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Angle-resolved synchrotron-radiation photoemission spectroscopy was used to determine the
spin-orbit splitting between the 'y and I'; valence bands and to map the dispersion E (k) of the
light- and heavy-hole bands as well as the split-off valence band along the [100] direction in CdTe.
At a photon energy of hv=10 eV, we find that a direct transition from the Brillouin-zone center is
possible only from the highest occupied I'y valence band, while for hv=11 eV, the split-off I'; band
has comparable transition probability and also contributes to the normal-emission spectrum. The
measured spin-orbit splitting Ag, , =0.95 eV is in agreement with values reported from optical mea-
surements. The experimentally determined valence-band critical-point energies are X; < —1.4 eV,
X¢=—22¢eV,and X;=—4.4 eV. A comparison of these data points as well as the dispersion be-
havior of the top three valence bands is made with results based upon nonlocal pseudopotential,
tight-binding, and self-consistent local-density approximations.

I. INTRODUCTION

Optical-spectroscopy techniques such as
electroreflectance provided the bulk of experimental data
needed to understand the electronic band structures of
semiconductors.! Based on the critical-point energies
determined through measurements of group IV and many
II-VI compound semiconductors, theoretical schemes
were developed to calculate electronic band dispersions
throughout the entire Brillouin zone. Among the various
theoretical methods, relativistic othogonal-plane-wave
(OPW) and empirical pseudopotential band calculations
were by far the most successful in predicting characteris-
tic valence- and conduction-band features as well as opti-
cal properties of many representative semiconducting ma-
terials.?3

Even though optical spectroscopy has made enormous
contributions to today’s understanding of the electronic
properties of solids, many optical measurements suffer
from a shortcoming. They are differential techniques,
and as such one can often not read energies directly from
them. Recent studies indicate that electrorefelectance
data which contain first- and second-order derivative
components often do not allow direct determinations of
critical-point energies with high accuracy.* In addition
to this, it was also pointed out that these measurements
can be especially sensitive to the surface quality of the
sample. Small defect-containing regions of the sample
surface or at the interface can produce strong
electroreflectance signals which give rise to a critical-
point energy and linewidth not representative of the bulk
material.>$

Even if some of these technical problems related to
standard derivative measurement techniques are solved,
differential optical spectroscopies still provide limited in-
formation about semiconductor band structures. In par-
ticular, the total signal is the result of transitions coming
from throughout the Brillouin zone, rather than from a
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specific and well-defined point in k space. Optical spec-
troscopy cannot be used to measure the band dispersion.
In addition to that, optical spectroscopy can provide ac-
curate transition energies only between valence and con-
duction bands but cannot, in general, determine the abso-
lute energy position of critical points with respect to a
reference energy, e.g., the valence-band maximum.

An experimental technique capable of determining ab-
solute critical-point energies and the dispersion E(k) of
valence bands is angle-resolved photoelectron spectrosco-
py (ARPES). During the last decade, ARPES has proven
itself to be a very powerful experimental technique for in-
vestigating the bulk and surface electronic band struc-
tures of solids. Due to the interplay of several factors,
such as (i) the availability of high-quality crystals, (ii) the
minor contamination problems of some clean semicon-
ductor surfaces under ultrahigh-vacuum conditions, and
(iii) the presence of only a few valence bands with rela-
tively strong dispersions, ARPES was very successful in
the investigation of group IV, II-VI, III-V, and IV-VI
compound semiconductors.”!* For a review about more
recent ARPES experiments investigating surface and
bulk electronic properties of semiconductor surfaces and
interfaces, see Ref. 14.

In this paper, we report on normal-emission ARPES
data from CdTe(100). The strong photon energy depen-
dence of the spectral features from the top of the
valence-band region allow us to determine the spin-orbit
splitting Ae, , unambiguously, as well as the width of the
split-off band and the dispersion of the valence bands
along the [100] direction. Our measurements also pro-
vide clear evidence of a ~1-eV gap between the G _,
and G, final-state bands at the Brillouin-zone center.
The energy of this gap is ~ 11 eV above the valence-band
maximum.

