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X-ray near-edge absorption structure for Zn Te, CdTe, and Hg Te has been studied with the use of
synchrotron radiation. The Ll, L2, and L3 edges have been analyzed for Cd and Te in CdTe, as
well as the Ll and L3 edges for Te in ZnTe and HgTe and the K edge of Zn in ZnTe. The experi-
mental results are compared with absorption spectra which have been calculated on the basis of
conduction-band state densities obtained from self-consistent linear muffin-tin-orbital calculations.
A comparison of the experimental and theoretical results yields in most cases a good quantitative
agreement, in particular for all Ll and K edges analyzed. Due to deficiencies of the theoretical
model, not quite so satisfactory results have been obtained for Cd L2 and L3 edges. In general, the
results substantiate the opinion that the near-edge x-ray absorption for semiconductors can be satis-
factorily described within the one-electron approximation, although for L2 and L3 edges the pre-
edge region seems to be influenced by excitonic many-body eft'ects, and that the combination of x-
ray-absorption spectroscopy (XAS) and band-structure calculations constitutes a powerful tool for
investigations of the empty states of these materials.

I. INTRODUCTION

Many efforts have been made in the 1970s to develop
the photoelectron spectroscopy for studying occupied
electronic states in condensed matter. Recently, a similar
development is observed in the studies of unoccupied
electronic states. The importance of such studies for our
understanding of the nature of excited states in solids
need not be stressed. Techniques such as optical and
core-level reAection spectroscopy, ' bremsstrahlung iso-
chromat spectroscopy2 " (BIS), or rather old techniques
of x-ray emission' ' and absorption' spectroscopy
(XAS) are being focused on the analysis of the empty-
band density of states (DOS). All the above-mentioned
methods supply valuable, complementary results that
should describe, in a direct or indirect way, the
conduction-band (CB) DOS. The low-energy optical
reflection spectrum has a resolving power much higher
than other adequate methods (better than 0.1 eV), ' how-
ever it delivers rather limited information on the CB
DOS because the absorption mechanism for this tech-
nique is governed by van Hove singularities' that de-
pend on the shape of the joint density of states of valence
and conduction bands rather than on the CB DOS itself.

BIS is a relatively new, outstanding method used recently
to study empty electronic states in solid state; it reflects
directly the total CB DOS with an acceptable resolution
of -0.7 eV (Ref. 5) and can be also used to trace the
band dispersions in ordered crystals. However, the price
paid for this advantage is a long acquisition time. Be-
sides, BIS results contain no information on the origin
and nature of the observed DOS. XAS does not provide
any information on band dispersions and is characterized
by a resolving power which is usually lower than that of
BIS and decreases with increasing transition energy and
atomic number of the absorbing element; it can neverthe-
less be applied with success to the analysis of the CB
DOS due to the several favorable features of XAS spec-
trometers installed on synchrotron radiation facilities.
These features include very high accuracy of measure-
ments, high sensitivity, very short acquisition time, and
lack of limitations on the studied energy range.
Moreover, the technique by itself is selective with respect
to atomic species and to the component of the DOS. In
this paper we will make substantial use of these features,
comparing the experimental spectra with calculated I—
and atom-type —decomposed densities of states.

Solid-state XAS is commonly studied in two overlap-
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ping energy ranges that correspond respectively to a
dominant infiuence of electronic band structure [x-ray-
absorption near-edge structure (XANES)] and of scatter-
ing of almost-free electrons on the neighboring atoms [ex-
tended x-ray-absorption fine structure (EXAFS)]. The
applicability of the one-electron and/or many-body ap-
proximations in the analysis and interpretation of
XANES has been a subject of lively debate recently.
Gupta and Freeman' have shown that general properties
of the L2, L3 edges of Mg can be satisfactorily described
by the CB DOS calculated within a one-electron approxi-
mation up to 2 —3 eV above the Fermi level. They have
ascertained that in that case the contribution of many-
body effects' does not play any significant role. A good
qualitative agreement with experiment has also been re-
ported by McCaffrey and Papanconstantopoulos for the
Ca E edge up to 17 eV above the Fermi level and for both
Ti and Fe K edges in Ti-Fe alloy. The recent theoreti-
cal works of Muller et al 20, 2i for palladium, in which the
muffin-tin (MT) approximation for the potential and a
linear version of the augmented-plane-wave (APW)
method specifically designed to cover a large energy
range have been applied, confirm the prevailing contribu-
tion of the band-structure effects to the structures ob-
served on X, L, and M edges of Pd even up to 200 eV
above the Fermi level. According to Muller et al. ,

