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Cardona and Greenaway's identifit. ations of the Eo', E&', and E&' +&& peaks in the op-
tical reflectivity spectrum of CdTe are contradicted by deductions drawn from photo-
emission measurements. New identifications of these peaks are proposed on the basis
of these photoemission measurements and the results of empirically adjusted orthogon-
alized-plane-wave energy band calculations. Our theoretical band model for CdTe dif-
fers in some important respects from that derived by Cohen and Bergstresser using the
empirical pseudopotential method.

The study of the band structure of semicon-
ductors has been revolutionized by optical re-
flectivity measurements, ' by the interpretation
of optical spectra in terms of critical-point
transitions, ' by empirical energy-band calcu-
lations, 3 ' by electroreflectivity measurements, '&'

and by piezoreflectivity measurements. In
view of the apparent success of the initial in-
terpretations'&' of the optical spectra of Si and

Ge, similar interpretations &' have been made
for a number of related materials, including
III-V, II-VI, and even I-VII compounds. These
interpretations form the basis of empirical
(pseudopotential'& and full-zone k. p ') band

calculations which are designed to support the
interpretations upon which they are ba, sed.
Interpretation of optical spectra a.nd empirical
band calculations form a closed cycle which
can very easily perpetuate errors of interpre-
tation and propagate such errors from one class
of crystals to another. In order to discover
and eliminate interpretational errors, it is
essential to bring independent theoretical and
experimental methods into play.

One of us (FH) has recently carried out an
independent theoretical study" of the band struc-
ture of Si, Ge, and a-Sn which casts doubt on
currently accepted interpretations' '&' of the
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FIG. 1. Adjusted OPW energy band model for CdTe,
with spin-orbit splitting neglected (except along right
border and near valence band maximum). In the text,
valence and conduction band levels are often distin-
quished by v and c subscripts which do not appear in
above drawing. Note that the zero of energy is placed
at I'8 rather than at I'&~.

3.4-eV ref lectivity peak in Si, and of spectral
structure assigned to I'»I —I » transitions (Eo').
The results of a similar study" of CdTe are
depicted in Figs. 1 and 2. A fuller account of
our theoretical work will be published elsewhere. "

Photoemission studies'~ provide an indepen-
dent cheek on optical assignments and energy-
band calculations since such studies determine
the absolute energies of the initial and final
states associated with a given set of interband
transitions. In this Letter we will demonstrate
the power of the photoemission approach by
considering the two strong ref lectivity peaks
in CdTe near 6.8 and 7.6 eV which Cardona
and Greenaway" (hereafter CG) denote by E, '

and E,'+ A„and the partially resolved peak
near 5.2 eV which they denote by E,'. CG as-
sign the 6.8- and 7.6-eV peaks to spin-orbit
split L3~ -L3C transitions, and the 5.2-eV peak
to I'15~- I'15C transitions. As indicated in
Table I, our photoemission results decisive-
ly contradict these assignments. Our indepen-
dent theoretical and experimental studies cast
doubt not only on CG's interpretation of key
spectra, l features in CdTe, but also on their
interpretation of analogous features in ZnTe,
HgTe, and related crystals. ~' ~" Our theoret-
ical band model"~' for CdTe agrees quite well
with Cohen and Berg stre sse r' s pseudopoten-
tia.l band model (cf. Fig. 2) so fa.r as the va-
lence bands and some conduction bands are

FIG. 2. Comparison of adjusted OPW energy-band
model for CdTe (solid lines) with Cohen and Bergstres-
ser's pseudopotential band model (dashed lines). Note
that zero energy is now at I'&5.

concerned, but for other conduction bands there
are differences comparable to those found in
our earlier study of n-Sn. " It will require
further experimental work to resolve these
differences ~

The photoemission experiments were performed
on single crystals cleaved in a high-vacuum
chamber" at a pressure of 10 ' Torr, and in
a low-vacuum chamber" at a pressure of 10
Torr. A total of 12 eleavages were obtained
from four single crystals. Each cleavage had
a surface area of about 1.0 cm' and a thickness
of 2 to 4 mm. Cleaving in the lower vacuum
resulted in an electron affinity more than 1
eV lower than for the high-vacuum-cleaved
sample'7&"; however, no other significant chang-
es in the structure were observed. Measure-
ments were made for 5.4 ~hv ~ 21.2 eV. For
the sake of brevity, only those for 5.4 ~Av ~9.2
eV from the low-vacuum-cleaved samples will
be discussed here. A complete report of all
experiments will be published later. ' The ex-
perimental accuracy is +0.2 eV.

