The fourfold- coordinated compounds are still
higMy ionic. " Their bonding involves some hy-
bridization of the s and p orbitals of both atoms,
but still results in a large localization of charge
about the group-VI atom. '7 The hybridization,
however, makes it difficult to speak of atomiclike
orbitals. For instance, the first conduction band
of these materials has a large concentration at the
site of the group-VI atom and has almost no den-
sity of states at the metal site, in contrast to the
more ionic case where there is a large concentra-
tion at the meta, l site. The valence band, how-

ever, is still largely characteristic of the group-
VI atom. "

Although these materials are chemically simi-
lar, they exist in two crystal structures-zinc
blende (ZB) and wurtzite (WU). One might expect
that the different Brillouin zones associated with

these two crystal structures would lead to signifi-
cantly different spectra. It is observed, however,
that these materials (except the oxides) have quite
similar spectra. Let us see if a close examination
of these crystal structures will explain this ob-
servation.

Figure 2 shows the WU and ZB crystal struc-
tures. Note that they are actually quite similar;
they both have four nearest neighbors for each
atom, and twelve next-nearest neighbors. The
four nearest neighbors occupy identical positions
about the reference atom in either structure, but

they are equivalent by crystal symmetry in the
ZB lattice and nonequivalent in the WU lattice. Of

the twelve next-nearest neighbors, only three oc-
cupy different positions in WU than in ZB. The
effects of this close similarity in lattice structure
upon the Brillouin zones (BZ) of the structures has
been examined in some detail. It was found that

ih
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FIG. 3. Brillouin zones of the crystals studied in the
present work. Two WU zones are shown aligned as dis-
cussed in the text.

if one aligns two WU BZ's along the I'-A axis,
then one I'-L axis of the ZB BZ is mathematically
equivalent to the I'-2-I' ' axis in the WU zone' (see
Fig. 3). In the reduced zone scheme this is simply
a "folding back" of the axis upon itself. It was
also found that other I'-L axes of the ZB BZ
mapped onto part of the I'-U (—,) axis, although
other parts of the ZB BZ also map onto this axis. '

We can therefore conclude that a transition along
the I'-A axis of the WU zone should have an equiv-
alent transition along the I'-L axis of the ZB BZ.
Also, a transition along the I'-L axis of the ZB BZ
should have equivalent transitions along the I'-A
axis and along the I'-U (3) axis, both of the WU BZ.

A more phenomenological approach was pursued
by Bergstresser and Cohen. They calculated the
band structure (BS) for ZnS in both the ZB and WU

structures. They calculated z~ by means of den-
sity-of-states calculations from both band struc-
tures and tried to deduce from these results which
parts of the WU BZ gave rise to peaks correspond-
ing to those from the ZB BZ. They agreed with
the above conclusions and made some further de-
ductions. They found that the ZB points X, E, and
U are mapped primarily onto two portions of the
WU BZ. The first portion of the zone is a region
around M and along the Z axis, and the second is
a region around E and along the z direction.

MgO and CdO crystallize in the rocksalt struc-
ture which is sixfold coordinated. This structure
has the same BZ as does the ZB structure. " We
can therefore connect regions of the ZB and rock-
salt Brillouin zones. However, some caution is
required as the symmetry groups involved are the
same only at some portions of the Brillouin zone
(i e A) 41,42

Table I provides a brief summary of the materi-
als studied. It lists the crystal structure of the
materials reported in this paper, the coordination
number, the Brillouin zone associated' with this
crystal structure, and the Penn-Phillips energy
gap, which is an average energy gap for valence-
band to conduction-band transitions.

Since these crystals encompass three different
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FIG. 4. Band structure for ZnTe (Ref. 24), ZnS
(Ref. 7), and CdO (Ref. 45). We have indicated the ap-
proximate location of outer core states when necessary.

crystal structures, we shall discuss the BS of each
structure separately. We shall, however, first
make some omments of general applicability to
all group-IIB-VI materials discussed here.

The filled [valence-band (VB)] states may be
divided into four regions. The first region is the
deep core states, 30 eV or more below the conduc-
tion band, and hence not accessible to observation
with our apparatus. The second region lies 10-30
eV10,11,s4, 3s'43'44 below the conduct1on. band and de-
rived from the outer filled s shell of the group-VI
atom. This has been shown by BS calculations to
remain strongly s like and localized at the site of
the group-VI atom. " The third region lies 10-20
eV below the conduction band and may overlap the
s states in some cases. This is the filled d band
of the metal atom. ' ' The fourth region is the
upper valence band. It is mostly P like with some
s character and is still apparently strongly cen-
tered upon the group-VI atom.

Figure 4 shows a BS for the ZB crystal struc-
ture, 34 including spin-orbit (SO) effects. The up-
per VB is SO split at 1" into two levels, I'8 and
I', , which correspond to j= f and j= —,', respec-
tively. Away from I', the line coming from I'8 is
no longer pure j= 2, and so this level is SO split
into 1.4 5 and L6.

The SO-split d levels are drawn flat, as the de-
tails of their k dependence has not yet been cal-
culated (it is expected to be small, as they do not
participate strongly in the bonding). The lowest
VB is about 2 eV wide and is the s-like band of the
group- VI atom.

Figure 4 shows a BS for the WU crystal struc-
ture neglecting the effects of the SO interaction.
Again the three regions of the VB are clearly
separated.

Figure 4 also shows a BS for Cdo (rocksalt
structure) as calculated by Maschke and Bossier."
We have added the lowest s state at its atomic
energy. Note that the VB maxima are well away
from I' and much higher than at I'; this is due to
the large mixing of VB states and d-band states in
these portions of the zone, a result of the small
separation between the VB and the d bands resulting

from this calculation. The position of the d band
in CdO has been measured by x-ray photoemis-
sion, which locates it at about 3 eV further below
the VB than this BS calculation indicates. This in-
crease in energy separation will decrease the mix-
ing of valence and d states, and hence bring the
off-I' maxima to lower energies.