' a
small deviation of the experimental results for Pd from
the accurate single-particle calculations may originate
from many-body effects. One such effect involves the
filling of the core hole and the decay of the electron excit-
ed in the absorption process. This effect has been phe-
nomenologically incorporated into calculations in Ref. 20
by convoluting the one-electron DOS with a Lorentzian
broadening function, whose width has been taken equal
to the sum of the inverse lifetimes of the core hole and ex-
cited electron. ""

In the case of semiconductors and insulators one is
faced anew with the question of what is mainly responsi-
ble for XANES: the conduction-band DOS structure cal-
culated in a one-electron approximation or electron-hole
excitations described at best in terms of many-body
theory. Poumellec et ah. have suggested that in
XANES of titanium and vanadium oxides the multielect-
ron effects are predominant and thus the one-electron
transition model is no longer satisfactory. On the other
hand, the XAS measurements of Sagiura and Mu-
ramatsu for FeS2 and the results of one-electron calcu-
lations for this material included in the paper by Folkers
et al. compare quite well. It seems that the usefulness of
one-electron concepts for interpretation of the XAS spec-
tra of semiconductors has not yet been convincingly
proved. It is the aim of this paper to demonstrate that,
leaving for future discussion the question of the validity
of a one-electron approximation for description of XAS
of transition-metal compounds, the XANES spectra of
typical zinc-blende II-VI compound semiconductors can
be satisfactorily described in the frame of this theory. To
accomplish this, we calculated the CB DOS in the energy
range of —1.3 Ry above the bottom of the CB and we
measured and analyzed the fine structure in the XANES
energy range for the three most common II-VI com-

pound semiconductors, ZnTe, CdTe, and HgTe, which
are characterized, respectively, by a wide, medium, and
narrow forbidden energy gap (2.27, 1.53, and —0.31 eV,
respectively, at the room temperature).

The layout of the paper is as follows: Sec. II describes
experimental details and the data-reduction method; in
Sec. III an outline of theoretical calculations is presented,
Sec. IV contains the discussion and Sec. V the con-
clusions.

II. EXPERIMENT AND RESULTS

A. XAS measurements

X-ray-absorption measurements have been carried out
with the use of synchrotron radiation at ADONE
Wiggler Facility in Frascati ' utilizing the Si(111)
channel-cut crystal monochromator. The original sam-
ples were high-purity monocrystalline ZnTe, CdTe, and
HgTe ingots grown in the Institute of Physics of the Pol-
ish Academy of Sciences in Warsaw. To obtain thin
specimens of a controlled thickness and homogeneity as
required by the x-ray-absorption technique, the samples
were finely powdered and deposited on polyacetate films.

XAS measurements have been carried out on the Te L,
and L3 edges for HgTe and ZnTe, the Zn K edge for
ZnTe, and the Te and Cd L„L2,and L3 edges for CdTe.
The energy resolution of an experimental setup of the
type used by us is limited by a finite vertical divergence of
the photon beam and a finite width: of the rocking curve
of the monochromating crystal. The resulting instrumen-
tal Gaussian broadening of the natural width of all mea-
sured edges has been estimated as -0.7 eV for Te and Cd
L edges and as —1.7 eV for the Zn E edge.

The contribution of each edge to the absorption
coeKcient has been isolated by extrapolating the pre-edge
region to higher energies by a Victoreen-like fit and by
subtracting the fitted curve from the remaining experi-
mental spectrum. Figure 1 presents the results of mea-
surements (after subtraction of the pre-edge contribution)
and their first derivatives for the Te Li and L3 edges in
ZnTe, CdTe, and HgTe. Figures 2—4 show the spectra
and their derivatives for the Te L2 and the Cd L&, L2,
and L3 edges in CdTe and for the Zn E edge in ZnTe.

