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Band structure of BeTe: A combined experimental and theoretical study
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Using angle-resolved synchrotron-radiation photoemission spectroscopy we have determined the dispersion
of the valence bands of BeTe~100! alongGX, i.e., the@100# direction. The measurements are analyzed with the
aid of a first-principles calculation of the BeTe bulk band structure as well as of the photoemission peaks as
given by the momentum-conserving bulk transitions. Taking the calculated unoccupied bands as final states of
the photoemission process, we obtain an excellent agreement between experimental and calculated spectra and
a clear interpretation of almost all measured bands. In contrast, the free-electron approximation for the final
states fails to describe the BeTe bulk band structure alongGX properly.@S0163-1829~98!02739-8#
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I. INTRODUCTION

The current activities concerning electro-optical devic
in the blue-green spectral region have led to a signific
interest in the electronic and geometric properties of II-
semiconductors, in particular of epitaxial II-VI heterostru
tures. These materials can be grown on various substrat
a well-defined fashion by molecular-beam epitaxy~MBE!.1

Recently, the new II-VI compound material BeTe has
ceived considerable attention and it has been demonstr
that epitaxial layers of high structural quality can be p
duced by MBE. BeTe crystallizes in the zinc-blende stru
ture and has a number of technologically interesting prop
ties that make it attractive for the use in optoelectro
devices: Its lattice constant of 5.627 Å is very close to tha
GaAs and ZnSe~mismatch smaller than 0.7%!.2 Further-
more, BeTe has a large bond energy and a much hig
degree of covalency than other wide-gap II-VI semicond
tors such as CdTe or ZnSe, which results in an increa
hardness and stability.3

For the development and optimization of a material
technological applications, i.e., for a controlled band en
neering in superlattices and quantum-well structures, its e
tronic structure and in particular itsk-resolved bulk and sur
face band structure have to be known in detail. The m
powerful experimental method to determine the dispers
E(kW ) of the various occupied bands along a particular dir
tion in k space and to obtain absolute critical point energ
is angle-resolved photoelectron spectroscopy utilizing
early polarized synchrotron radiation.4–8

In contrast to other II-VI semiconductors, to our know
edge, BeTe has been rarely studied experimentally up to
and very little is known about its various physical properti
in particular its electronic structure. Also, theory has not p
much attention to BeTe and only few band-structure cal
lations exist.9 In this paper we present an angle-resolv
photoemission study to investigate thek-resolved band struc
PRB 580163-1829/98/58~16!/10394~7!/$15.00
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ture of BeTe alongGX, i.e., the~100! direction. The mea-
surements were accompanied by and analyzed with state
the-art first-principles calculations of the BeTe bulk ba
structure and theoretical photoemission spectra. This c
bined approach turned out to be very successful. We
identify the electronic transitions that give rise to particu
photoemission peaks and are able to provide both exp
mentally and theoretically the structure of occupied state
BeTe. Both approaches are in good agreement with e
other. Furthermore, we find that the assumption of fr
electron final states for the photoemission process bre
down in the case of BeTe. Our results suggest that a m
better understanding of the origin of the photoemission pe
can be obtained with the application of first-principles calc
lation not only as a theoretical result to compare with, b
rather as a tool to analyze the experimental measureme

II. EXPERIMENT

The angle-resolved photoemission experiments were
formed at the German synchrotron radiation facility BESS
in Berlin using linearly polarized synchrotron radiation in th
energy range from 10 to 19 eV using an UHV system of
Technical University Munich that operates at a base pres
of better than 1310210 mbar. The electron analyzer is
homebuilt angle-multichannel instrument that allows for
simultaneous detection of electrons emitted in the po
angle range from 0 to 90 °, for a fixed azimuth;10 its polar
angle resolution is 2° with an azimuthal acceptance of
The combined energy resolution of monochromator and e
tron energy analyzer, as determined from the width of
Fermi edge of a gold sample, varied from 0.15 to 0.25
with increasing photon energy. All spectra shown belo
have been measured at normal incidence of the incom
radiation. Electron binding energies are referred to
valence-band maximum~VBM ! of BeTe.