Pseudopotential BS calculations have been used
as the starting point for joint density-of-states
calculations of g& and of the reflectance of these
materials. "' ' ' ' The results of these calcula-
tions imply that peaks in the reflectance are usual-
ly caused by peaks in the joint density of states
from a region of the BZ, and while these peaks
may be associated with a critical point, they occur
at a somewhat different energy than that of the
critical point itself.

TABLE I. Properties of the crystals studied.

Material Structure Coordination no. Brillouin zone
Penn-Phillips

gap (ev)

BeO
Mgo
ZnO
ZnS
ZnSe
ZnTe
cdo
cds
CdSe
CdTe

WU
rocks alt
WU

WU
ZB
ZB
rocks alt
WU
WU

ZB

A

A
A
A
I3

A

18.1
14.5
11.8
7.8
7.05
5.8

10.3
7.14
6.6
5.4

III. EXPERIMENTAL PROCEDURE

The apparatus used for these measurements has
been reported in detail elsewhere. We shall
therefore only outline the method used. Synchro-
tron radiation from the 240-MeV electron storage
ring at the University of Wisconsin was used as a
continuous source of polarized radiation in the
photon energy range 4-30 eV. A standard source
was used in the energy range 0. 6-4. 5 eV. The
reflectance in both cases was measured by the
rotating-light-pipe scanning-ref lectometer tech-
nique, permitting the reflectance to be measured
directly during the wavelength scan. Reported
reflectance magnitudes for photon energies greater
than 8 eV disagree significantly with one another.
Differences in surface quality may explain some
of the experimental scatter. However, in some
instances the reported magnitudes disagree by
nearly a factor of 2 without significant alteration
of the relative spectral shapes. This implies a
systematic error; let us therefore search for pos-
sible systematic errors in the magnitudes deter-
mined by our system.

To determine absolute reflectance magnitudes
one must accurately measure the light incident on
the sample and also measure the light reflected
from the sample. In both of these measurements
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FIG. 5. Reflectance spectra of zinc compounds at
3GO K. Curves are vertically shifted as indicated to pre-
vent overlap.

one must capture the full light beam. As our de-
tector is smaller (about 4 mm in diam) than most
detectors used in such measurements, extra care
is required in meeting this requirement. We
placed a sodium-salicylate-coated screen at the
position of the light pipe and photographed the
fluorescence from first-order light at three wave-
lengths (600, 1650, and 2700 A) representative of
our entire spectral region. The beam is trapezoi-
dal; the largest dimension of the beam at the de-
tector is 2. 4 mm, which is easily captured by our
4-mm light pipe.

The detector surface has a nonuniform response.
One must therefore capture the reflected beam on
the same portions of the detector as captured the
incident light. In our system the light is focused
on the sample. As the detector measures both the
incident and the reflected light at the same distance
from the sample, the light beam is therefore of
the same size and shape.

Our magnitudes are generally higher than those
reported elsewhere. If we are in error, this im-
plies that we capture a smaller portion of the inci-
dent beam than of the reflected beam, or that the
detector response is smaller for the incident than
for the reflected beam. Let us see what evidence
we have for such errors.

We have measured the reflectance spectra of
CdTe on four occasions over a period of five
months. We have measured ZnO E lc twice, with
a time separation of six months. During the in-
tervening period we have changed the grating, light
pipe, and photomultiplier tube and recoated the
focusing mirror with gold and the light pipe with
sodium salycilate; the maximum scatter of reflec-
tance magnitudes for CdTe was b R = 0. 03 (for
R = 0. 4 at 8 eV), while the maximum scatter for
ZnO was hR =0. 02 (for R =0.3 at 15 eV). Any er-
rors due to nonuniform detector response or not
capturing all of the incident light beam should have

IV. GENERAL TRENDS AND PENN-PHILLIPS GAP

The room-temperature near-normal-incidence
reflectance spectra of ZnO, ZnS, ZnSe, and ZnTe
are presented in Fig. 5, and the spectra of CdO,
CdS, CdSe, and CdTe are shown in Fig. 6. The
curves have been zero shifted as indicated to pre-
vent overlap.

The positions and shapes of reflectance peaks
are the primary direct means of relating spectra
to the electronic configurations of materials. The
most striking characteristic of all of the chalcog-
enides is that the reflectance is fairly large and
structured in an energy range from the fundamental
absorption edge to about 11 eV; the reflectance
then decreases sharply, and more structure then
appears at this lower magnitude.

This sharp decrease in reflectance magnitude is
taken as an indication that the oscillator strength
of valence-band to conduction-band transitions has
been nearly exhausted. The higher- energy peaks
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FIG. 6. Same as Fig. 5 for cadmium compounds.

been affected by these changes in our system; the
small scatter implies that these errors are also
small. %'e estimate that our absolute magnitudes
are correct to within dA =+0.03. Further evidence
in support of our magnitudes will be presented in
the section dealing with the results of a Kramers-
Kronig analysis of our measurements (Sec. VII).

Single crystals of ZnO, ZnS, ZnSe, ZnTe, MgO,
CdSe, and CdTe were cleaved just prior to mount-
ing in the experimental system. Samples of BeO,
CdO, and CdS were found with well-developed
natural surfaces. They were rinsed in fresh meth-
anol and blown dry just prior to mounting in the
experimental chambers. The sample of CdO mea-
sur ed in the high- ener gy region had a slightly
curved face, so the absolute magnitudes reported
for it are less certain than for the other materials.
A flat sample was measured in the low-energy
region, and the high-energy values were scaled to
match these results. The scale factor used was
-14
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are therefore believed to correspond to a different
set of interband transitions-originating in the
metal atoms's outer d core or the chalcogen's
valence s band. Both bands are probably involved
in the absorption in this region.