B. Experimental data reduction

As was mentioned above, XANES for metals is de-
scribed satisfactorily by the one-electron approximation;
however, the discrepancies between theory and experi-
ment for higher energies above the Fermi level open the
question of the quality of the theoretical approaches in
this energy range. . According to the Bloch theorem, for
an ideal infinite crystal lattice the electronic band struc-
ture extends to infinity. In practical approaches to the
band-structure calculations the number of bands calculat-
ed above the Fermi energy is limited by one reason or
another, the size of the basis set being the ultimate tech-
nical limit. In general, for the reasons discussed in Sec.
III A one is rather reluctant in attaching any direct phys-
ical meaning to. the high-lying bands. Muller et al.
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FIG. 1. Te L3 and L& x-ray-absorption edges and their first
derivatives for ZnTe, CdTe, and HgTe.

carried out their calculations for Pd up to approximately
200 eV but in most other available calculations the upper
limit lies between 5 and 30 eV. ' ' ' ' ' Hence, because
of the limited applicability of the one-electron approxi-
mation mentioned above, and also because of the lack of
a well-verified many-body theory, the explicit comparison
of the theory with experiment in a whole XANES energy
range is possible now only in very few cases [for instance,
for Pd (Refs. 20 and 21)].

Considering the above difficulties we suggest a compar-
ison of the experiment with accessible theoretical data us-
ing the procedure of experimental data reduction pro-
posed at first by Parratt for gaseous argon. Parratt sug-

gested cutting off an upper part of the experimental spec-
trum and replacing it by an arctangent curve that accord-
ing to Richtmyer et al. corresponds to the shape of the
x-ray-absorption edge of the free electrons. It has been
shown in the Ref. 34 that this arctangent dependence de-
scribes very well the shape of the experimental absorption
I. edges of Au. Thereafter we express the total absorp-
tion coefficient p„,as

p o (&'E) pBs(& 'e)+ pFE( E)+po'.

where pcs expresses a contribution to the total absorption
from all transitions from the initial core state (assumed
hereafter to possess a Lorentzian shape) to the empty CB
DOS up to the energy limit c that is arbitrarily defined by
the extent of the theoretically calculated DOS; pFE
expresses the contribution of the transitions from the
same core state to the hypothetical continuum of the
unoccupied free-electron-like states that extend above the
energy limit c; and pcs is due to transitions from other
core states. The last contribution may be neglected if
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FIG. 2. Te L2 edge for CdTe and its first derivative. FI+. 4. Zn K edge and its first derivative.
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Therefore, the band-structure contribution to the absorp-
tion coe%cient can be written as

pBs(E;E)=p„,(E)— —+—tan
1 1 i 2(E —e)

(4)

This expression allows for a direct comparison of the re-
duced experimental data with a theoretical CB DOS con-
voluted with the Lorentz function describing the initial
state and the Gaussian resulting from the experimental
broadening. Figure 5 illustrates the experimental data-
reduction procedure for two diverse types of x-ray edges.
In formula (4) two parameters are necessary: the energy
cuto8 c. defined earlier and the I parameter which is a
sum of the half-width of the Lorentzian initial state I 0,
the experimental broadening I G, and the broadening
4I caused by the decrease of the lifetime of the excited
states in the conductivity band with increasing electron
energy. The last broadening estimated by Muller
et al. ' can be used to evaluate the total half-width at
the cutofF energy c.. The correction estimated by Miiller
et al. for low energies is not very large and might be
neglected. %e have used it, however, in all theoretical
convolution calculations; consistently, it is included in
our experimental data-reduction procedue. Figure 6

every edge is analyzed independently, eliminating contri-
butions from other edges by the Victoreen procedure.
The choice of the energy E will be discussed later. For-
mula (1) means that the absorption coefficient pBs, related
to the CB DOS calculated up to the energy limit c, is aug-
mented by the absorption coeKcient correlated with the
free-electron DOS above this limit. The term p„Ein (1) is
described by the integral

p„,(E;.) = "E',~E,
1 4[(E —E')/I—]

where I is a natural Lorentzian half-width of the core
state. Watanabe has shown that B(E) is a slowly de-
creasing monotonic function of energy. Hence, if we,
after Richtmyer et al. , (set B(E)=const, the integral
(2) assumes a simple arctangent form

pFE =
—,
' +—tan

1 i 2(E —s)
(3)
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FIG. 6. Convoluted theoretical spectrum of the Te LI edge
for CdTe with (solid line) and without (dashed line) the correc-
tion expressed by the Eq. (7).

shows the inhuence of this correction on the convoluted
projected p-like CB DOS for the CdTe Te I., edge with
realistic parameters I 0=2 eV and I 6 =0.7 eV.