The epitaxial BeTe~100! layer were produced by MBE
10 394 © 1998 The American Physical Society
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under UHV conditions in a Riber 2300 four-chamber syst
at the University of Wu¨rzburg. The growth chambers ar
equipped with reflection high-energy electron-diffracti
~RHEED! instrumentation forin situ characterization. The
GaAs~100! substrate (838 mm2) was mounted on a specia
inlay that can be attached onto the 29 sample holder of the
MBE system or the manipulator of the UHV electron spe
trometer. Its temperature was measured by a thermocoup
contact with the molybdenum block holding the inlays. E
taxial GaAs buffers (500 nm) have been used to impro
the quality of then-doped GaAs~100! substrate surface. A
BeTe layer of 100 nm thickness was grown at a subst
temperature of 300 °C in a Te-rich regime as confirmed
the (231) reconstruction observed by RHEED. The stra
of the layer is unknown. Other BeTe layers of this thickne
have been found to be partly relaxed. For the present stu
fully relaxed layer has been assumed. One should note,
even for a not fully relaxed layer no significant changes
the electronic structure~within the accuracy of our study! are
expected due to the small lattice mismatch to GaAs of 0.7

After the growth process the samples were transpo
from the MBE system in Wu¨rzburg to the electron spectrom
eter in Berlin with a specially designed UHV transfer b
that can carry up to six different samples. The pressure in
transfer box, which is pumped by an ion getter pump,
better than 331029 mbar. After the transfer from the MBE
system to the electron spectrometer at BESSY,
BeTe~100! surface showed a sharp (231) low-energy elec-
tron diffraction pattern and there was no indication of co
tamination, as judged by Auger-electron spectroscopy.

III. CALCULATIONS

The experimental studies were accompanied by a fi
principles calculation of the BeTe band structure within t
framework of the density-functional formalism in the loca
density approximation~LDA !.11 The electron-ion interaction
was modeled by norm-conserving, Be21 and Te61 pseudo-
potentials generated according to the scheme of Hama12

taking into account the partial core-charge correction in
exchange-correlation energy functional.13 Because the spin
orbit interaction is known to be very important in telluride
in particular for experiments probing details of the ba
structure, we have explicitly included the spin-orbit intera
tion in the Hamiltonian after a self-consistent solution of t
Kohn-Sham equations has been obtained. A plane-wave
sis set was employed with the cutoff of 14 Rydbergs.

A rather common practice for the assignment of a wa
vector to a measured photoemission peak is to use f
electron, parabolic bands along the surface normal as
states for the photoemission excitation process. In a m
sophisticated approach the calculated bands~possibly within
someab initio scheme! are assumed to be the final state
However, even such a procedure does not unambiguo
explain the origin of measured peaks, because in the cas
a more complicated band structure of the unoccup
states—and BeTe is such a case—the considerations b
on the energy-conservation principle alone, without tak
into account the transition matrix elements and specific p
toemission selection rules, are not sufficient. Therefore
order to trace back the origin of various measured structu
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we have calculated the electron-hole excitation rate for Be
bulk, which gives an essential contribution to the emitte
photocurrent intensity. We have calculated the followi
quantity:5

I ~E,hn!;AEkin (
i , f

l fE dk'tkW f z^ckW i uAW •pW uckW f& z2

3d~Ef2Ei2hn!d~E2Ei !, ~1!

whereckW i , Ei andckW f , Ef are the Kohn-Sham wave func
tions and energies of initial and final states in the bu
I (E,hn) is calculated as a function of the binding energy
occupied statesE and incident photon energyhn; kW5(kW i
50,k') for normal emission.l f is the inelastic mean free
path of final states andEkin is the kinetic energy of detecte
photoelectrons, which is in our calculation taken as the
cess energy of the final states over the vacuum-level ene
tkW f approximates the transmission coefficient across the
face barrier for a final stateckW f .

It should be noted that although the above express
complies with the energy conservation rule and takes i
account the transition-matrix elements as well, it includ
only rather approximatively the presence of the surface
the solid and the many-body effects in the initial and fin
states. In particular, the surface effects are very import
First, the surface gives rise to the presence of surface s
and resonances, which usually show up in the photoemis
spectra ashn-independent peaks. Such states are negle
in our first-principles calculation and we will therefore focu
on the identification of bulk peaks in the experimental sp
tra. A rationale for that could be partially seen in the appli
photon energies, in the range between 10 and 19 eV, w
make the experiment bulk sensitive: the resulting inela
mean free path ranges between 100 and 10 Å.16 Second, final
states of photoelectrons are scattering states with a pr
free-electron-like character far outside the surface.5 For such
states thek'-conservation rule does not apply and nonve
cal transitions are present. Moreover, these states can
their energies within the excitation gaps in the solids, lead
to unexpected and dispersionless photoemission peaks.14 In
order to comply—at least partially—with the surface barr
transition probability and the specific photoemission sel
tion rules, we have allowed only for those final states in E
~1!, which are symmetric under allC4v group-symmetry op-
erations, i.e., have no nodes along the normal to the sur
symmetry axis.15 In addition, the transmission coefficien
across the surface barrier has been modeled astkW f