Figures 7 and 8 show a more detailed means of
relating these spectra to the electronic configura-
tions of the solids studied. It was found that if one
plots the energies of strong structures in the re-
flectance spectra of these materials against the
Penn-Phillips energy gap, ' ' one obtains straight
lines connecting structures occupying similar posi-
tions in similar spectra. It was further found that
within the energy range in which available BS cal-
culations are accurate, and where regions of the
BZ can be directly compared, these lines connect
peaks due to essentially equivalent interband
transitions. This provides a powerful tool in the
interpretation of these spectra, since one can then
use a BS calculation upon one crystal to directly
interpret the spectrum of another material of the
same structure. It may also be used to compare
the origin of an interband transition in the Brillouin

zones of two different crystal structures.
We note that in Figs. 7 and 8, the slopes of the

lines change sharply at the region earlier defined
as the end of the upper VB transitions and the be-
ginning of d-band or outer s-band transitions.
This provides a more satisfactory method of de-
termining the onset of deeper VB transitions. Note
further than in the oxides there are very strong
peaks in the energy range 13-15 eV. These were
assigned by other workers to d tr,ansitions be-
cause their energy is similar to that of d transi-
tions in the chalcogenides, although the oscillator
strength associated with these peaks is much
greater than that associated with the known d tran-
sitions in the chalcogenides. Our correlation
demonstrates that these peaks result from upper
VB to conduction-band transitions, although d-band
transitions may also take place in this energy
range. This conclusion is further supported by the
spectra of BeO and MgO, shown in Figs. 9 and 10.
BeO is hexagonal, as is ZnO, and MgO and CdO
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are both in the NaCl structure. In all of these
materials strong absorption takes place at ener-
gies 10-15 eV above the fundamental absorption
edge. It should be noted that MgO and BeO have no
core states (except the outer s shell of the oxygen)
accessible to measurements in our energy range.

We shall discuss the first structure above the
fundamental absorption edge. In the zinc series
this provides a simple illustration of the proce-
dures followed. We note that the peaks labeled
"C"occupy similar portions of the spectra in all
of the materials. We further note that their ener-
gies vary almost linearly with the Penn-Phillips
energy gap (using a weighted average of C, and Cz
in the selenide and telluride, as they are a SO-split
doublet). We then look at BS and density-of-states
calculations. "' ' ' ' For ZnTe we find that the
peaks C, and C~ are a SO-split doublet from the A
axis of this ZB material; a similar result holds
for ZnSe. In ZnS two differences occur'; the
SO splitting of the upper VB (due to the group-VI
atom) is too small to observe, and the crystal
structure has changed to wurtzite. The first
change implies only one peak; the second change
could cause this peak to become two peaks as the A
axis of the ZB BZ goes to nonequivalent portions
of the WU BZ as discussed earlier. We see only
one peak in ZnS. Density-of-states calculations
upon hexagonal ZnS imply that this peak does indeed
come from the 1"-A axis and the U axis of the WU

zone, the two portions of this zone related to the A
axis of the ZB Brillouin zone. The same areas of
the zone have the correct energy for the observed
peak in ZnO according to the only BS calculation
upon this material known to the author.

In the cadmium series the same discussion is
valid for the telluride. ' ' The selenide, how-
ever, crystallizes in the WU crystal structure,
leading to a more complicated spectrum. Here one
finds three "C"peaks, not two. This is due to two
effects. The hexagonal crystal field has in this
case removed the degeneracy of the I'-A axis and
the U region of the zone, ' As we saw, this did
not happen in the zinc series, The second effect is
related to the first; the region around U in the
wurtzite lattice has selection rules against one of
the SO-split components. In CdS one sees only two
peaks. The crystal-field splitting is still evident,
but the SO splitting is not too small to be observed.

We now come to CdO, for which only one BS cal-
culation is known to the author. ' This calculation
implies that the peak labeled C in CdO results from
transitions between the second highest valence band
and the lowest conduction band at I (for the rock-
salt BZ), or from the highest valence band and the
second lowest conduction band at the same point.
All other peaks labeled C in this series result from
transitions between the highest valence band and the

lowest conduction band. As noted in Sec. III, the
BS under discussion may be in error at this portion
of the BZ. If the mixing of the d band with this
valence band is reduced, the effect would be to
lower the energy of the highest VB at L. This
would bring the BS into closer agreement with our
tentative assignment of this peak as a highest-
valence-band to lowest-conduction-band transition
at L.

CdO and MgO are both in the rocksalt structure.
Their spectral shape is nearly identical for the
first three reflectance peaks. In both MgO and
CdO the first peak above the band gap is theoreti-
cally assigned to transitions at L between the high-
est valence band and the lowest conduction
band. "' ' A density-of-states calculation has
been performed for MgO; the strength of this
peak cannot be explained by density of states, even
considering matrix elements. This peak is not yet
understood.

The association of peaks with the same interband
transitions in different materials may be experi-
mentally tested by the study of the spectra of mixed
crystals. The only such study on materials within
a series known to the author was performed by
Hengehold and Fraime 0 on CdS,.+e„. The asso-
ciations reported here match those observed in that
experiment. Hengehold and Fraime further ob-
served that the energies of most peaks varied in
an approximately linear fashion with composition.
The largest departure from linearity occurred at
the peaks labeled C in our graphs.