Representative energy distribution curves
(EDC) are shown in Figs. 3 and 4. The zero
of energy is taken at the actual valence-band
maximum (double group notation I',). Since
the spin-orbit splitting at the top of the valence
band is 0.92 eV," the zero of energy lies 0.3
eV above I'15~, as indicated in Fig. 1. Since
the EDC have been normalized to yield, an ab-
solute scale (electron/photon eV) is placed
on the ordinate in Figs. 3 and 4.

Before discussing the rich structure in the
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Table I. Correlation of photoemission and optical structure.

hv at which
structure
appears

Label of
photoemission
structure in
Figs. 3 and 4

Energy of
final state

Energy& of
initial state

Assignment
suggested by

this work

Previous
assignmentc

A. Major Structure (peaks)

6.6 Pl 5.3 -1.3 zone edge
W-K

L ~ L

8.0 P2

6.2

6.2

-1.0

-1.8

direct
in terband

transit ions

high densities
of states in

valence band and
conduction band

L ~ L

L ~ L

B. Minor Structure (shoulders)

5.2 15v 15c

5.8

8.7 S2

5.8

8.7

15v 15c

&upper
15v lc

X ~ X

threshold of
d-band

transitions

Energies are given in electron volts with respect to actual valence-band maximum (I'8~).
bThe photoemission peak P2 is quite complex. A detailed analysis to be presented elsewhere [J. L. Shay and

%. E. Spicer, to be published] suggests that P2 is due partly to direct transition (-7.2 eV), and partly to nondirect
transitions which couple a high density of valence-band states near —1.8 eV with a high density of conduction-band
states near 6.2 eV.

For references, see text.

EDC, it is important to eliminate the possibil-
ity that the structure is due to transport effects.
Kane' has recently suggested that, because
of the combined effects of low group velocity
at critical points and phonon scattering, band

structure may impress itself on photoemission
through transport effects rather than through
optical excitation probability. As Kane points
out, this will result in structure which does
not move as the photon energy is varied, but
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FIG. 3. Normalized energy distributions of the photo-
emitted electrons for the low-vacuum-cleaved sample
of CdTe for 5.4 hv 8.0 eV. The peaks P1 and P2
and the shoulders S1 and S2 are discussed in the text.

FIG. 4. Normalized energy distributions of the photo-
emitted electrons for the low-vacuum-cleaved sample
of CdTe for 8.0 hv «9.2 eV. The shoulder S2 and the
peaks P1 and P2 are discussed in the text.
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which is stationary in energy for hv greater
than some minimum value. As can be seen
from Figs. 3 and 4, none of the structure ob-
served in CdTe falls into this category. Bath-
er, peaks appear and disappear quite abruptly.
Thus, we can rule out the possibility that the
observed structure is due to transport effects.
Moreover, the abrupt manner in which P1 ap-
pears and disappears in the EDC indicates that
thj. s structure j.s due to direct transitions.

Previous assignments" have assumed that
the separation 6, =0.8 eV between the 6.8-eV
(E, ') and 7.6-eV (E,'+ 6,) ref lectivity peaks
in CdTe is determined primarily by the spin-
orbit splitting of the valence-band level L3~,
so that 6, is in effect a measure of this split-
ting. If this were in fact the case, then the
final state energies for the 6.8- and 7.6-eV
ref lectivity peaks would be the same, namely,
that associated with L3~. However, a study
of Fig. 3 shows that the final-state energies
of these two peaks are not the same. Peak Pl
with a final energy of 5.3 eV dominates the EDC
for the first optical peak (he = 6.8 eV), while
for hv = 7.6 eV the energy distribution is dras-
tically different, with few electrons at 5.3 eV
and most at considerably higher energies (P2).