In the procedure of the experimental data-reduction we
have used for HgTe v= 17 eV and for CdTe and ZnTe
E = 15 eV [i.e. , —17 eV above the valence-band maximum
(VBM)]. This choice of the cutoff' energy was motivated
by a decreasing accuracy of the band-structure calcula-
tions for higher conduction bands, as discussed in Sec.
III A. The value of I, has been estimated using the ap-
proximate formula

I,=—I O+ —' I'6+5I, (5)

in which I 0+ —,'I z is a compromise between the two
components contributing to the line shape: the Lorentzi-
an (natural width) and the Gaussian (instrumental width)
ones. The values of I o used in the data-reduction pro-
cedure are collected in Table I, They were taken after Sa-
vier monography (Ref. 35) and from Refs. 15 and 37.
These values are significantly lower than those reported
by Krause and Olivier. They agree, however, much
better with the values of I 0 that one obtains fitting our
experimental results with formula (3) for E =0.

The procedue of the experimental data reduction
present above has two important practical features: it
provides a direct comparison of the experimental data
with available theoretical results whatever their energeti-
cal extent might be, and allows for a better identification

TABLE I. Parameters used in the procedure of experimental
data reduction.
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Cd
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FIG. 5. The procedure of the experimental data reduction
for two types of absorption edge. 1, experimental spectrum; 2,
free-electron contribution at the energy cutoK

'Reference 37.
Our estimate based on the approach used in Ref. 34.

'Reference 46.
Reference 47.

'Reference 15.
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of near-absorption-edge fine structures by scanning the
experimental curve with different values of the parameter
c. It was, however, not necessary to use this virtue in the
present paper due to the overall good agreement of the
experimental and theoretical results.

III. THEORETICAL CALCULATIONS

A. Electronic structure

The electronic structures of CdTe, HgTe, and ZnTe
were calculated using the self-consistent linear muSn-
tin-orbital (LMTO) method. The openness of the zinc-
blende structure was dealt with in a customary way, i.e.,
two "empty spheres" were placed at the positions (—,', —,', —,

' )

and (—,', —,', —,') of the unit cell. Scalar relativistic correc-
tions, very important in the case of HgTe, were con-
sistently applied in all calculations, as well as the "com-
bined correction term. " ' ' The exchange-correlation
LDA potential was used in the form proposed by Vosko,
Wilk, and Nusair. Experimental lattice constants were
used throughout the calculation and the ratios of atomic
sphere radii for cation, Te, and empty spheres were taken
as 1.25:1.25:1 for CdTe and HgTe and as 1.1:1.25:1 for
ZnTe. 220 k points were used during the self-consistency
procedure which was stopped when relative charge-
density changes had decreased below 10 . All calcula-
tions were carried out in a single energy panel, using 5s,
Sp, and 5d basis functions for Te and ns, np, and (n —1)d
functions with n =4, 5, and 6 for Zn, Cd, and Hg, respec-
tively. Figure 7 shows a schematic layout of the self-
consistent bands for all the compounds deduced from the
potential-parameter-related quantities VI, 8I, CI, and AI
that specify the square-well pseudopotential and the bot-
tom rhass center, and top of the I band, respectively. '

The calculated densities of states of the conduction bands
for all three materials are included in the figures in Sec.
IV together with the reduced experimental data.

A few general and few speci6c remarks are in order
here concerning the accuracy of our calculations. The
LDA is known to fail in predicting a correct energy gap
for semiconductors. A procedure is therefore needed
which aligns the experimental and theoretical energy
scales. This procedure is described in Sec. IIIB. It
remains a question if the LDA fails also in describing a
nature of excited states in semiconductors altogether. In
assessing our results one should keep in mind the possible
sources of errors innate to the LMTO method. It is
known that this method with the combined correction
term included has, aside from the fourth-order error in
(E E, ), t—he error of second order in (E —