Another possibility lies in going between the two
series. One such experiment" considered
Cd, „Zng. Unfortunately, a discontinuity of some
structures was found at x=0.92; this made it dif-
ficult to associate peaks in the two materials by
this method, as they could not be followed con-
tinuously from one material to the other. "

Our scaling law works quite well within a series.
If one goes between series it is not quite as accu-
rate, although it still defines an energy range for
valence-band to conduction-band transitions. We
have also applied this technique to the series BeO,
MgO, ZnO, and CdO. This series contains two
crystals in the rocksalt structure and two crystals
in the hexagonal structure. Although the peaks are
too ill defined for following specific transitions,
the general energy range for valence-sand to con-
duction-band transitions still follows this scaling
law.

V. CORE EXCITATIONS

Figure 11 shows the high-energy portion of the
reflectance spectra for the cadmium compounds.
The curves have been zero shifted as indicated to
prevent overlap. All of these spectra were mea-
sured at 100 K. Note that there is a doublet at
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about 13.5 eV in all three chalcogenides. This
doublet is split by about 0. 6 eV. The fact that its
energy does not change upon going from the sulfide
to the telluride implies that it is intrinsic to the
cadmium atom. The SO splitting of the Cd 4d in the
free atom is about 0. 7 eV. ' Photoemission re-
sults ' ' indicate that the Cd 4d band is located
about 10 eV below the top of the VB in these mate-
rials. Band-structure calculations ' ' 9 for these
materials show only one region within 5 eV of the
top of the VB which has a large density of states
and is of P-like symmetry with respect to the metal
atom. This is the lowest suitable final state for a
transition from the d states of the atom. This re-
gion is around X, in the ZB lattice and lies about
3. 5 eV above the top of the VB. This doublet can
therefore be identified as a d-band to conduction-

o 0.4-

~ 02-

100K 0

300K 0

0
0 5 10 15 20 25 50

Photon Energy (eV)

FIG. 13. Reflectance spectra of ZnS E j c and R II c,
RS= 0.1. The 100-K curve for Elc was shifted by 3BS
because the surface was contaminated.

band transition at X~, in agreement with BS calcu-
lations and photoemission results.

In the zinc compounds, one does not observe a
well-defined doublet. This may be understood
when one considers that the SO splitting of the zinc
3d states in the free atom is only 0.4 eV. The
width of the components of the doublet in the cad-
mium series would greatly smear such a small
splitting. However, there is a steplike structure
at about 12. 5 eV in the zinc chalcogenides that is
probably the Zn-3d-band to conduction-band tran-
sition in these materials.

CdTe has a shoulder on the low-energy side of
its d-band doublet. It was mentioned in Sec. III
that the atomic energy levels of the Cd 4d and of
the Te 5s lie at nearly the same energy, and little
charge transfer between these two atoms would be
expected. Preliminary photoemission results on

Oo6 l l l l
J

l l l l
}

l I I I

ZnS
0.4

C)

o 02

cL 0

Theory
I

I

5 10

Photon Energy (eV)

l5

FIG. 14. Solid curve is our 300-K reflectance for ZnS.
The dotted curve is reflectance calculated from a pseudo-
potential BS (Ref. 11).
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I

CdTe by Eastman show that this shoulder is in
the filled states. We therefore believe that this
shoulder is due to a transition from the tellurium
5s filled valence shell to a low-lying conduction-
band state. The final state in this case is probably
in the X, conduction-band region, as this band is
of p-like symmetry with respect to the chalcogen.

The other high-energy structures do not have
such well-defined interpretations. We may note
that the atomic energy levels of the outer filled s
shells of sulfur and selenium are about 10 eV below
their outer p shell (or valence shell), while the
corresponding energy difference for tellurium is
about 8 eV. We therefore expect S-3s- and Se-4s-
band to conduction-band transitions at energies 2
eV above the corresponding Te-5s transition. We
looked for structures at about 15-16 eV in both the
Zn and Cd sulfides and selenides. There are in-
deed such structures. In fact, in the (hexagonal)
CdS and CdSe there are two such structures, per-
haps crystal-field split. Performing a similar

analysis on the oxides, one concludes that the oxy-
gen-2s-band to conduction-band transition should
occur at about 21-22 eV; such structures can be
found for both ZnO and CdO. However, there is
also a slight structure at 22 eV in CdS, and the
oxides have structures at about 16-17 eV. We
therefore conclude that assignments of these high-
er-energy peaks to transitions from the outer s
shell of the group-VI atom are highly speculative.
Photoemission measurements of these s states
would be of great assistance in understanding these
structures.

VI. DISCUSSION OF INDIVIDUAL SPECTRA

The temperature and polarization dependence of
the reflectance spectra of the zinc and cadmium
compounds studied are shown in Figs. 12-25. To
separate the curves corresponding to different
sample temperatures, the room- and low-tempera-
ture curves have been shifted vertically by an
amount RS and 2RS, respectively, so that the
curves for 100 K are highest, and the curves for
400 K are lowest. The 300-K measurement ex-
tends from 0. 6 to 30 eV; the 100- and 400-K mea-
surements were limited by our experimental ap-
paratus to the energy range 4-30 eV. All curves
have been corr ected for the effects of second-
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FIG. 16. Reflectance spectra of ZnSe at 300 and 100 K,

RS= 0.1.
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FIG. 18. Same as Fig. 15 for ZnSe. The theoretical
curve is from Ref. 24.
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FIG. 19. Reflectance spectra of ZnTe, RS=0.1.

order light from our grating. Tables II-IV list the
energies of all reflectance structures observed.