5(GW uCkW f(GW )u2, where the sum involves only thoseGW vec-
tors that couple most strongly to single plane waves outs
the sample describing an escaping electron in the norma
the surface direction.CkW f(GW ) are the expansion coefficient
in the plane-wave basis of final statesckW f . We have allowed
for the (0,0,62) and the shell of (1,1,1)GW vectors ~in
2p/a units, wherea is the cubic-lattice spacing!. Inclusion
of the GW vectors from the (1,1,1) shell was necessary
order to have in the calculation the peaks designed in F
2–4 by empty circles and squares. These peaks correspo
transitions into final bands of predominantly (1,1,1) char
ter. It is interesting to note that neglecting in Eq.~1! the
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10 396 PRB 58M. NAGELSTRAßERet al.
surface transmission coefficientstkW f leaves the energy pos
tion of calculated peaks unchanged, though the overall s
larity of theoretical and experimental photoemission cur
is slightly worsened as far as the relative peak amplitudes
concerned. However, we would like to stress that mode
the surface transmission coefficient without the presenc
the surface in calculations is a strong simplification. So
progress in this field has been nevertheless rece
reported.17

As far as the many-body effects are concerned, they s
up in several ways as well. First, they lead to energy shifts
occupied and unoccupied bands. This effect is to a la
extent included in our calculation via the empirical shift
conduction bands. A comparison with a calculation do
within the GW approximation18 shows that a rigid shift of
bands is a good approximation in the excitation-energy ra
relevant for our measurements.16 Second, unlike for the
independent-particle theory, which has been applied in
~1! above, the binding and excitation energies of quasipa
cles within a dynamic many-body theory are not sharp. T
quasiparticle states are described by spectral funct
which—although possessing distinct peaks—are continu
functions of energy. Electrons and holes have finite lifetim
which lead to an important relaxation of the energy and m
mentum conservation rule. We are including this effect
replacing thed functions in Eq.~1! by the Lorentzian func-
tions of a width given by the imaginary part of the se
energy, which has been calculated within aGW
approximation.16 Finally, the finite mean free path of elec
trons, which appears in Eq.~1!, originates from the imagi-
nary part of the self-energy and the velocity of excit
electrons.16

Because of the separation of the whole photoemiss
process into decoupled events, our calculations have
structure of athree-steptheory, whereas a proper theory
the photoemission should be ideally aone-steptheory, in
which all the surface and many-body effects would be fu
included. Rather successful attempts towards such a th
have been recently reported for the case of III
compounds.19 Our aim is to obtain as good as possible
understanding of the origin of the measured photoemiss
peaks on the basis of a relatively simple bulk calculati
with an approximative account of surface and many-bo
effects. The success of our approach will be discussed in
next section.

IV. RESULTS AND DISCUSSION

The calculated band structure of BeTe with the expe
mental lattice constant of 5.627 Å is presented in Fig. 1. O
calculation shows that BeTe is an indirect semiconduc
with the minimum of the conduction band at theX point. The
LDA absolute gap is 1.62 eV, which is about 1.1 eV smal
than the experimentally reported values of 2.7 eV~Ref. 20!
and 2.8 eV.1 This is a typical error due to the Kohn-Sha
formalism and the LDA approximation. AGW calculation,
in which dynamical, many-body interactions are to a lar
extent accounted for, gives a value of 2.6 eV for the abso
gap in BeTe.16 Considering the LDA error of 1.1 eV, a valu
of 4.45 eV is obtained for the direct gap at theG point ~see
also Fig. 4 below!, which is in very good agreement with th
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experimental value of 4.5360.1 eV as determined by
ellipsometry.21 The calculated spin-orbit splitting at th
valence-band maximum at theG point is 0.96 eV. The cal-
culated effective masses in the neighborhood of theG point
are 0.34, 0.23, and 0.40 in units of the free-electron m
mel for the heavy holes, light holes, and the spin-split-o
band, respectively.

