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We report calculations of photoemission spectra including final-state effects for normal emission

from GaAs(110) and compare the results with measurements. In the calculations we consider the

matrix elements between initial tight-binding and final pseudopotential wave functions. All peaks of
the experimental energy-distribution curves can be explained in the direct-transition model using

structure plots, except one transition, which is explained by a surface state. Experimental and

theoretical spectra compare well concerning energy position and intensity.

I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES)
is an important tool for the experimental determination
of semiconductor energy-band structures. With this
technique one is able to study bulk as well as surface
bands. For instance, the GaAs(110) surface has been the
object of several ARPES measurements (see, for example,
Refs. 1 and 2), and is at present one of the best experi-
mentally understood semiconductor surfaces. Therefore
it lends itself as a prototype for a theoretical photoemis-
sion calculation which is closely related to energy-band-
structure calculations including surface bands. There are
various theoretical methods for the calculation of energy
bands. In the region of the valence bands, empirical
tight-binding methods (ETBM's) are used successfully to
calculate the band structure of the bulk and the surface.
Because of their simplicity, these methods are still in use,
though more advanced methods exist. In the range of
higher electron energies a pseudopotential calculation
should be utilized because of the natural similarity of the
conduction bands with free-electron parabolas.

The energy distribution of photoelectrons depends on
both the initial- and final-state bands. For a first step in
the interpretation of experimental spectra, so-called
"band-mapping" methods have been developed. These
methods only concern the position of the structures
found in the spectra, relating them to the bands involved
in the transition process, and they are only applicable in
the model of direct transitions. The photoemission inten-
sity remains undetermined.

This is the starting point of our work. Our aim is to
calculate energy-distribution curves (EDC's) with regard
to known band structures of the initial and final states. It
necessarily involves the computation of the matrix ele-
ments of the phototransition between those states. We
choose normal emission, because the interpretation of the

II. METHOD OF CALCULATION

A. Photoemission

The model is based on the "golden-rule" formulation
of the photoemission according to Feibelman and East-
man and others. The intensity of the differential photo-
current is given by

I-(E„;„)'~'g((4f~D[4; ) ~'5(Ef E; fico), — —(2.1)

where the summation runs over all initial states N; and
final states 4f with energy E; and Ef, respectively, Ek;„
is the kinetic energy of the photoelectrons, D the dipole
operator, and Ace denotes the energy of the incident pho-
tons.

Many-particle effects inhuence the photoemission pro-
cess in several ways. The photoelectron and the remain-
ing hole are quasiparticles, which interact with the
embedding electron gas. This effect is considered by in-
troducing finite lifetimes in the single-particle calcula-
tions. However, we neglect any screening effects, i.e., we
set the amplitude of the vector potential A of the in-

results is simpler than in the off-normal case. Because of
their importance in III-V compounds, the surface states
have to be taken into account. To simplify the calcula-
tions, we do not apply time-reversed LEED (low-energy
electron difFraction) states, which appear as final wave
functions in the one-step model. ' This procedure is
helpful in explaining the essential features of the EDC's.

To our knowledge these are the first calculated EDC's
for GaAs including final states and matrix elements. In
the following section we introduce our theoretical model
before turning to the presentation of the results and the
comparison with experimental data.
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cident radiation equal to its vacuum value. For the di-
pole operator D, we write D = A.p, where p denotes the
momentum operator.

B. Initial states

Empirical tight-binding methods are known to give a
good description of the valence bands of III-V sernicon-
ductor compounds. In our approach we take into ac-
count all interactions including third-nearest-neighbor
atoms. Furthermore, we determine the transfer integrals
according to the extended —Hiickel-theory (EHT). It
constitutes a relation between the elements of the overlap
matrix S and those of the Hamiltonian matrix 0:

H i3= ,'K ii—(I—+Ip)Sp, a&P

H = I —K I—(S —1).
(2.2)