Let us briefly discuss the spectra of each mate-
rial. The temperature-dependent spectra for
ZnO E J.c, E II c are shown in Fig. 12. Above the
band-gap exciton almost no temperature dependence
is seen. The band-gap exciton was measured only
at room temperature; the temperature dependence
of this peak has been studied in great detail by
other workers. "' '

At higher energies, the first structure observed
lies at about 8. 7 eV and is nearly independent of
temperature and polarization. Other workers
have reported a small structure at about 7 eV, also
independent of polarization. ' We carefully studied
this region of the spectrum but saw no such peak,
although our relative accuracy of ~ = 0. 005 should
have permitted its observation. At higher energies
our agreement with reported spectral shape and
polarization dependence was quite good, although
our reflectance magnitude for the peak at 15 eV is
R =0.27, in contrast with the reported value of
0. 17.' '" The measurements on ZnO E 1.c were
puzzling. The measurements with synchrotron
radiation were not self-consistent; one sample
gave higher ref lectivities at 4 eV than did the
other (reflectances were similar for E&8 eV). We
have chosen to report the spectra with higher re-
flectance values because they are in agreement

with the results of our highly reproducible low-
energy measurements. It should be noted that our
low-energy data (for ZnO E Ic) disagree with pre-
viously reported results" for energies E&3.8 eV.

Figure 13 shows the temperature-dependent
spectra of ZnS for Etc and E IIc. The 100-K
curve for E I.c was obtained from a contaminated
sampIe, causing a decrease in the magnitude of R
such that R was depressed more as A. became
smaller. As there was little polarization depen-
dence in ZnS we did not remeasure ZnS f ic at
100 K when the source of the contamination was
removed. We note that the low-temperature spec-
tra do not reveal more structure, but some shoul-
ders become better defined; in particular, the two
shoulders at 12 eV become peaks. The broad
structure at 10 eV shows the most dependence upon
polarization. The rest is rather independent of
polarization. Our agreement with the work of
Cardona ' on this material is excellent. The
structures are all in agreement as to shape, and
the magnitudes ar e within ~ = 0. 05.

Cohen and co-workers have computed the BS of
most of the materials discussed here using the
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&ABLE IV. Energies (in eV) of prominent features in the reflectance spectra of BeO and MgO.

400 K

10.2

10.9
12.85
14.45

18.5
20. 0
25.0

300 K

BeO Elle

10.3
10.42
11.3(s)
12.8
14.3(s)
17.4(s)
18.5
20. 0
25.0(s)

100 K

10.35
10.52
ll. 2
12.95
14.45
17.45
1S.55
20. 0
25.25

400 K

10.25
~ ~ ~

12.8
14.0
17.8

20.0
26.0

300 K

BeO E Lc

10,28
10.45

12.8
14.0(s)
18.0(s)

20.0
26.0(s)

100 K

10.35
10.55

12.8
14.0(s)
18.0

20.0
26.0

400 K

7.45

10.9
13.4
14.6
17.6
18.4
19.35
21.0
24. 2(s)

300 K

MgO

7.55

9.8(s)
11.0
13.45
14.8
17.6
18.6
19.5
21.2
24.5(s)

100 K

7.65
7.7
9.8

11.0
13.45
14.8
17.65
18.6
19.4
21.2
24.6(Z)

pseudopotential method. They then calculated the
joint density-of-states"' ' ' ' and matrix ele-
ments, and thereby obtained a theoretical &~ curve,
from which a reflectance spectrum was obtained by
a Kramers-Kronig inversion. We shall compare
these theoretical reflectance and g~ curves with those
from our experiment. The method used in obtain-
ing the experimental ga curves will be presented in
the section dealing with Kramers-Kronig inver-
sion (Sec. VII).

Figures 14 and 15 show both theoretical" and
experimental curves for the reflectance and &2 of
Zn8. The theoretical curves were calculated for a
ZB crystal while the experimental sample was WU.
This comparison is valid since little anisotropy
has been observed, and the experimental spectrum

for ZB ZnS is similar to spectra for hexagonal
Zn8 for either polarization. Perhaps the most im-
portant and general comment to be made on these
figures is that the theoretical curves underestimate
the oscillator strength at low energies and over-
estimate it for higher energies. Note also that the
agreement for the energy of structures is fairly
good for E& 8 eV, but there may be disagreement
of more than 1 eV at higher energies. Finally,
note that the theoretical curves neglect structure
due to the d states of the Zn.

Our sample of ZnSe was in the zinc-blende
structure. It was measured only at 300 and 100 K
(as shown in Fig. 16). The surface was therefore
not heated to 400 K to remove adsorbed gases; we
judge this to. be a minor effect. Our agreement
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with the 300-K experimental results of Petroff and
Balkanski is not nearly as good as with the theo-
retical calculations of Walters and Cohen in the
same paper. The experimental agreement is bet-
ter at low temyeratures. The 6. 5-eV peak mea-
sured by Petroff and Balkanski at 15 K looks much
like our 100-K results except for a shoulder on
the low-energy side not seen in our measurements.

Figures 17 and 18 compare the experimental
and theoretical curves for the reflectance and g&

of ZnSe. We again note the low computed oscillator
strength at low energies, and the too large oscilla-
tor strength at higher energies. In this instance,
the calculated position of structures is in relatively
good agreement up to about 10 eV; the small cal-
culated peak at about 7 eV is indeed a mell-defined
peak at 90 K (see Fig. 17), although not so well
separated from the main peak.