For the experimental determination of the bulk ba
structure of BeTe along theGX direction, we have measure
photoemission spectra for the~100! surface at normal emis
sion for photon energies between 10 and 19 eV. These s
tra are depicted in Fig. 2 with the binding energy scale r
erenced to the VBM, which is determined by the pe

FIG. 1. Calculated band structure of BeTe~100! along theL and
X direction in the Brillouin zone. The energy scale has been
justed to zero at the valence-band maximum at theG point.

FIG. 2. Overview of angle-resolved valence-band photoem
sion spectra of BeTe~100! collected at normal emission for increa
ing photon energies. The positions of four vertical band to ba
transitions are indicated with different symbols. Two peaks that
attributed to the high density of states close to theG point are
indicated withd; for details see text.
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position of the feature with the lowest binding energy. Ov
all the spectra show a number of well-defined maxima t
disperse with increasing photon energy, i.e., kinetic ene
of the outgoing photoelectron. For four peaks the positio
of the peak maxima are indicated with different symbo
These peaks are assigned to direct transitions from the o
pied to the unoccupied bands of BeTe. The peak positi
have been determined by direct readout, which is the c
monly used procedure in the literature. Note that the de
mination of the peak position is not unequivocal for
peaks. In such cases we have applied the best similarit
neighboring spectra or to the theoretical calculations~see be-
low! as additional criteria. In addition to these bands ther
a peak atEB525.5 eV that remains unchanged in positio
as the photon energy is varied. Forhn.15 eV two addi-
tional peaks are observed between binding energies of 0
22 eV ~each indicated withd) that are not assigned to d
rect transitions between bulk bands; they show some dis
sion away from the energetic position of the valence-ba
maximum; their origin will be discussed below.

For a detailed interpretation of the spectra in Fig. 2,
different peaks have to be assigned tok-conserving transi-
tions from occupied bands to unoccupied bands. The kin
energy and the momentum of the electron in the vacuum
related accordingEkin5(\2/2mel)(k'

2 1ki
2), where ki and

k' are the components of the momentum of the electron
the vacuum, parallel and perpendicular to the surface, res
tively andmel being the electron mass. The parallel comp
nent of the momentum is conserved~modulo a reciprocal
surface lattice vectorGW i) when the electron crosses the su
face, and can therefore be directly determined from the m
mentum in the vacuum. To determine the perpendicular m
mentum inside the crystal, we must know the final-st
bands along the~100! direction. The simplest approximatio
to the final-state band is the free-electron approximation.
potential step at the surface is usually taken into accoun
introducing the inner potentialV0 as the zero for the energ
scale~see, e.g., Refs. 4–8!. For normal emission, the paralle
component vanishes (ki50) and one obtains the electro
momentum perpendicular to the surface as

kf inal5
A2mel

\
AEkin1V01GB , ~2!

with GB being a reciprocal bulk lattice vector. While th
assumption of a free-electron parabola as the final state
the inner potentialV0 as an adjustable parameter is wide
used in the analysis of photoemission spectra, there is
general justification for using this simplified approach and
applicability has to be verified for each system separately
success depends on the kind of a solid and the energy r
of the final states.

In a more sophisticated approach one can analyze
measurements with the aid of a first-principles calculation
the band structure of BeTe. The need of this kind of a
proach is strongly suggested by the dispersion of the un
cupied bands in Fig. 1, which is far from having a fre
electron-like shape. Before the analysis was done,
unoccupied bands from the LDA calculation have be
shifted by 1.1 eV to higher energies in order to fit the expe
mental absolute energy gap of 2.7 eV. However, even w
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the assumed first-principles final states a determination of
initial states is not straightforward. Due to a complicat
shape of the dispersion of the conduction bands in Be
there are, in general, several bulk excited states that coul
final states for a given photon energy.