VM&z ), where

VM&z is the average interstitial potential (also marked in
Fig. 7). The. LMTO method cannot therefore reliably de-
scribe bands positioned higher than 1-2 Ry above VMS.
Hence, we arbitrarily limited the energy range considered
to approximately 17 eV above the conduction-band
minimum (CBM), i.e., up to —1.5 Ry above VM~z (see
Fig. 7). It should also be noted that there are not cationic
nd states in the conduction-band DOS. From chemical
trends which are quite evident in Fig. 7 these states are
expected to have a non-negligible amplitude for the ener-
gies larger than -0.4 Ry on the scale used in the figure.
Therefore, we a priori do not expect any good description
of the cationic p~d transitions for the energy higher
than 5-6 eV above the CBM and expect a worse general
agreement for Te 1.2 and L, 3 edges than for Te L, , edges,
because the omission of the cationic nd states will cause
too large a weight for the Te 5d states in eigenvectors.
Finally, one should keep in mind that the I decomposition
of the DOS, repeatedly used in this paper, is a somewhat
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FKx. 7. Schematic layout of the electronic structures of ZnTe, CdTe, and HgTe. The bars depict the extent of the n, I bands as
defined by the parameters A (top of the band), C (band center), and 8 (bottom of the band). The valence-band maximum (VBM), the
conduction-band minimum (CBM), and the average interstitial potential VM&z are also marked.
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arbitrary procedure, for it depends to some extent on the
choice of atomic radii. This, fortunately, does not seem
to be a serious problem. We have compared our results
with the unpublished s- and p-like CB DOS for CdTe and
Hg Te calculated by Lee and Cade, who used a different
set of the atomic radii. The results turned out to be al-
most identical.

B. Absorption spectra calcu1ations

X f i i(E+E)

+ f, , +i(E+E, )
1+I

where Q is the primitive cell volume, v the number of
atoms in the unit cell, f, &(E)=r, ,(E)X&(E), r, , is the di-

pole transition-matrix element (here assumed to be a con-
stant equal for / —1 and I + 1), and X& is the partial den-
sity of states.

It is assumed here that the initial and final states have
infinite lifetimes and thus that their natural width is null.
However, an excited electron loses its energy by emitting
plasmons or creating electron-hole pairs until it falls near
the Fermi level. These processes bring about a finite life-
time and the Lorentzian line shape, which in turn causes
a broadening of the spectra. This effect is taken into ac-
count by convoluting the DOS spectrum with the
Lorentzian function of a width I

„

that depends on the
final-state energy:

Xi(E')I,(E')
X('(E)=

2 2
dE' .

(E' E) +I,(E') /4— (7)

X/(E) is then used in (6) instead of X&(E). The core
hole has also a finite lifetime caused by radiative or
Auger electronic transitions from some occupied higher-
energy shells. We include this eff'ect assuming the
Lorentzian shape of the initial state (core hole) and calcu-
lating the convolution:

&,(E)= f +"
&,(E )L, (r, E E')dE', — (&)

where L(I,E)=I /(E +I /4), with I the core-hole
width. The values of the core-hole width have been taken
from the existing experimental estimations (see Table I).
Finally, we take into account the experimental resolution
I ~..

+ 00 (E —E')2
p, (E)= f exp — p&(E')dE' .

2+I G
—~ 2I G

Two further difhculties must be overcome before one
can compare the theoretical and experimental spectra:
alignment of the energy scales and normalization of the

The x-ray-absorption spectrum due to the excitation
from the core state ~c ) is described by the formula

2(21 +1)n e v
(2l + 1)cfiQ

spectra. An "ab initio" alignment of the energy scales is
not possible because our calculations of the electronic
structures deliver false information on the energy gaps
and no information at all on the chemical shifts; a nor-
malization is an even more difficult problem, the experi-
mental uncertainties being almost impossible to evaluate.
To align the energy scales we calculated the first and the
second derivatives of the experimental and theoretical ab-
sorption spectra, found the position of the inAection
points of an absorption edge, and shifted the theoretical
spectrum to obtain the same position for these points.
Next, the curves were multiplicatively normalized at this
point. This arbitrary way of spectrum normalization was
chosen out of the conviction that our calculations are
most reliable at the bottom of the CB and because the
constant-matrix-element approximation precludes any
sensible integral normalization procedure.

In the case of metals the steep increase of the absorp-
tion coeScient at the edge is directly correlated with the
temperature-dependent Fermi-Dirac distribution cutofF
multiplied by the product of the unoccupied CB DOS
and the transition probability. ' The inAection point cor-
responds approximately to the value of binding-energy
that lies near the Fermi level. '" For semiconductors the
chemical potential takes over the role of Fermi level. It is
situated inside of the forbidden--energy gap E and only
the process of thermal excitation of electrons from the
valence band depends upon its position. The resulting
temperature-dependent occupancy of the valence- and
conduction-band states should participate only as a small
correction in the estimated slope of x-ray edges for the
room temperature even for HgTe. Hence, the thermal
occupancy of the CB DOS was left out of the account in
the present study.