The measured spin-orbit splitting Ag,, =0.95 eV
agrees to within our experimental uncertainty of =+25
meV with earlier electroreflectance and photolumines-
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cence measurements.'>!® The experimentally determined
dispersion of the heavy- and light-hole valence bands
agrees well with predictions based on nonlocal pseudopo-
tential calculations. For the width and dispersion of the
split-off valence band, however, we find a small but no-
ticeable discrepancy with theoretical predictions.>»!” Our
data imply a width of 4.4 eV, whereas a nonlocal pseudo-
potential calculation predicts a width of 5.05 eV. A com-
parison of the experimentally determined critical-point
energies with results of various band-structure schemes
indicates that the dispersion of the split-off valence band
is generally overestimated in all model calculations.

II. EXPERIMENT

The photoemission experiments were performed at the
University of Wisconsin’s 1-GeV electron storage ring
Aladdin. A Seya-Namioka beamline was used to provide
monochromatic synchrotron radiation in the energy
range hv=9-32 eV. The experimental setup consisted of
a hemispherical sector analyzer mounted on a two axis
goniometer. The total angular acceptance of the electron
analyzer was 1.5°. The experimental energy resolution
has contributions from both the monochromator and the
electron analyzer. The total combined resolution as
determined by the width of the Fermi level emission from
the metallic clips of the sample holder was 0.15 eV at the
high-energy photon end of the range, and slightly better
at the low-energy end of the accessible photon energy
range. Electron binding energies in this paper are re-
ferred to the Fermi level. All photoemission spectra were
taken with the incident light 60° from the sample normal,
and the analyzer positioned along the sample normal.
The base pressure of the photoemission chamber was
better than 1 X 10719 torr.

The CdTe single crystal was 10X 10 mm? in size and 1
mm in thickness, with the surface normal oriented along
the [100] direction. The sample had been mechanically
polished and chemically etched before insertion into the
UHV system. Sputtering with 1-kV Ar™ ions for two
hours and annealing up to 280 °C for 30 min produced
atomically clean and well-ordered surfaces.'® After the
final UHV cleaning cycle, the sample showed photoemis-
sion core spectra which were free of features characteris-
tic of an oxidized and contaminated CdTe surface. In ad-
dition to that, the normal-emission valence-band spectra
showed strong dispersive structures which are also an in-
dication of an atomically clean and highly ordered sur-
face.

During the cleaning cycles we monitored the improve-
ment of the structural properties of the CdTe sample by
reflection high-energy electron diffraction (RHEED).
Figure 1 shows an intensity profile of a single line from a
digitized RHEED image consisting of a total of 480 lines
with 640 pixels per line. The intensity distribution was
measured along a line perpendicular to the [100] sample
normal with an electron energy of E;=20 kV. The elec-
tron angle of incidence was ~2° with respect to the sur-
face plane of the sample pointing along the [011] az-
imuth.

The line profile shows strong reflection peaks originat-
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ing from the (00) reflected beam as well as the (01) and
(01) lattice points. Weaker fractional-order peaks which
are located between the main diffraction peaks are caused
by a reconstruction of the surface which has the periodi-
city of two lattice constants for the direction perpendicu-
lar to the [011] azimuth. Previous work by Ebina and
Takahashi reports a 3X 1 and a faceted 1X1 reconstruc-
tion for CdTe(100) surfaces after different thermal treat-
ment of the sputtered samples.!® The difference in the
observed reconstruction is most likely caused by different
annealing conditions. In previous experiments with
CdTe substrates we observed modifications in the recon-
struction as well as in the surface chemistry for annealing
temperature above ~320°C.

III. RESULTS AND DISCUSSION

Figure 2 shows a selection of normal-emission
valence-band spectra of CdTe(100). As one can see from
Fig. 2, the emission features from the upper part of the
valence-band emission are very sensitive to the selected
excitation energy. For hv=9 eV the valence-band emis-
sion is relatively weak and unstructured, while for
hv=10 eV the valence-band spectrum consists of a single
strong and sharp emission feature. Increasing the photon
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FIG. 1. RHEED intensity profile of CdTe(100) surface along
the [011] azimuth. The kinetic energy was E; =20 keV and the
angle of incidence ~2°.
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energy by another volt adds a second feature to the upper
part of the valence-band spectrum and slightly disperses
the leading peak further back into the valence band.