In order to obtain an unambiguous interpretation of t
experimental spectra, we use an even more stringent c
rion, namely, the direct comparison of experimental and c
culated photoemission spectra for increasing photon e
gies. For this purpose we calculate the electron-h
excitation rate for BeTe bulk, which determines to a lar
extent the emitted photocurrent@Eq. ~1!#. Figure 3 shows the
calculated bulk contribution to the photocurrent~solid lines!
along with the experimental spectra. The calculated cur
were rescaled in intensity. Overall, the agreement betw
calculation and experiment is very good, in spite of the a
plied approximations. The energetic positions of most of
peaks are very close to maxima in the experimental cur
and the overall shape of the spectra is well reproduced.
evaluating Eq.~1! and analyzing the theoretical spectra
more detail we are able to trace back the origin of particu
photoemission peaks in Fig. 3. The dotted line stems fr
the transitions from the lower spin-split occupied bands;
dashed line represents only the transitions from the up
bands~light and heavy holes together!. The solid line is the
sum of both.

The experimentally determined valence-band structure

FIG. 3. Comparison of the experimentally determin
BeTe~100! valence photoemission spectra of Fig. 2~data points!
with the calculated electron-hole excitation rate~solid line!. The
dashed line describes the contribution from the upper occup
bands~light and heavy holes together! and the dotted line is ob-
tained by the transitions from the lower~spin-split! occupied band.
The positions of four vertical band to band transitions are indica
by different symbols. Two peaks that are attributed to the h
density of states close to theG point are indicated withd; for details
see text.
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BeTe between theG andX points is presented in Fig. 4 alon
with the calculated bands of Fig. 1. Only those unoccup
bands are depicted, which, due to their symmetry proper
could be observed in normal emission~see Ref. 15!. They
are shifted upward by 1.1 eV to correct for the LDA err
~see above!. The experimental data points have been o
tained from the photoemission spectra in Figs. 2 and 3 us
the calculated final states by determining thek' value from
the intersection of the unoccupied band with a horizontal l
~dotted lines in Fig. 4! for the corresponding kinetic energy
In the following we will discuss the spectra in detail and w
give the assignment of the various peaks in Fig. 3 that le
to the experimental band structure in Fig. 4. The four rat
strongly dispersing structures that have been assigned t
rect, band-to-band transitions have been labeled with full
empty circles and squares. In addition there are some n
dispersive features. Note that the same symbols are use
indicate the peak position in Figs. 2 and 3 and the bind
energies in Fig. 4.

Both the experimental and the calculated curves in Fig
are rather sensitive to the photon energy. Up to photon e
gies of 11.5 eV, the most intense structure in both exp
mental~full circle! and calculated spectra~dashed curve! is
close to zero binding energy. It corresponds to transiti
from the uppermost occupied states~heavy- and light-hole
bands! around theG point. At around 12 eV, a peak aroun
EB521 eV becomes the dominant structure in the exp
mental~full square! as well as in the calculated curves. Fro
the calculation~dotted line! we conclude that its origin are

FIG. 4. Comparison of the experimentally determined valen
band dispersionE(k') along the~100! direction of BeTe with the
LDA band-structure calculations. The experimental data are
tained using the experimental spectra in Figs. 2 and 3 and the
culated unoccupied bands of Fig. 1 shifted to higher energies
1.1 eV ~see text!; only those final state bands are shown that c
actually be observed in normal emission~Ref. 15!. The unoccupied
bands are labeled as bands 1–6 with increasing energy. Note
the same symbols are used in Fig. 2–4. As examples, three tr
tions are indicated with vertical arrows.
d
s,

-
g

e

ds
r
di-
d
n-
to

g

3
r-
i-

s

i-

transitions from the lower spin-split bands close to theG
point. Starting aroundhn513 eV, an additional intense
peak~at about22 eV) can be clearly identified in the ca
culation ~dashed line! as well as in the experiment~open
circle!. This peak is also present at lower photon energ
~albeit with much lower intensity! and exhibits strong disper
sion as the photon energy is increased, fromEB520.5 eV
at hn511 eV to close to23 eV at the highest photon en
ergies. It is assigned to transitions from the upper occup
band in an intermediatek' region between theG andX point
to final state band 4 in Fig. 4. Beginning athn514 eV the
peak atEB50 eV ~full circles! exhibits a shoulder that de
velops into a clearly dispersing peak, which has the larg
intensity in the calculation~dashed line!. It is attributed to
transitions from the upper occupied bands alongGX to final
state band 5. A very similar behavior is seen for the band
21 eV ~full squares, dotted line!: Starting athn515 eV a
shoulder is observed at the high-binding-energy side that
perses to higher binding energy as the photon energy is
creased. It is assigned to transitions from the lower occup
band to the final-state band 5 in the first half of the Brillou
zone.