Figure 19 shows our measurements on ZnTe.
Again our measurements are in disagreement with
those of Petroff and Balkanski ', our magnitudes
are higher by LhA = 0. 1, and we observe more
structure at energies above 7. 6 eV. In their mea-
surements at 15 K they observed two shoulders on
the low-energy side of the 5. 5-eV peak; these
shoulders were not seen at 90 K in our measure-

0.4

FIG. 27. Same as Fig. 15 for CdTe. The theoretical
curve is from Ref. 25.

ments. Note the well-defined doublet at about 3. 5

eV; this again is SO splitting, which is larger in
tellurium than in selenium. Again the 100-K mea-
surement reveals no new structure; however, the
peak at 7 eV shows marked temperature depen-
dence, as was also seen for the corresponding
structure in ZnSe (S. 5 eV) and ZnS (9. 5 eV).

Figures 20 and 21 show comparisons of theo-
retical and experimental curves for ZnTe. Al-
though the calculated higher-energy reflectance is
higher than that observed experimentally, the re-
verse is true for g~; the experimental q2 is larger
than the theoretical g& for E& 8 eV. The basic ex-
perimental curve is the reflectance, while g& is the
principal calculated quantity. The comparison be-
tween theory and experiment therefore requires a
Kramers-Kronig inversion of one or the other of
the basic curves. We believe that the experimental
curve should be analyzed in this instance for two
related reasons. The first reason is that the ex-
perimental data cover a wider energy range than
do the density-of-states calculations. The second
reason is a1.so a result of the large energy range
covered by the experimental data; we observe tran-
sitions from the zinc-3d and tellurium-5s states,
which are not included in the density-of-states cal-
culations. The neglect of outer core states of
course mould affect the calculated g2 at energies
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FIG. 26. Same as Fig. 14 for CdTe. The theoretical
curve is from Ref. 25.

FIG. 28. Same as Fig. 14 for Mgo. The theoretical
curve is from Ref. 43.
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FIG. 29. Same as Fig. 15 for MgO. The theoretical
curve is from Ref. 43.
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for which core-state transitions are allowed. It
would also affect the extrapolation required to
compute a reflectance from this calculated q, .

Proceeding to the Cd series, we see in Fig. 22
the temperature dependence of the CdO spectra.
As in ZnO, there is very little temperature depen-
dence. In CdS (Fig. 23) there is both temperature
dependence and some anisotropy. The first peak
(C) above the band-gap exciton is a doublet for
E l c, but only one peak is seen for E tt c. This has
been explained '4 as a crystal-field splitting of the
peak labeled C in our notation, or E, in the notation
of Cardona. As explained in Sec. III, this is
caused by transitions along the A axis in ZB mate-
rials. The WU crystal field splits this into states
along I'-A and states along U; these states have
different energies in CdS, leading to this doublet.
Selection rules forbid the transitions at X' for
E It c, leading to only one peak in that polarization.
Our measurements in general agree well with those
of Cardona, although his reflectance magnitudes
are slightly higher than ours. In addition, at en-
ergies above 8 eV there are some differences in
the shape of peaks, and he did not observe the
doublet at 13.5 eV.

Figure 24 shows our measurements upon CdSe
for E lc and E II c„The latter measurement con-

Photon Energy (eV)

FIG. 31. Same as Fig. 30 for cadmium compounds.

tains a major discrepancy with earlier work. Both
Cardona and Harbeke and Hengehold and Fraime
found three peaks of about the same magnitude for
the peak labeled C in this paper. Cardona mea-
sured a polished and etched crystal. Hengehold
measured as- grown platelets. Our measurements
were performed on two cleaved single crystals,
one sample purchased from Semi-Elements, the
other kindly denoted by Reynolds of the Aerospace
Research Laboratories. In both cases the C peak
consisted of one major peak (E,B in Cardona's no-
tation) with a low-energy shoulder and a slight peak
at still lower energies (E,A, ,e in Cardona's nota-
tion). We do not believe this is due to poor polar-
ization of our incident radiation, as we did see a
well-defined polarization dependence in a similar
energy range for CdS. This discrepancy with
earlier work is not yet understood. Another dis-
agreement with Cardona's results lies in the peak
at 6 eV; we observe this peak only in E J.c, he sees
it (labeled Ee) at Ktl c only. At higher energies
we note that the peak at 9 eV becomes two distinct
structures upon cooling to 90 K; no other new
structures are observed at 100 K.

80

70—

60—

50—

40—

I I I
l

I I I 1

ZnTe

ZnSe

0 I I I I~ I I I
l

l I I I
l

I I i5 I

40—

30—

I 1
I

I I t I

ZnTe 0

30—

20—

itl —.~
o

0 5 10 l5 20

Photon Energy (eV)

FIG. 30. Experimental e ~ spectra for the
pounds. The curves were vertically shifted
to prevent overlap.
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FIG. 32. Experimental e 2 spectra for the zinc com-
pounds. The curves were vertically shifted as indicated
to prevent overlap.
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FIG. 33. Same as Fig. 32 for the cadmium compounds.

Figure 25 shows our results for CdTe. This
sample was ZB. Our data agree well with earlier
low-temperature measurements2' as to the posi-
tions of reflectance structure, but our magnitudes
are very different; our measurements yield 8 = 0. 5

at 8 eV, in contrast with the reported value B =0.35
for the same peak. Once again (as in CdSe) the
last VB peak split into two structures upon cooling.
In this material we also see shoulders on the 5-eV
peak which were not seen at room temperature.

Figures 26 and 2'7 compare the calculated ' and
experimental curves for CdTe. We again note the
low theoretical curve for low energies and note
also (as in ZnTe) that the theoretical curve exceeds
the experimental curve only at rare intervals. We

again believe that this is due to the neglect of outer
core states, which may make some contribution
due to the breakdown of selection rules.

The small calculated oscillator strength at low
energies is perhaps due to the neglect of electron-
hole interactions; the too large oscillator strength
at higher energies (but where core states do not
contribute) would also be due to this neglect, as
the electron-hole interactions can only redistribute

oscillator strengths within the constraints imposed
by the f-sum rule.