To close the discussion of the method of absorption-
spectra calculation some remarks seem to be necessary
concerning a legitimacy of using the l-decomposed DOS.
As was already mentioned in Sec. III A, this decomposi-
tion does not depend critically on the relative atomic ra-
dii. One could, however, argue, and not without reason,
that if we use such a decomposition for the calculation of
absorption spectra, we should limit ourselves not only to
the sphere surrounding the excited atom but also to this
(much smaller) part of it where the initial-state wave
functions possess a non-negligible amplitude. This, how-
ever, boils down to the problem of the constant-matrix-
element approximation. A full ab initio calculation of
the core transition probability through the k-space in-
tegration has not yet, to our best knowledge, been per-
formed. However, from the studies concerning the ener-

gy dependence of the matrix element carried out for the
purpose of EXAFS interpretation it is known that it
remains almost constant within the range of the absorp-
tion edge. Hence, similar to the case of the missing nd
cationic states in the basis set, we expect the constant-
matrix-element approximation to inAuence our results
more for higher energies. We do not, however, expect
this approximation to inAuence the slope of the edge it-
self. Nevertheless, it must be admitted that due to
difFerent shapes of the core s and p functions the
constant-matrix-element approximation may affect the
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(K,L
&

) and (Lz, L3) edges in a di8'erent and a priori in-
predictable way.

For the (Lz, L3) edges the constant-matrix-element ap-
proximation does not actually imply the equality of r, I
and r, &+, in (6). Changing the ratio of them one could
correct for the missing nd cationic states and improve the
agreement between theory and experiment. To our
opinion such a procedure would only confuse the issue
and was not used here.

IV. DISCUSSION

The absorption coefficient of all studied Te, Cd, and Zn
edges is characterized by a rather structureless increase
up to the first inAection point at which the first derivative
of the total absorption coefficient reaches the most pro-
nounced maximum. Above the point one can observe a
complicated fine structure related, as we hope to demon-
strate, to the shape of the CB DOS and, for the higher
energies, a beginning of the EXAFS structure. Figures
8—13 show the comparison of the convoluted theoretical
data with the reduced experimental results. In order to
make the comparison more precise and complete, the first
derivatives of the spectra are also included.

Vl
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FIG. 9. Reduced experimental spectrum (solid line) with
theoretical convolution (dashed line) and their first derivatives
for Zn K and Cd L& edges in ZnTe and CdTe, respectively. In
the insets the calculated projected p-like conduction-band DOS
is shown.

A. L& and%edges

The Te and Cd L
&

edges and Zn K edge correspond to
the transitions from s-like core initial states (n =1 and
l =0 for the K edge; n =2 and l =0 for L, edges) to p-
like projected components of the CB DOS. The electric
dipole transitions (bp =+1) should be predominant in the
case of Te and Cd L, and Zn K edges because, according
to Muller et al. ,

' the probabilities of the electric quadru-
pole transitions (hl =0, +2) are for these elements negli-
gible.

For all L& and K edges very good agreement between
theory and experiment has been obtained (see Figs.
8—10). The slope of the experimental absorption edge is
very well reproduced by the calculated DOS convolution
within a range of more than 5 eV around the inAection
point. The height of the reduced experimental data nor-

malized at the inAection point, as well as the energy posi-
tions of experimental spectra structures in the 15-eV en-
ergy range, also agree quite well with theoretical results.
A slight overestimation of the experimental data by cal-
culations at the first maximum can be probably attributed
to the constant-matrix-element approximation. The
agreement for Zn K and Cd L, edges (Fig. 9) is a little
worse, as is the agreement in the edge region. In general,
the best agreement has been obtained in the energy range
in which the inhuence of the cuto8' energy e. can be
neglected. As can easily be seen in Fig. 5, the inhuence of
the free-electron model is not negligible for energies
higher than c—I /2. The theoretical curves around the
cuto6' energy as decreasing more rapidly than the experi-
mental curves as a result of the convolution procedure
near the finite-high-energy calculation limit.