As a next step we will discuss the origin of the two on
weakly dispersing peaks~indicated withd) between binding
energies of 0 and22 eV, in the experimental as well as th
calculated spectra for higher photon energies. Based on
calculation we assign them to transitions from the upper
the lower occupied band close toG to different final states:
Due to their short lifetime the final states are significan
broadened@from about 0.25 to 3 eV for excitation energie
between 10 and 40 eV~Ref. 16!#, and therefore transitions
close toG are observed throughout the photon energy ra
studied owing to the existence of various final-state ba
between 8 and 16 eV~bands 3–6! and the high density of
occupied as well as unoccupied states in the neighborhoo
this point. It is worth noting that the presence of almo
nondispersive features around the valence-band maximu
rather commonly observed in photoemission experiments
other II-VI, III-V, and elemental semiconductors.7,22,23 A
first and most often assumed interpretation is that these p
are due to surface states. This is a plausible interpreta
and the fact that our bulk calculation for larger photon en
gies (.16 eV) does not reproduce the experimental spe
as well as for lower energies seems to support this poin
view. First of all, there is no direct emission from bulk stat
in this energy range. Second, for higher photon energies
inelastic mean free path of excited photoelectrons is sma
and, therefore, the experiment could be more sensitive to
surface region. Moreover, in the case of CdTe~100! surface,
calculations of the surface electronic structure predict a s
face resonance in this energy range.24 On the other hand, a
rather universal character of this feature showing up in m
systems with different geometric and electronic structures
the surfaces, as well as in the results of our strictly b
calculation, seems to indicate the many-body~broadening of
final states! origin of this feature. Our assumed rigid shift o
the empty bands is certainly a worse approximation
higher bands than for lower bands,25 which together with the
neglect of the scattering character of final states could
responsible for the poorer agreement between our calcula
and experiment for higher photon energies. It is possible
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both affects play a role here and on the basis of our exp
ment and calculation we cannot make a definitive statem
about their relative weight. The existence of surface sta
for BeTe~100! will be a subject of a future study.26

At this point we want to come back to the rather stro
sensitivity of both the experimental and calculated spectr
photon energy belowhn514 eV and show that in this pho
ton energy region the assignment of experimental peak
particular transitions has to be performed with great caut
This becomes evident, if we analyze in more detail the
havior of the dispersing structure denoted with full circles
Fig. 3, which corresponds to transitions from the upper
cupied bands. Forhn510 eV the final states for this struc
ture are provided by the unoccupied band 3 in Fig. 4.
creasing the photon energy to 11 eV, the final states
given by the empty band 4 and the full circles in Fig. 3 sh
a dispersion towards the zero binding energy that is reac
at hn511.5 eV. Strictly speaking, the final state energy
the full circle structure athn511.5 eV is a small fraction of
an electronvoltabovethe calculated~and shifted! LDA band
4 in Fig. 4. However, due to the lifetime broadening~see
above! of this band this transition is still very pronounced,
is clearly seen in the calculated spectrum of Fig. 3. Forhn
512 eV, the final-state energy lies between final-state ba
4 and 5 around theG point in Fig. 4. Nevertheless, the life
time broadening allows us to observe a peak with a bind
energy somewhat below the VBM and clearly smaller inte
sity; it is of the same origin as the weakly dispersing peak
higher photon energies~see above! and is therefore also in
dicated with ‘‘d’’ in Fig. 3. The second time the VBM is
reached athn512.5 eV in both experiment and calculatio
For this and higher photon energies the intensity of the p
~indicated with full circles! increases, which is related to th
fact that now the strong transitions to the empty band 5
cur. The behavior of the peak at21 eV binding energy~full
squares! can be understood along the same lines.