If we now look at Figs. 28 and 29 we may com-
pare experimental and theoretical 3 reflectance and

g~ spectra for MgO. The experimental curves are
for 100-K sample temperature; we thus see the
doublet at the band-gap exciton. This doublet is
apparently due to a phonon-exciton complex~'6' of
some sort; the theory ' of this structure is still
in a state of flux. Note once again that there is
very little calculated oscillator strength associated
with the first transition above the band gap (at 11
eV) as compared with the experimental value. This
peak shows little temperature dependence. We
have measured a polished sample of MgO. The
band-gap exciton was very broad and temperature
independent in the polished sample, but the 11-eV
peak was not changed in shape or position.

The spectra for BeO were presented in Fig. 9.
The band-gap exciton is a doublet, presumably due
to the phonon-exciton complex, e' which is very
temperature dependent. All other structures
change little in the temperature range 400-100 K.

VII. KRAMERS-KRONIG ANALYSIS

The Kramers-Kronig relations for normal-
incidence reflectance were applied to the room-
temperature near- normal-incidence reflectance
spectra presented in this paper. We have there-
fore calculated n, k, s„se, and —Iml/s and have
integrated u&ee to obtain N,«(E), the effective num-
ber of electrons contributing to the absorption at
energies less than E.

The primary difficulty in a Kramers-Kronig
analysis of any reflectance measurement lies in the
requirement of measurements for all energies
0 & E & ; this is obviously impossible to achieve
experimentally, and therefore approximations are
required. For the purposes of analyzing the mate-
rials reported here, the following simple form for
the high-energy extrapolation was found to be quite

I &

I
& i »

I
i & & &
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FIG. 34. Experimental -Im(1/e) spectra for the zinc
compounds. The curves were zero shifted as indicated
to prevent overlap.
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FIG. 35. Same as Fig. 34 for the cadmium compounds.
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FIG. 86. Effective number of electrons per molecule
contributing to the absorption at energies less than E
for the zinc compounds.

adequate: R(E) =R(Er,)(Er,/E)" E&E~, where E~ is
the highest energy for which the reflectance of the
sample was obtained, and x is a parameter varied
so as to give the proper values for k and &2 in the
region below the fundamental absorption edge (x
typically was approximately 2). The low-energy
extrapolation is obtained by smoothly fitting our
reflectance value at 0. 6 eV to the reported q„.
Far more elaborate procedures for performing a
Kramers-Kronig analysis with data from a limited
energy range have been proposed, but seem to
be unnecessary for these materials, perhaps be-
cause of our large energy range. For materials
in which our reflectance spectra were similar to
those reported elsewhere (e. g. , CdS by Cardona), '0

&, and &3 as reported and as obtained by our analy-
sis were also similar. Further, our computed
energy-loss measurements agree quite well with
the measurements of electron energy loss reported
recently. 6~ 'e Finally, our results for N,«(25 eV)
are quite reasonable in terms of our understanding
of these materials. Since the high- energy approxi-

mation affects this result rather strongly and was
chosen with no knowledge of N,«(25 eV), this is
indeed a test of this extrapolation.

Figures 30-37 show our curves for &„&2,
—Iml/e, and N,«(E) for the Zn and Cd series. The
curves for g, and && will not be discussed separate-
ly from the reflectance spectra they were derived
from. The —Iml/e are equivalent to electron-
energy-loss curves within the random-phase ap-
proximation. The curves we calculate agree quite
well with reported measurements of electron ener-
gy loss (see Table V).

We shall use the results of our calculations
N,«(E) to further discuss the question of absolute
magnitudes, a subject of considerable controversy
in this energy range (see Sec. VI for a close com-
parison of the currently proposed magnitudes with
those obtained by other workers). Very few work-
ers have published a value for N,«(E). One of the
cases in which it has been presented is the work of
IQucker ef, al. upon ZnO. Although our magni-
tudes agree quite well at the band-gap exciton they
obtained a reflectance about two-thirds the reflec-
tance reported here for the peak at 15 eV. For
this reason, they did not find as large an oscillator
strength for this peak as reported in the present
work (see Fig. 38). Figure 38 shows the results
of our calculations of N, «(E) for the zinc com-
pounds. Note that in Zno E lt c, N,«(25 eV) is
about 6. 4 electrons per molecule, which corre-
sponds to nearly exhausting the six valence-band
electrons and beginning the absorption due to the
Zn -3d and the oxygen-2s states. The results for
ZnO E Ic are not so well defined. Our measure-
ments on ZnO in the energy range 1-4. 1 eV have
shown almost no anisotropy at 4. 1 eV, in contrast
to the ~=0.02 (for R = 0. 12) reported by Klucker
et al. Our measurements on this material in the
high-energy apparatus have on various occasions
indicated an anisotropy at 4. 1 eV, while other mea-
surements did not reveal such a difference in re-

TABLE V. N«f at 25 eV from the data of this work and
86 eV to E~ from Ref. 71.

26
25
26

EJc
znse"
znTe
Cdo
CdS E llc

9.1
9.2

10.4
6.3
9.3

24
23
24
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22

Material N, ff at energy (eV)

znO E llc 6.2
h lc 5.2

zns E llc 9.5
7.2 92 16.5
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18

120
89

19.6
28.4
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FIG. 87. Same as Fig. 86 for the cadmium compounds.
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FIG. 38. Oscillator strength for ZnO E)[c.

flectance for the two polarizations. Using the high-
energy data for E lc, which agreed with our re-
flectance data in the visible spectral region, we
obtain N„, (25 eV) = 5. 3 electrons per molecule. If
we use the high-energy data indicating anisotropic
reflectance at 4. 1 eV and use the data below 4 eV
reported by Klucker et a/. ,

' we obtain N, «(25 eV)
= 5. 8 electrons per molecule. We are uncertain
which value to take. Further work is required to
determine the correct values and to discover the
reason for this variance. Klucker et al. ' obtain
about 4 electrons per molecule, which is too low-
presumably because of their low reflectance mag-
nitude at the 15-eV peak.