The dispersion of the two valence-band peaks contin-
ues with increasing photon energy as can be seen from
the spectrum taken with Av=16 eV, which is displayed
in the upper part of Fig. 2. Excitation with 16 eV pho-
tons also opens an additional transition channel which
appears in the valence-band spectrum as a third peak lo-
cated between the two initial structures. The appearance
of new photoemission structures with increasing photon
energy can easily be explained by direct transitions from
the valence bands at the I' point. Figure 3 shows
schematically the direct transitions (e.g., k”=0) which
contribute to the normal-emission valence-band spectrum
characteristic for a spin-orbit zinc-blende-type semicon-
ductor. In order to understand the sequence of emission
features developing with increasing photon energy, it is
not necessary to know the exact shape of the final-staie
bands E,. However, as we will demonstrate later in the
paper, the nearly-free-electron approximation of the
final-state bands does describe our data reasonably well
over most of the Brillouin zone. The only noticeable de-
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FIG. 2. Normal-emission valence-band spectra of CdTe(100).
The spectra were measured with photon energies around the on-
set of transitions from the valence-band maximum at I'y.
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FIG. 3. Direct transition scheme describing the normal-
emission angle-resolved photoemission transitions evolving
from the heavy-hole (hh), light-hole (lh), and split-off (s.o0.)
valence band into the G, final-state band.

viation from the free-electron-like band can be observed
in the vicinity of the Brillouin-zone boundaries. The
reason for these deviations is the periodic crystal poten-
tial which causes the bands to split at the boundary and
to open an energy gap.

The presence of the final-state gap which® we have in-
cluded in Fig. 3 can directly be seen in the valence-band
spectra measured with low photon energies. In agree-
ment with the data shown in Fig. 2, one can argue that
the energy between the I'y valence-band level and the
final-state band near the zone center (k ~0) is ~10 eV.
Consider the bottom spectrum in Fig. 2 which was mea-
sured with 2#v=9 eV. This photon energy is too small for
transitions from either the I'; or I'y levels to the upper
branch of the final-state band. However, it is also too
large to cause transitions to the lower branch of the
final-state band. As a consequence of the final-state gap,
there is no strong emission feature in the spectrum which
could be traced back to direct transitions. The remaining
much weaker features present in the spectrum result from
nonprimary cone and indirect emission. Based on the ab-
sence of strong direct transitions in the photon energy
range hv~9-10 eV, we estimate the final-state band-gap
width to be ~1eV.

Increasing the photon energy to Av=10 eV leads to a
sharp peak which we have identified as the valence-band
maximum I'y. It is at this energy that a transition from
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the I'g level to the final-state band just becomes possible.
Increasing the photon energy to hv=11 eV forces the
transitions to come from the slightly downward dispers-
ing branch of the A; band away from the I'g point. Since
the initial-state band starts out with a very weak disper-
sion, photoemission features appear to remain constant in
energy while the photon energy increases. The derivative
of the valence-band spectrum, however, is very sensitive
to small energy shifts and does clearly indicate the onset
of the dispersion as can be seen in Fig. 4 where we display
the numerical second derivatives d2N /dE? of spectra
measured with Av=10, 12, and 13 eV. The most striking
observation is the appearance of emission associated with
the I'; level. This is as it should be, since now the photon
energy is just large enough to cause a transition from I';
to the final-state band.

From the distance in energy between the I'g and I'; lev-
els in the hv=10 and 12 eV spectrum, we can directly
measure the spin-orbit splitting. Figure 4 shows the
second derivative of the spectra, from which we mea-
sured the spin-orbit splitting to be Aey,=0.95 eV. Note
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FIG. 4. Second derivative of selected normal-emission

valence-band spectra of CdTe(100). The spin-orbit splitting
I's—I';=0.95 eV is determined from the spectra measured at
hv=10 and 12 eV. Note that for Av=12 eV the I'y valence
band starts to disperse away from the valence-band maximum
while the I'; state can contribute to the emission.
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that our conclusion that these two features indeed
represent the I'-point splitting and are not related to
emission averaged over a section of the Brillouin zone re-
lies only on the existence of a final-state band with a gap,
but not on its specific shape. Also, the I'g level has not
started to disperse at a photon energy of Av=11 eV, as
we could easily tell by comparing photoemission spectra
taken with slightly higher photon energy. The spin-orbit
splitting as determined by ARPES is in reasonable agree-
ment with optical measurements of CdTe.!>16:20