Thus, our photoemission measurements rule
out the possibility that the 6.8- and 7.6-eV re-
flectivity peaks are due to transitions to the
to the same final state. Since it is usually as-
sumed that the spin-orbit splitting of L3g is
considerably smaller than that of L3~, our re-
sults also show that at least one of these reflec-
tivity peaks is not due to transitions near L.
With a view to finding an alternative interpre-
tation of these two peaks, we turn to the band-
structure picture in Fig. 1. Consider first Pl,
which is strongest in photoemission at hv = 6.6
eV. The initial- (—1.3~ 0.2 eV) and final-state
(+5.3+0.2 eV) energy ranges for Pl, as deter-
mined from our photoemission measurements,
are depicted in Fig. 1 by the shaded strips.
Although the initial states for Pl coincide with
the valence band level X„ there are no final
states at or close to X for this transition (cf.
also Fig. 2). When the spin-orbit splitting of
L3~ is taken into account, there are valence-
band levels at L at -0.3 and -0.9 eV, but these
are well outside the initial energy range of
-1.3+ 0.2 eV (cf. also Fig. 2). Thus, Pl and
the associated ref lectivity peak at 6.8 eV do
not arise from transitions close to L. If one
examines the highest valence band and the next

to the lowest conduction band throughout the
zone (using Fig. 1 as a guide), and if one al-
lows for the spin-orbit splitting of these bands,
the most likely origin of Pl and the 6.8-eV
ref lectivity peak is interband transitions near
the zone edges (neighborhood of the line join-
ing W and K). Further theoretical work on this
question is now in progress.

Before considering the photoemission peak
P2, let us examine the shoulders Sl and S2
in Figs. 3 and 4. The abrupt manner in which
both Sl and S2 appear in the EDC is character-
istic of direct transitions. "~"~ ' Since these
shoulders appear near the maximum energy,
they can be due only to transitions from states
near the valence band maximum (I"8„). For
this reason Sl is assigned to transitions from
I"8~ to L'7z, that is, from the highest spin-or-
bit-split, I'15~ level to the lowest spin-orbit-
split I'15c level (cf. Fig. 1). Since the spin-
orbit splitting of 1"15~ is characteristic of Cd
5p orbitals, while that of I'15&, is characteris-
tic of Te 5p orbitals, the I'15c splitting is con-
siderably smaller than the L'15~ splitting, "
and we make no serious error if the I 15& split-
ting is neglected altogether. (A similar argu-
ment suggests that the L3c splitting is small
compared with the L „3splitting. ) According-
ly, we will treat I'15~ and Z'7~ interchangeably.
Since Sl appears for hv&5. 8 eV, we conclude
that E(1 7c) -E(I"8~)= 5.8 eV. Allowing for the
0.92-eV spin-orbit splitting of I 15U,

' E(1"15c)
-E(I'15„)=5.8+-', &0.92 =6.1 eV. This value
forms one of the three experimental bases for
the band structure picture in Fig. 1."

CG's assignment of the 5.2-eV structure (E,')
to L15,- r15, transitions is inconsistent with
our photoemission data, which indicate that
such transitions occur only for hv& 5.8 eV.
We suggest instead that the slight shoulder at
5.8 eV in the ref lectivity data" is due to I"15~
(really I'8U) —I"15c transitions.

Finally, we note that S2 appears abruptly for
hv&8. 7 eV, placing the third major 1 conduc-
tion band (I'lc PP or I'12c) about 8.7 eV above
1 8~ or about 9.0 eV above I'] 5z. In Fig. 1,
I'1~ pp and I'12& lie 8.8 and 9.7 eV, respec-
tively, above I'8~, so that S2 is most likely
due to I'8„- I'lcupper (and related) transitions.
The edge of the broad optical structure labeled
d, by CG appears at about 8.7 eV. This edge
may also be related to the I"8~- I'1~ PP thresh-
old.