Figure 37 shows a plot of N,«(E) for the cadmi-
um series. Note that in both the Zn and the Cd
series the oxides have a low N,«(E) for E & 10 eV,
although by 25 eV they approach or exceed 6 elec-
trons'per molecule. In the chalcogenides, N,« is
higher and attains a higher final value. This cor-
responds to more absorption by the d shell of the
metal and the s shell of the chalcogens.

There have been some soft-x-ray absorption
measurements (36-150 eV) on evaporated thin
films of the Zn and Cd chalcogenides by Cardona
and Haensel. 7' They performed a modified-sum-
rule calculation on their results, assuming the
real part of the index of refraction n was unity, an
assumption presumably valid to within 10%%u&&. The'
results of their calculation are shown along with
our results in Table VI, where those materials
having core states too tightly bound to be observed
in our measurements but occurring at energies
E& 80 eV, are indicated with an asterisk. Com-
bining their results with ours, we can obtain an

N„, (80 eV) if we neglect the energy range 25-36
eV. This energy range should contribute little to
the sum rule because of the process sometimes
called the delayed d threshold, ' so the error in
ignoring this energy range should not be much
more than two electrons. This is barely outside
the errors of the calculation of N„, (a 10%%uo) and

hence perhaps should be ignored. However, an
examination of N,«(E max) for ZnS and CdS shows
that we are consistently low (below the expected
18) by an average of 2. 1 electrons per molecule,
and perhaps all the other results should be cor-
rected by this amount.

The accuracy of a Kramers-Kronig analysis is
difficult to discuss. We present here a brief dis-
cussion of our estimate of the uncertainties in
N,«(E), as it provides a single number to discuss.
There are two obvious sources of error: the ex-
trapolation and the reflectance errors. All extrap-
olations that meet our criterion of causing k and z~
to be close to zero for energies below the funda-
mental absorption region leads to values of N,«(E)
within 5/g of one another for the same reflectance
data. The reproducibility of our reflectance data
is perhaps indicated by the differences in N,«(E)
for the two polarizations of an anisotropic materi-
al. We report on four such materials: CdS, CdSe,
ZnO, and ZnS. We believe that the difference be-
tween N~, (E) for E 1c and E ti c for CdS, CdSe,
and ZnS provides a good indication of the accuracy
of these values. We believe a similar level of ac-
curacy holds for ZnSe, ZnTe, and CdTe, since
they offered similar reproducibility. As stated
earlier, our results for ZnO were not consistent;
we therefore do not have the same confidence in
the results for ZnO E lc as for the zinc and cadmi-
um chalcogenides. Finally, our reflectance spectra
for CdO required a large scale factor because of
the curved sample surface; the values for CdO are
therefore also less reliable than for the chalco-
genides.

VIII. CONCLUSION

Synchrotron radiation has made it possible to
extend the previous energy limits of our knowledge
of the temperature and polarization dependence of
the optical constants of the II-VI compounds re-
ported here. These more detailed high-photon-
energy measurements have also facilitated the
study of the outer core states of these materials,
providing much information as to the energy posi-
tion and width of these states in the solid.

The Penn-Phillips average energy gap was found
to be a scaling parameter for interband transition
energies. It was found to be useful in interpreting
the spectra of CdQ and ZnO, the least studied of
the IIB-VI compounds.
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The energy levels associated with the secondary extrema in the energy-band structure of
PbS, PbSe, and PbTe, at k= (m/a)(4/5, 4/5, 0), are calculated using the augmented-plane-
wave method. The resulting wave functions, along with those previously calculated for SnTe,
are used to obtain isotropic and uniaxial deformation potentials for all the energy levels at
this point in the Brillouin zone. The results are compared with the temperature coefficients
of the various gaps in the "two-band model" for the galvanornagnetic properties of these com-
pounds. The sign of the calculated dE~/dT and d~„/dT for the lead chalcogenides are in
agreement with the experimental results. The agreement for the magnitudes, although not
uniformly good for all cases, is satisfactory and presents a coherent picture for the relation-
ship between these compounds.

I. INTRODUCTION

The existence of a "second valence band" was
originally postulated to explain the temperature
dependence of the galvanomagnetic properties of
PbTe and SnTe. Subsequent experimental re-
sults appear to corroborate this assumption. '
Energy-band calculations for the IV-VI com-
pounds' "have indicated the existence of a sec-
ondary set of extrema in the valence and conduction
bands, in the [llo] direction, that can be identified
with the postulated second band. Although proper-
ly speaking these are secondary extrema in the
same band, in contrast to a distinctly separate
band, we shall still refer to them as "second
band, "because of the widespread use of this term
in the literature.

The deformation potentials for the bands at
point I. in the Brillouin zone (main conduction
and valence-band edges) for the lead salts and
SnTe have already been calculated' ""from the
augmented-plane-wave (APW) function with good
agreement with experiment, The purpose of the
present work is to calculate deformation poten-
tials for the 5 extrema of these materials and
thus furnish the information necessary to decipher
the electrical and optical properties of these com-
pounds.

The experiments in modulation spectroscopy on .
these compounds have furnished optical spectra,
extremely rich in structure, including higher-
energy optical transitions. The difficulty in deci-
phering such spectra is due to the fact that there
are many transitions with nearly equal energy,