Further increases in the photon energy are equivalent
to mapping transitions along the [100] direction towards
the X point in the Brillouine zone. The top curve of Fig.
3 shows a normal-emission spectrum taken with a photon
energy hv=16 eV. At this excitation energy, emission
arises from approximately one-tenth the distance to the X
point, as we will prove later in the paper. This transition
is far enough away from the zone center so that the I'y
level has split into two As levels which are clearly
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FIG. 5. Normal-emission valence-band spectra of CdTe(100).
For excitation energies ranging from Av=16 to 30 eV the split-
off As band disperses over the whole Brillouin zone. Note the
persistence of photon energy independent emission at ~4.4 eV
which is caused by indirect transitions from a high-density-of-
state region around the critical valence-band point X.
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resolved as two peaks, followed by a third originating
from a strong direct transition from the remaining A,
valence band.

The dispersion of valence-band features over larger
sections of the Brillouin zone is summarized in Fig. 5
where we show a selection of normal-emission valence-
band spectra taken with photon energies in the range
hv=16-30 eV. While for Av=16 eV the direct transi-
tions occur from near the zone center at I', emission is al-
most from the zone boundary at the X point for direct
transitions excited with Av=30 eV. With increasing
photon energy we also note a relative increase in the tran-
sition probability from the split-off band with respect to
the transitions from the heavy- and light-hole bands
throughout the entire Brillouin zone.

The observed drop in intensity for transitions away
from the T point is a consequence of selection rules.?!??
If one were to ignore the spin-orbit perturbation, then the
appropriate point group for the crystal is 7;. The I'g and
I'; levels which we have been discussing collapse into a
triply degenerate I', level. Along the [100] direction, the
nonzero k vector reduces the effective point group to C,,,
which has nondegenerate levels A; through A,. The
operator associated with the transition is the dipole
operator A-p, which has A; symmetry in C,, for all po-
larizations of the incident electric field.

The final-state band is free-electron-like, and also has
A, symmetry in C,,. Therefore the only band along the
[100] direction with a nonzero transition probability is
the A; band, which is the one with the strongest disper-
sion. The inclusion of the spin-orbit interaction changes
the symmetry and thus the nomenclature of this argu-
ment from single group to double group notation. The
underlying physics, however, is not changed. All bands
assume A5 symmetry and the strongest dispersing is the
split-off band with the highest transition probability.

To determine the dispersion relation E(k) of the
valence-band features we assumed a direct transition
model with a free-electron-like final-state band. In a pre-
vious ARPES study of the CdTe(110) surface'® we found
that the normal-emission valence-band spectra could be
modeled with a simple parabolic band E,
=(h’k}/8m°m)—E,. The energy offset E,, which
represents the bottom of the muffin-tin potential for elec-
trons inside the crystal, is measured with respect to the
Fermi level. Using the free-electron-like-state bands, the
initial-state electron momentum is easy to determine.
For normal-emission spectra the perpendicular com-
ponent of the initial-state wave vector is
k;=[(87°m /h*) (hv—E,+E,)]—G, where G is a
reciprocal-lattice vector.

For a (100) surface, G vectors with a parallel com-
ponent G, =0 which can contribute to the normal-
emission spectrum are integer values of G,y The most
prominent features in the normal-emission spectra origi-
nate from G =0 transitions (primary cone emission).
There is also a possibility of reciprocal wave vectors with
G, 7#0 (surface umklapp and secondary cone emission) to
contribute to the normal-emission spectrum. However,
their intensity is significantly smaller and spectral struc-

tures arising from those transitions are easily dis-
tinguished from the direct, primary cone, emission
features.