In the case of the Te L, edge of HgTe we have com-
pared the experimental results also with Hass CPA band

I
~~

La

a
& 0---

I I I I

0.0 5.0 10.0 15.0
(E-E, ) (eV)

0.0 5.0 10.0 15.0
(E -E,j(eV}

I I

0.0 5.0 10.0 15.0
(E-Eo}(eV) 5.0 10.0 15.0

(E - E, 1 (eV)
FIG. 8. Reduced experimental spectrum (solid line) with

theoretical convolution (dashed line) and their first derivatives
for Te L l edges in ZnTe, CdTe, and HgTe. In the insets the cal-
culated projected p-like conduction-band DOS is shown.

FIG. 10. Reduced experimental spectrum for the Te L& edge
in HgTe (solid line) and convolution of the conduction-band
DOS calculated by Hass (Ref. 45) (dashed line).
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calculations (Fig. 10) carried out up to 8 eV. This com-
parison shows that our theoretical calculations for HgTe
agree better with experiment. In particular, the large
DOS calculated by Hass at -6.5 eV does not seem to find
an experimental confirmation.

p-like projected CB DOS calculated around the anion
(Te) and cations (Zn, Cd, and Hg) in ZnTe, CdTe, and
HgTe show significant differences; these di6'erences have
been observed in convoluted theoretical DOS as well as in
reduced experimental spectra of Te and Cd I., edges in

CdTe and Te I., and Zn K edges in ZnTe. The difference
in the shapes of the experimental spectra for Te L, and
Cd I.

&
edges finds its counterpart in the theoretical

curves, On the other hand, a general similarity of the Te
L

&
edges in all compounds and of the Zn K and Cd L

&

edges is also confirmed by the calculations. The

FIG. 13. Reduced experimental (solid line) and theoretical
convolution {dashed line) for the Te L2 edge in CdTe {left panel)
and the sum L2+2L 3 (see text) (right panel).

differences between the cationic and anionic edges are
likely an evidence of the mixed covalent-ionic character
of he bond between the anion and cation in II-VI com-
pounds, which means a different charge distribution
around the anion and cation. The possibility of experi-
mental discrimination between the projected DOS around
the anion and cation is an important and unique property
of the XAS technique.

The good agreement of theory with experiment dis-
cussed above confirms once more the important genera1
result that the projected CB DOS rejects a physical reali-
.ty in which the atorniclike selection rules are valid. This
agreement between the experimental spectra and the con-
voluted theoretical DOS calculated in the one-electron
approximation also indicates that this approximation is
sufFicient to explain the XANES structures in L, , and K
edges in ZnTe, CdTe, and HgTe.

B. L~ and L3 edges

The edges I.z, L3 of a cation and Te are the result of
transitions from p-like core-state components to s-
and/or d-like projected CB DOS according to the electric
dipole selection rule Al =+1. For the reasons discussed
by Muller et al. ,

' the contribution of the magnetic di-
pole and quadrupole transitions can be neglected also for
these edges. The 1.2 and L3 structures result therefore
from the sum of transitions from p-like components to s-
and d-like DOS mixed in the ratio 1:—', as defined by for-
mula (6). Looking at the s- and d-like projected CB DOS
(Figs. 11 and 12) one can notice a shift of the origin of the
d-like DOS to higher energies with respect to the s-like
DOS. Thus one can expect that for ZnTe, CdTe, and
HgTe and x-ray edge properties close to the inAection
point are correlated with transitions from p- to s-like
rather than to d-like projected DOS.

Let us first consider the Cd 1.3 edge in CdTe. The
theoretical calculations reproduce approximately only
the position of the first peak which is correlated with the
transitions to the s-like projected CB DOS (see Fig. 11).
The calculations reproduce neither the steepness at the
inQection point nor the intensity in the whole energy
range. This total disagreement is almost surely a result of
the omission of Cd 4d states from the basis set, as dis-
cussed in Sec. III A. The differences in the steepness of
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the edge are similar to the case of other L2 and L& edges
and, to our opinion, result from the core-hole —excited-
electron interaction. There are not many experimental
papers addressing the problem of the x-ray edge shapes in
semiconductors. Evangelisti et al. found that many-
body effects inhuence the Lz, L

& edges in silicon making
them more steep. Theoretically forecasted splitting of ex-
citonic energy levels cannot be in general observed due
to the short lifetime of core holes. Our results suggest
that the inAuence of many-body effects increases from the
Te L

&
edges through the cationic L, and K edges to the

L2, L& edges, being rather small except in the last case.
Right now we do not see any clear explanation of this ob-
servation. It is, however, clear that one could improve
the agreement between the experimental and theoretical
spectra by adjusting the core-level half-width I . Such an
analysis is currently in progress and their results will be
reported in the future.