(2.3)

a and I3 enumerate the valence orbitals of each basis
atom. The EHT has some advantages. First, there is a
relatively small number of parameters to be fitted and
this set does not depend on the number of neighboring
atoms taken into account. We use 11 parameters for
GaAs, as there are four I and I for each basic atomic
orbital and three K &, which are only labeled by the or-
bital symmetry, i.e., K„, K, , and K . Second, it is not
ncccssary to rnakc any assumptions about thc dependence
of the transfer integrals on the binding length, as is usual-

ly done in tight-binding methods which neglect the over-
lap. Jansen and Sankey point out that the dependency is
more similar to that of the overlap integrals than that of
the often used d scaling law. The overlap intcgrals
may be easily calculated for every interatomic distance,
so that the dependence of the Hamiltonian matrix is
given via (2.2) and (2.3). The EHT parameters are deter-
mined by fitting the bulk band structure to the one calcu-
lated by Chelikowsky and Cohen' using the empirical
pseudopotential method.

In order to determine the surface band structure of the
(110) surface, we apply the Green's-function approach
developed by Lopez Sancho et al." within the ETBM
framework. %'ith this "layer-doubling" method we are
able to calculate exactly the wave-vector- and layer-
resolved Green's functions of both surface and bulk lay-
ers. The Green's functions of any other crystal layer can
be determined easily via transfer matrices. As our basis
set consists of nonorthonormal atomic orbitals, we are
forced to introduce a biorthonorrnal basis (see, for exam-

ple, Ref. 12), which, however, does not explicitly enter
the calculations. %'e distinguish it from the first basis set
by a tilde.

wave-vector component parallel to the surface, k~~ If, is
easy to introduce an optical potential into this procedure
which describes the damping of the wave functions
caused by many-body interactions. ' Its imaginary part
V; determines the decay of the wave functions perpendic-
ular to the surface. The energy dependence is
parametrized as

1+ (E P) lb (2.4)

A similar dispersion is found for semiconducting layered
crystals in calculations of the damping using the energy-
loss function Im(e '), ' where e is the dielectric con-
stant. V, (E) increases for energies above the plasmon en-

ergy p, and thus the k~ selection rule becomes weak.
In the calculation of the final states we take into ac-

count bulk bands, neglecting surface states and reso-
nances. Surface states are not expected above the vacu-
um level as the band gaps are bridged over in the corn-

plex band structure because of the damping of the optical
potential. Surface resonances are superpositions of the
bulk states, thereby entering the calculation of the photo-
emission intensities even if the correct boundary condi-
tion at the surface is neglected. Thus, surface resonances
are included, but they are not identified in this procedure.

It is easy to calculate the matrix elements of the dipole
operator between these initia1 and fina1 states analytical-
ly. ' They result as a sum over the Fourier transforms of
the atomic wave functions, because the final-state wave
functions in the pseudopotential approach are expanded
into plane waves. A shortcoming of our model may be
that very strong damped conduction bands cannot be in-

cluded in the photoemission calculations, because the
Fourier transformation would not converge if the decay
of the atomic wave functions is smaller than that of the
final state, the latter representing an exponential increase
in the outgoing direction. The greatest decay taken into
account is about 0.4 A '. In this procedure we ignore
the surface in extending the integration over the whole

space. It may introduce an erroneous contribution to the
matrix elements from the initial states located at the sur-

face.

D. Photocurrent

After inserting the expressions for the initial and final
states and calculating the matrix elements, one is able to
evaluate the following formula for the intensity of the
photocurrent, which is derived using Dirac's identity:

I-(Ek;„)'~ Im g M (f,i)G; (Eb+iri)M(f,j)

C. Final states and matrix elements

To calculate the final states we use the empirical pseu-
dopotential method (EPM) with the local potential of
Cohen and Bergstresser. ' Instead of the usual deter-
mination of the energy of the wave functions depending
on the wave vector k, we use an approach which calcu-
lates the complex component kz of the wave vector per-
pendicular to the surface for a given energy and given

The sum runs over all final states f; i and j denote layer-
and wave-vector-resolved Bloch sums with the binding
energy Eb. M(f, i) is the matrix element between initial
state i and final state f. 6 stands for the Green's function
of the semi-infinite crystal in the biorthonormal represen-
tation resulting from the "layer-doubling" algorithm.