Figure 6 compares the experimentally determined band
structure of CdTe along the I'X direction with an empiri-
cal nonlocal pseudopotential calculation by Chelikowsky
and Cohen (solid line) and with an energy-dependent
semiempirical nonlocal scheme by Humphreys and
Srivastava (dashed line).>?* The data points are from a fit
of the experimentally determined initial-state energies to
the final-state bands with an inner potential of E;=4.5
eV which was determined as free fitting parameter. The
free fit of the inner potential resulted in a value very close
to what was independently determined by earlier ARPES
from CdTe(110) surfaces.’*!® As one can see from Fig. 6
there is good agreement between experiment and Cheli-
kowsky and Cohen’s calculation for the dispersion of the
top two As valence bands. The energy separation of the
spin-off band is also quite accurately verified by the ex-
perimental data whereas the total width of the split-off
band seems to be ~0.7 eV narrower than the theoretical

Energy (eV)
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FIG. 6. Comparison of the experimentally determined
valence-band dispersion E (k) along the (100) direction of CdTe
with band-structure calculations by Chelikowsky and Cohen
(solid line) and Humphreys and Srivastava (dashed line) (Refs. 3
and 23).
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predictions. Compared to an earlier ARPES study of
CdTe(110) by Silberman et al.?® our data describe the re-
gion around the valence-band maximum much better.
Differences in absolute binding energy of the order of
~0.5 eV are easily caused by either not determining the
critical-point energy by means of a closely selected set of
photon energies or as in the case of Silberman et al. by
placing the zero of the initial-state energy to the onset
(leading edge) of the angle-resolved valence-band emis-
sion.

The presence of a nondispersive valence-band feature
at ~4.4 eV binding energy which can be explained by in-
direct transitions from a region of high density of states
around the X¢ point does provide strong additional sup-
port for our experimental findings of an overestimation of
the dispersion of the third CdTe valence band in Cheli-
kowsky and Cohen’s nonlocal pseudopotential scheme.
Our observation is not singular but seems to be of a more
general nature typical to the special choices of nonlocal
potential variation. Disagreement with the predicted
dispersion and energy position of the third valence band
was observed for several zinc-blende semiconductors in-
cluding InSb and GaAs.!!»2610

It was suggested that the apparent shortcomings in
predicting the absolute energy position and dispersion re-
lation within the nonlocal pseudopotential theory could
be improved by including a nonlocal d-well potential.
Humphreys and Srivastava used an energy-dependent
nonlocal pseudopotential scheme where they included a
one-parameter anion d-well term.?* The inclusion of the
energy-dependent nonlocal corrections for both the s and
d term in the potential does modify the energy position as
well as the dispersion of the valence band. Humphreys
and Srivastava’s band structure (dashed line in Fig. 6)
was calculated by including the above-mentioned effect of
a nonlocal energy correction term. The incorporation of
the correction term reduces the dispersion of the third
valence band and describes the experimentally deter-
mined band dispersion of the third valence band much
better.

However, the narrowing of the valence-band dispersion
does not seem to be restricted to the split-off band, but
also diminishes the light- and heavy-hole valence-band
width. The critical point energies for the X, and X,
valence-band level are ~0.3 eV smaller than those calcu-
lated by Chelikowsky and Cohen. The discrepancy be-
tween the experimental data and the calculated disper-
sion of these bands is quite obvious and seems to be of a
more general nature inherent to the characteristics of the
calculation method.

A more recent attempt to describe the electronic struc-
ture of CdTe by means of a self-consistent local-density
formalism was made by Cade and Lee.!” While the calcu-
lated spin-orbit splitting A, =0.952 eV and the energy
position of the heavy- and light-hole valence band agree
well within our experimental findings, the local-density
approach still overestimates the width of the split-off
band by ~0.32 eV. The fact that the width of the split-
off band is overestimated by ~ 8.5% may be used as fur-
ther input for additional correction terms in order to
refine the calculation scheme. It should be noted that the
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local-density approach is very successful in analyzing the
electronic structure of metals. However, in determining
the band structure of semiconductors, the method is
prone to still show some systematic shortcomings. For
instance, due to the discontinuity of the self-energy at the
semiconducting gap, calculated band gaps tend to be
significantly smaller than experimentally established
gaps.