In the case of the Lz in L z edges of Te in Zn Te, CdTe,
and HgTe (Figs. 12 and 13), the agreement of theory with
experiment seems to be fairly good, especially if we
remember that these edges result from a weighted sum of
two diverse s- and d-like projected DOS contributions.
In particular, for ZnTe and CdTe a good agreement is ob-
served in the region close to the inAection point as far as
both the height and the shape of experimental and
theoretical spectra are concerned. However, the slope of
the edges is not reproduced well, similar to what has been
observed already for the Cd L2 edge. The agreement be-
tween theory and experiment worsens slightly in passing
from HgTe to ZnTe, with the experimental edges being a
little steeper than the theoretical ones. The structures

.observed in the experimental spectra are reproduced well
by the theoretical curves. However, the peak at —10 eV
that evidently corresponds to the transitions from the p
core state to d-like projected DOS (Fig. 12 and 13) is
shifted somewhat (-1 eV) upwards in the calculated
spectra; this can be clearly seen in the derivative spec-
trum. The amplitude of the theoretical curves in the case
of HgTe and ZnTe is lower than of the experimental
ones. Our theoretically calculated band DOS does not
distinguish the contribution of the p&&2 and p&&2 corn-
ponents. Therefore, a really correct comparison of the
theoretical results with experiment should be carried out
by comparirig the total intensity of the transitions from
both p-like states to both d-like components (d&&2, d5&2),
i.e., by comparing the theoretical results with a weighted
sum of the experimental L2 and Lz edges in the ratio 1:2,
as defined by the statistical population of the core-level
components. Figure 13 presents this comparison for Te
L2 and L~ edges in CdTe. It is easy to see that the agree-
ment between theory and experiment is a little improved
only in the energy range close to the inAection point. In
this case the discrepancy cannot be attributed solely to
the effects of the energy cutoff. The most likely explana-
tion of this discrepancy is again, apart from the
constant-matrix-element approximation, the omission of
the cationic nd functions from the basis set, although in

an indirect way. This omission causes wrong weights to
be attached to the Te 5p states with which cationic nd
states would, when present, strongly hybridize. In partic-
ular, we suspect that the upward shift of the —10 eV
maximum is caused by just this mechanism. We believe
that a two-energy-panel LMTO calculation would bring
the theory and experiment into agreement also for L2 and
L 3 edges, for all the features but the edge slope.

V. CONCLUSIONS

On the basis of the preceding discussion, the results ob-
tained in this work can be summarized as follows.

The x-ray near-edge structures for Te and Cd L„L2,
and L& edges in CdTe, Te L, and L& edges in ZnTe and
HgTe, and the Zn E edge in Zn Te have been measured
and analyzed.

The corresponding conduction-band DOS have been
calculated using he self-consistent LMTO method.

To allow a direct comparison between theory and ex-
periment, a procedure of experimental data reduction
was suggested and applied. The reduced experimental
data were directly compared with empty CB DOS up to
about 17 eV above the valence-band top.

We have obtained very good agreement between
theoretical and experimental results for the Te and Cd L

&

and Zn K edges. This result confirms the ability of the
one-particle approximation to explain x-ray near-edge
structures for narrow- as well as wide-energy-gap group
II-IV compound semiconductors.

Fairly good agreement was also observed for Te Lz
edges in ZnTe, CdTe, and HgTe if one neglects rather
small discrepancies in the higher-energy range. We con-
sider this discrepancy to be of the same origin as the large
disagreement between theory and experiment found for
Cd L, 2 and L~ edges in CdTe: it has to be correlated to
the omission of the cationic nd states in the CB DOS cal-
culations.

The differences in the slopes of the experimental and
theoretical Te and Cd L2 and L, edges seem to be the
only indication of any contribution of many-body effects.
Their presence, however, in no way hinders the interpre-
tation of the XAS spectra for semiconductors in terms of
the one-electron theory.
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