It is worth mentioning that our photoemission calcula-
tion uses two different Hamiltonians for deriving the en-
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ergy bands: a tight-binding Hamiltonian in the EHT ap-
proach for the initial states, and a pseudopotential Ham-
iltonian for the final states. A connection between these
operators can be found by the Fourier transformation of
the matrix elements of the pseudopotential Hamiltonian.
Doing this yields the pseudopotential operator in the
tight-binding notation. ' The matrix elements of the
EHT Hamiltonian and those of the transformed operator
show a very similar behavior in k space. A detailed
analysis of this topic will be published elsewhere. The
tight-binding approach cannot be used for the calculation
of the final-state wave functions, which are rather extend-
ed in the energy range of the upper conduction bands.
Therefore, as in the pseudopotential method, an expan-
sion into plane waves is more suitable. Nevertheless,
some tight-binding models' take into account unoccu-
pied atomic orbitals, resulting in a better description of
the lower conduction bands which, however, are not
relevant in the energy range discussed in this paper. In
the valence-band regime the tight-binding method is
more appropriate and, in addition, a surface is easily in-
troduced within this formalism via a Green's-function al-
gorithm.

III. EXPERIMENT

light with the dominant component of the vector poten-
tial A lying in the mirror plane of the crystal.

IV. RESULTS AND DISCUSSIGNS

In the following subsections we first present the basic
band structures and discuss the band mapping, before
turning to the photoemission calculations.

A. Theoretical band structures

Our calculated valence bulk band structure is shown in
Fig. 1. It is in good agreement with that calculated by
Chelikowsky and Cohen' neglecting relativistic effects,
but the dispersion of the conduction bands is too wide.
This shortcoming could be avoided using a greater num-
ber of EHT parameters, but we are only concerned with
the valence bands. We specify the three valence bands in
the energy range from —7.0 eV up to 0.0 eV of the X
direction involved in the photoemission process by num-
bers. The uppermost initial state, no. 1, possesses Xz
symmetry, the initial state 2 is the band showing the X;„,
and the lowest one considered in the following discussion,
no. 3, refers to the band dispersing from I Iz to X3.

The surface band structure calculated from the param-
eter fit with the bulk band structure is shown in Fig. 2.

Photoemission spectroscopy with high angle and ener-

gy resolution is the most powerful experimental method
of studying electronic band structures. To achieve high
resolution we use a 180 spherical analyzer mounted on a
goniometer which is movable around two independent
axes (improved Leybold-Heraeus three-dimensional
angle-resolved electron spectrometer). The energy reso-
lution chosen here was 100 meV and the angle resolution
better than 0.5'. The spectrometer is connected to the
DORIS II storage ring at the Hamburg Synchrotron Ra-
diation Laboratory (HASYLAB) using a normal-
incidence monochromator in the region 10~A'u ~ 30 eV
and optional He I radiation. The degree of polarization is
between 80 and 99 % depending on the photon energy.

The experiments were carried out on UHV-cleaved
doped CxaAs single crystals (7.8 X 10' carriers/cm, Si).
The crystal orientation is controlled by conventional
Laue and LEED techniques. The crystals are cleaved
with a wedge working on both sides of a sawed groove
parallel to the (110) surface supported by an adjustable
anvil. This stress-free mounting yields the best-quality
cleaves by application of minimum forces. In our system
the sample is transferred after cleavage from a separate
cleavage chamber to the photoemission chamber by mag-
netic transfer rods and then mounted in the focus of the
synchrotron radiation on a manipulator.

The degrees of freedom, three of the manipulator and
two of the electron analyzer, allow a very accurate final
sample adjustment. By moving the sample, the geometry
of the incident light relative to the sample normal and the
mirror plane can be freely chosen. By moving the
analyzer the I point of the chosen geometry can be found
with high precision by studying the symmetry of the
dispersing bands. As in the calculations, the experimen-
tal spectra are taken at an angle of 45 for the incident
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FIG. 1. Valence-band structure of bulk GaAs calculated in
the tight-binding approach. The energy bands are shown along
the high-syrnrnetry lines of the bulk Brillouin zone. At the band
edges the symmetry-group representation is specified. The zero
of the energy refers to the valence-band maximum (VBM).
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dispersing from about —0.8 eV at a photon energy of 17
eV up to the VBM at about 25 eV excitation energy can'
be attributed to a transition from initial state 1 to Anal
band 7, which is allowed only with a nonvanishing
amount of s-polarized light. It can be explained by in-
complete polarization and uncertainties of adjusting the
plane of incidence with respect to the vector potential in
the experiment. The nondispersive structure near the
VBM, marked with SS in Fig. 4, arises from the surface
state A5 (compare Fig. 2). We establish that all bulk-
derived peaks can be associated with direct transitions
within the possible error of' the theoretical band struc-
tures.