We next discuss the peak that is marked with op
squares and that is first observed atEB522.8 eV for hn
512 eV and disperses to higher binding energy as the p
ton energy is increased. For the highest photon energie
merges into the nondispersing peak atEB525.5 eV. This
dispersing feature is assigned to transitions from the lo
occupied band in the second half of the Brillouin zone, i
closer to theX point into unoccupied band 3. While the bind
ing energies in calculation and experiment are in nearly p
fect agreement for this structure, the experimental intensit
larger than expected from the calculation. For bulk init
and final states with no spin-orbit interaction and our nom
nal experimental setup (EW vector of the photon field in the
surface plane! these transitions are symmetry forbidden. B
considering the spin-orbit interaction, the selection rules
relaxed and emission from the lower band is allowed,
transition amplitude being, however, very small. One rea
for the pronounced, experimentally observed intensity of t
peak could be a nonperfect experimental setup, i.e., du
the integration over an angular range of 3° and a poss
misalignment of the sample that should, however, be sma
than 5°. To simulate this situation, the calculation in Fig
has been performed with the light incoming to the sam
with an angle of 5 ° with respect to the surface normal. A
other reason for the enhancement of the intensity of this p
ri-
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could be the larger inelastic mean free pathl f of final states
corresponding to this transition as compared to peaks
lower binding energy. Since the inelastic mean free path
excited electrons shows a characteristic minimum at ab
50 eV and the final states in our experiment correspond
the rather steeply descending part of thel f vs excitation
energy curve, this many-body effect also turns out to be
portant here. We have included in our calculation this eff
as well, but nevertheless, the experimental intensities rem
still larger. It cannot be excluded that the final states relev
for these transitions couple more strongly to free-elect
states outside the sample and could be more easily dete
than our bulk calculation can predict.

Finally, we discuss the strong dispersionless structure
EB525.5 eV that is observed in the experimental spec
A similar, nondispersive structure has also been observe
other II-VI and III-V semiconductors and is usually inte
preted as originating from indirect transitions from a hi
density-of-state region around theX point.27 This interpreta-
tion is plausible, because the binding energy of25.5 eV
agrees very well with the band-structure calculation. In o
calculation of photoemission spectra from the bulk ba
structure, no indirect transitions are allowed and, therefor
dispersionless feature is not observed. One should, howe
mention that a contribution from a surface state, which h
been proposed for various compound semiconductors in
energy range, cannot be ruled out. In particular, a very rec
calculation for the GaN~001! surface supports the las
interpretation.19

V. SUMMARY AND CONCLUSIONS

We have investigated the band structure of BeTe alo
GX using angle-resolved UV-photoelectron spectrosco
and theoretically determined photoemission spectra base
a LDA band-structure calculation. The agreement betw
the experimental and calculated spectra is very good
allows a detailed assignment of the various photoemiss
peaks. The experimentally determined band structure of
occupied bands that has been obtained using the calcu
unoccupied band structure is in excellent agreement with
calculated occupied band structure as is evident from Fig
This is a strong indication for the fact that the LDA ban
structure of both occupied bands and unoccupied ba
when corrected by a uniform shift is a good description
the electronic structure of BeTe in the excitation ener
range relevant for our experiment.

We want to mention that an interpretation of the expe
mental photoemission spectra of BeTe~100! based on the as
sumption of free-electron final states does not lead to me
ingful results,28 at least in the photon energy range applied
the present study. This is immediately obvious from the
spection of the unoccupied bands in Figs. 1 and 4. None
the bands can be approximated by a free-electron para
and, therefore, the interpretation based on this assump
necessarily has to fail. However, we would like to stress h
an even more important aspect of this problem: with a pro
choice of the inner potentialV0 , which plays the role of an
empirical parameter for the assumed free-electron fi
states, one could obtain a plausible picture of the occup
band structure. The case of BeTe shows, however, that
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assignment of the origin of photoemission peaks in such
approach would be for many photoemission features dif
ent from the correct assignment obtained within our fir
principles scheme.

The assignment of the various peaks in the experime
spectra is considerably simplified by comparison to the c
culated ones. This is particularly true for peaks that ha
only small intensity. Another important point that we wou
like to stress and that has been often neglected in the pa
the broadening of the final states that leads to nondisper
or only weakly dispersing states due to transitions close
the G point in the calculated as well as the experimen
spectra. For BeTe these effects explain the weakly disper
peaks close to the valence-band maximum for high pho
energies, although other explanations cannot be exclude

FInally, we would like to mention that the evidence f
the necessity of a more realistic account of final states in
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analysis of photoemission data is growing. Recently,
method combining an experimental determination of the
occupied band structure via the very-low-energy electron
fraction with the photoemission experiments has be
reported.29 Conclusions about the importance of final sta
similar to ours are also contained in the calculation of R
19.
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