During the last years, several band-structure schemes
were used to describe the bulk electronic properties of
CdTe. Without going into the details of the special mer-
its of the individual approaches, a general statement
about their validity can be made. Even though they all
claim satisfactory general agreement with nonlocal pseu-
dopoential calculations, optical data, and density-of-state
features derived from x-ray and angle integrated UV-
photoemission spectra, they fail to predict the dispersion
and absolute energy position of several high-symmetry
points in the valence band. Table I compares selected
high-symmetry valence-band energies of several band-
structure schemes with values obtained from the present
ARPES and optical measurements of CdTe.

It should be mentioned that the ARPES measurements
are performed at ~300 K while band-structure calcula-
tions represent critical-point energies at 0 K. Optical
data are usually measured at low temperatures and can
thus be directly used for a comparison. In order to ac-
count for the higher temperature in the ARPES measure-
ments one should correct the results against the
temperature-dependent shift of the band structure. How-
ever, according to temperature-dependent photolumines-
cence spectra of CdTe as well as temperature-dependent
measurements of the dielectric function of related zinc-
blende compound semiconductors the ARPES valence-

TABLE 1. Comparison of selected theoretical and experi-
mental valence-band critical-point energies of CdTe. Energies
are referenced against the valence-band maximum at ['3=0eV.

Method I, X, Xe X,
NPM? —0.89 —1.60 —1.98 —5.05
SENPM" —0.89 —1.30 —1.64 —4.54
TBM® —0.93 —1.25 —1.71 —3.29
CPA¢ —0.92 —1.57 —2.00 —5.02
SLD¢ —0.95 —2.03 —2.40 —4.72
ARPES’ —0.95 <—1.40 —22 —4.40
ERS? —0.91

TSh —0.945

PLS! —0.94

“Nonlocal pseudopotential method, Ref. 3.

®Semiempirical nonlocal pseudopotential method, Ref. 23.
‘Tight-binding method, Ref. 31.

dCoherent-potential approximation, Ref. 32.
Self-consistent local-density method, Ref. 17.
fAngle-resolved photoemission spectroscopy, present paper.
tElectroreflectance spectroscopy, Ref. 15.

hPransmission spectroscopy, Ref. 20.

iPhotoluminescence spectroscopy, Ref. 16.
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band critical points are shifted by not more than ~50
meV towards smaller energies.'®?”2® The thermally in-
duced shift is within our experimental uncertainty and
thus not worth correcting for.

IV. CONCLUSIONS

The present paper shows that synchrotron-radiation
ARPES of CdTe(100) is very useful to map critical-point
energies as well as the dispersion E(k) of valence bands.
Even though photoemission spectroscopy cannot com-
pete with the higher-energy resolution intrinsic to optical
spectroscopy, derivative techniques combined with the
availability of finely tuned synchrotron radiation allow
ARPES to provide valuable information to serve as criti-
cal reference for future correction terms to be added in
improved band-structure calculations.

Advancements in the photoemission instrumentation
as well as in sample preparation and data analysis allow
ARPES measurements of high precision which could be
utilized for a more rigorous comparison with theoretical
predictions. Instead of adjusting empirical tight-binding
calculations so that they fit the experimental data, as
done in the case of GaAs, it may be of greater general in-
terest to point out discrepancies of ARPES results with
current state of the art calculations.?>* In that regard it
would be of special help, if theoreticians treat these ex-
perimental efforts as a critical test of their models.

However, one should also note that we compare
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theoretical one-electron properties with results obtained
by an excitation spectroscopy and some of the observed
discrepancies may well be related to many-body effects.
Angle-resolved photoemission from nearly-free-electron
metals indicates a band-gap narrowing which can be
directly linked to the electron density by considering the
quasiparticle self-energy tqrm.33 At a typical electron
density of ~3X10% electrons/cm?, the observed band
width narrows by ~0.7 eV.

Unfortunately our present understanding of how these
many-body effects may modify the one-electron proper-
ties of semiconductors has not yet developed. The
presently used framework of the interacting electron
gas®* is most likely not suitable for a study of many-body
effects in tetrahedrally coordinated semiconductors.
However, considering the fact that carrier densities in a
typical semiconductor are several orders of magnitude
smaller than in a free-electron metal, one may expect a
minor correction of the single-particle energy E (k) by the
quasiparticle self-energy term 2(k,E ).
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