C. Photoemission spectra

In Fig. 5 we present our calculated photoemission
spectra. As in the experimental data, the main com-
ponent of the polarization vector of the incident radiation
lies in the mirror plane (p polarization) at an angle of 45'
to the surface normal. The photons are chosen to im-
pinge on the surface in direction of the As dangling
bonds. The imaginary part of the energy g included in
the Green's-function algorithm is set equal to 0.1 eV in
the whole valence-band range.

%'e observe that some of the structures found in the
calculated spectra disperse with photon energy and some
do not. The latter ones may be associated either with the
maxima of the kI~-resolved density of states in the sense of
k~-relaxed direct transitions (cf. Fig. 4), here along the
symmetry line X, or with surface states. In our spectra
the nondispersive peaks are mainly caused by direct tran-
sitions. Surface states are too weak to be observed or lie

FIG. 5. Theoretical photoemission spectra for normal emis-
sion. The photon energy is shown at the low-energy edge of
each spectrum. Dispersive structures, which are discussed in
the text, are marked with lower case letters and tic marks. The
surface state 35 is denoted SS. The zero of the energy is the
VBM, while that of the intensity corresponds approximately to
the left end of a spectrum.

close to the band edges. In the latter case the separation
between bulk and surface emission is diScult. This can
be seen by the layer- and k~~-resolved DOS for the point I
(see Fig. 6). The surface-located peaks are faced with the
overwhelming DOS of the valence-band maxima, i.e., X3,
X;„,X5, and I &5, which are localized in the bulk layers.
The relation of their intensities is similar to the one cal-
culated by Chang. Only the dangling-bond state 35
can be observed in the photoemission spectra when no
strong transitions from the VBM appear, i.e., at photon
energies between 16 and 23 eV (labeled SS in Figs. 4 and
5). At higher photon energies the damping becomes so
strong that the escape depth of the photoelectrons is very
small and comparable with the interlayer distance.
Therefore the spectra are given by the DOS of the first
few crystal layers, except the pronounced peak near the
valence-band maximum, which belongs to very strong
transitions near I .

In Fig. 5 we observe three significant dispersive
structures —a, b, and c—marked by bars. At a photon
energy of 18 eV a small peak, a, at about —5.5 eV can be
observed. It disperses down to the X3 peak, giving rise to
the large maxirnurn in the 22-eV spectrum at —6.8 eV. It
is caused by emissions from initial state 3 to final bands
1 —3. A second peak, b, can be traced by observing the
intensity changes between the X;„and X5 peaks. Up to
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19 eV, the latter peak is stronger than the first, then the
opposite is true until 22 eV. Subsequently, the X5 peak
rises again at high photon energies. This structure is
caused by emissions from initial state 2. The third
dispersive peak, c, starts near the pronounced maximum
at —2.8 eV of the 17-eV spectrum. It moves to higher
energies, reaching the valence-band maximum at about
an excitation energy of 25 eV. This structure is due to a
transition from initial state 2 to band 7 crossing I at
about 28 eV in the complex band structure.

A detailed analysis of our spectra reveals that most
transitions end on branches of the conduction-band struc-
ture that can be associated rather well with free-
electron-like parabolas.

In Fig. 7 the experimental spectra are shown for select-
ed photon energies. The incident radiation coincides
with that in the calculations. Comparing these spectra
with the calculated ones, Fig. 5, we observe, in general,
satisfactory agreement within the limits of our model.
We now compare the spectra according to energy and in-
tensity in more detail. For the 28-eV spectrum we find
good agreement between theory and experiment. In both .