We now turn to the photoemission peak P2
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which appeared in the EDC (Fig. 3) at photon
energies corresponding to the 7.6-eV reflec-
tivity peak in CG's data. " In order to clarify
the nature of this 7.6-eV peak, we have remea-
sured the ref lectivity spectrum of CdTe, and
we find our experimental spectrum" to differ
considerably from CG's. In particular, we
find a peak near 7.6 eV which is much broad-
er than CG's 7.6-eV peak, suggesting that the
structure here may be due to two different sets
of transitions, rather than to just one set, as
assumed by CG. We also find the photoemis-
sion peak I'2 to be quite complex. The detailed
analysis of I'2 will appear in a subsequent pub-
lication. " This analysis suggests that I'2 aris-
es partly from direct transitions at general
points away from I' at about 7.5 eV, and part-
ly from nondirect transitions at about 8.0 eV
which couple a high density of valence-band
states near -1.8 eV to a high density of conduc-
tion-band states near 6.2 eV.

It is of considerable interest to note that the
energy of the main ref lectivity peak in CdTe,
5.4 eV,"corresponds almost exactly to our
value E(X3c)-E(X5„)= 5.3 eV, this being 1 eV
greater than our value E(X1&)-E(X5U)= 4.3 eV.
This raises the question whether the main 5.4-
eV peak (E,) is actually due to X5~-Xlz tran-
sitions as suggested by CG" and accepted by
Cohen and Bergstresser, or whether this peak
involves other sets of interband transitions,
including X5 -X3~. This and related questions
are currently being investigated.

In summary, our photoemission studies sug-
gest that earlier interpretations" of the opti-
cal ref lectivity spectrum of CdTe should be
modified in a number of important respects,
and that some features of the pseudopotential
band structure of CdTe, 4 particularly the loca-
tion of X1~, X3&, and I'15~, should be recon-
sidered in the light of our independent theoret-
ical and experimental findings (cf. Fig. 2).
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ta Electronics Corporation of Japan for supply-
ing CdTe single crystals.
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NEW APPROACH TO LATTICE DYNAMICS APPLIED TO SOLID He' AT O'K
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The expansion of a crystal potential in terms of a set of three-dimensional~oglnomi-
als orthogonalized with respect to the weight function f (r1, r2, ' ~ ', riv) exp[(rg —Rz) 'Gg&
~ (r& —Rf)] is shown to be a logical generalization of the previously introduced self-con-
sistent harmonic approximation which is particularly appropriate for highly anharmonic
systems. Explicit expressions for the calculation of the ground-state energy and phonon
spectrum of a crystal at 0 K are given and certain numerical results for solid Hes at O'K
are presented.

The theory of the self-consistent harmonic
approximation was introduced in a previous
Letter. ' This theory combined the idea, orig-
inally due to Born, 2 of finding the optimum har-
monic Hamiltonian

with which one can approximate a true crystal
Hamiltonian

with certain computational techniques introduced
by the author. ~ The essential result is the self-
consistent condition that one should choose C "

lJ= X (0!V; V&~V I 0)/(0 IO) in order to minimize
E, = (0 I H I 0)/(0 I 0).

In the above, A.
' is an expression for the mass,

q.~ is the o.th Cartesian component of the dis-l
placement of the ith particle, whose coordinate
is rf, from its equilibrium position R, , U,&

= V(lr;

—
r& I) is a suitable interatomic potential, and

V= 2Q & U; . The ground-state eigenf unction
of B'(&) is given by 10)~ exp[--,'q; G; ~q t /8]
where G' = 4 .

While one could probably calculate the ground-
state properties of a substance with the anhar-
monicity of, for example, solid neon using per-
turbation theory based upon the eigenfunctions
of IJ("), it is clear that the Gaussian charac-
ter of I0) will not at all be adequate for a treat-
ment of highly anharmonic systems such as
solid helium. A generalization of theory which
remedies this deficiency will be presented in
the following.

If one considers the identity

— 2

f(x)H (x)e dx=
I f(x) e dx,

n n
dx

where IJ is a Hermite polynomial, it is clear
that a term of the form (0 IV; V&~VIO) is pro-

n A

portional to the second term in the expansion
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