EDC's one peak near the VBM dominates, which is
created by strong transitions near l (cf. Figs. 3 and 4).
Emissions from the X3, X;„, and X5 points are
significantly reduced. In this range of photon energies
the experimental peaks are broader than the theoretical
ones.

This good correspondence between theory and experi-
ment also holds for spectra taken at lower photon ener-
gies. See, e.g., peak c in the experimental spectra, start-
ing near the X5 peak at a photon energy of 17 eV and
reaching the VBM at a photon energy of about 27 eV,
which can be clearly identified with the theoretical struc-
ture c (cf. Figs. 4 and 5). Exceptions seem to be emissions
marked with d and e in Fig. 7. Peak d, corresponding to
transitions from initial state 3 into the free-electron-like
final band 7, disperses through the whole experimentally
derived valence-band range and can be found only as a
hint near the minimum at —1.5 eV for photon energies
about 26 eV in the theoretical spectra. This difterence
may be explained by the bulk-vacuum coupling, which is
neglected in the calculations. Final state 7 is expected to
couple very strong to the outgoing wave, because the
main contribution of the wave function should come
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FIG. 6. Layer- and k~~-resolved density of states for the erst,
the second, and a bulk layer at I . The main maxima are labeled
with the group representation of the band edge, if they are bulk
features, or with the name of the surface state they are attribut-
ed to. The zero of energy refers to the VBM; the broadening is
0.02 eV.

FIG. 7. Experimental energy distribution of photoelectrons
for normal emission excited with p-polarized radiation. The
photon energy is indicated at the left edge of each spectrum.
Structures discussed in the text are denoted by lower case
letters, except the surface state A5, which is marked by SS and
tic marks. The energy zero is the VBM.
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from Fourier components of wave vectors aligned to the
surface normal. Therefore, this shortcoming of the
theory may be resolved, if the escape of the photoelec-
trons is explicitly taken into account, resulting in an em-
phasis. of the transitions mentioned above. Peak e in the
experimental spectra corresponds to transitions from ini-
tial state 1 into final band 7, which for reasons discussed
in Sec. IV 8 are strictly not allowed. It is not considered
for the theoretical spectra.

In general, the spectral range between the X5 peak and
the VBM is good reproduced by the calculations; see,
e.g. , the 23-eV spectra. Only the X5 and X& peaks are a
little more pronounced by the theory, as can be also seen
for lower photon energies. It should be mentioned that
the intensities from critical points Xz, X;„,and X5 seem
to be generally overestimated in the theoretical spectra.

We have also studied the polarization dependence of
some spectra. We changed the geometry of incidence by
rotating the sample around the polar axis by 180. For
instance, at 23 eV photon energy the shoulder at —2.8 eV
rises and dominates the experimental EDC. This is
reproduced by our calculations, but the change is smaller
than in experiment. There is also similar agreement for
spectra at other photon energies.

Thus, it is established that the four nondispersive and
the three dispersive structures can be traced in agreement
with the experiment.

We find that the positions of all peaks in the experimental
spectra can be explained as direct bulk transitions except
the peak near the VBM, which is explained by a surface
state. Structure plots show that, within the limits of the
theoretical model and the evaluation of the experimental
data, the experimentally observed peaks correspond very
well with the theoretically predicted direct transitions.
In comparing the experimental energy-distribution
curves with those determined by our theoretical model,
we also find an overall satisfactory agreement. The
characteristic experimental features concerning the varia-
tion of the relative intensities with photon energy are
fairly well reproduced in the calculations. In the strong-
damping limit, i.e., at high photon energies, we observe
much better agreement than at lower excitation energies.
The dangling-bond state A5 can be detected in that
photon-energy range where no direct transitions from the
valence-band maximum occur. Other surface states play
no significant role, because their energies almost coincide
with those of the maxima of the bulk density of states. In
the next stage of our work the escape of the photoelec-
trons from the solid into the vacuum region will be ex-
plicitly taken into account in. order to investigate addi-
tionally the eQ'ect of bulk-vacuum coupling on the spec-
tra, which can be considered to be responsible for the
remaining differences between our calculations and the
experiment.
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