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Angle-resolved synchrotron photoemission studies of sly HI-V semiconductors have
been carried out. For emission normal to the (110) plane of these caterlals, peaks
In the experimental spectra were Identified with the bands involved in the transi-
tions, and the critical point energies Xj, I j , andjljmin

t were deternlned. The data
Indicate that kj_ Is conserved in the transitions. Comparison of the data with
theoretical bands permits an evaluation of k, associated with the experimentally ob-
served transition, and from this information the bands were plotted out.

We have made angle-resolved, polarization-
dependent photoemission spectroseopy measure-
cents on the six III-V semiconductors GaAs, CaP,
GaSb, InAs, InP, and InSb for the purpose of
studying the i r bulk band structures. The
experiments were carried out vith synchrotron
radiation from 9 to 22 eV at the storage ring at
the University of Wisconsin Synchrotron
Radiation Center. The data were taken for
emission normal to the (110) cleavage plane for
s-polar lsa t lon (normal incidence) and p-
polarlzatlon (angle of incidence ^2.3°). Normal
emission from this surface ensured for the
observed transition k_ =0, with kj_lying on the
£-line, i.e., from P to k to' x. The body of data
was collected in the fora of sets of energy
distribution curves (EDC's) for each material.
From the spectra the in i t i a l energies of the
peaks corresponding to valence to conduction
band transitions were determined relative to the
valence band maximum (VBM).

To relate the data to bulk band structure i t is
necessary to make the assumption of kj_
conservation, that Is, direct transitions. This
assumption appears to be well Justified by the
nature of the experimental data, described
belov, and the results obtained. It is further
necessary to have a prior knowledge of the
general form of the energy bands. This Is
because the raw data are devoid of information
concerning the value of k^ of the s ta tes
Involved in the observed transitions; such
Information, however, can be inferred by the
method outlined below from a comparison with
band calculations. The theoretical bands we
used were pseudopotent Ial calculat ions by
Chelikovsky* for the valence bands, and by
Pandey using pseudopotentlals of Cohen and
Eergstresser for the conduction bands.^ CM.

, Ee.-toni supplied the InAs band structure using
-. the sace pseudopotentials.

We begin by constructing a structure plot like
the one for InAs In Fig. 1. For a l l the EDC's
we plot as a function of photon energy the
i n i t i a l s ta te energies of the peaks and
shoulders, which correspond to specific
interband transitions. A vertical column of
points thus identifies the energy locations of
the peaks of an EDC and the array.of points
represents the raw uninterpreted experimental
data. It can be seen that the array is not
random, nor are the points spread out in
straight horizontal lines as would be the case
for a one-dimensional density of states model.
The fact that the peaks disperse with photon
energy and do so in a nanner consistent with the
theoretical bands confirms with a high degree of
confidence that we are observing kj_-conservlng
transitions between bulk bands.

Next we construct a theoretical structure plot
from the theoretical bands. Selecting a par-
ticular valence band-conduction band pair we
measure off the in i t i a l energy of the valence
band and the energy difference between the band
pair, doing so at small Intervals on the kj_ axis
and plot the results. Such a plot is shown in
Fig. 2 which is the set of structure plot lines
for transitions from band 2 to the low lying
conduction bands. This is done for each band
pair (excluding odd parity final bands) and the
results are compared with the experimental
structure plot. It is then seen that there is an
overall similarity between the two patterns.
Specifically, energy values at the c r i t ica l
points X3, X5, and^™ 1" can be Identified.

• Where the experimental and theoretical values
differ, the theoretical valence bands are
redrawn with a Linear expansion or contraction
to cake those critical point energies catch, and.
the theoretical structure plots are re-drawn.
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'i XI.From the comparison, certain conspicuous
groupings or "constellations" of experimental
points In Fig. 1 can be interpreted. For
Instance, tbe constellation of points marked A
In Fig. 1, are tbe deepest-lying init ial states
observed in tbe spectra, and must come from the
bottom of band 2 near Xj (see Fig. 3) and a
comparison to tbe theoretical structure plot
bears out this assignment. Tbe final state i s
band 6 (for purposes of clarity in this pres-
entation we number Just the even conduction
bands, f r o m ^ on up, in order of Increasing
energy). The constellation marked B-B corre-
sponds to transitions from around JET j ^ 1 " to con-
duction bands 6, 7, and 8 in the general v ic in-
i ty of the apex in band 6. The constellations
narked C-C, 0-0, and £-E cor: espond to transi-
tions from bands 2, 3, and 4, respectively to
sections of bands 7-14 which approximate piece-
vise tbe (220) free-electron parabola, which i s
outlined by the dense l ine of points in Fig. 3
extending sharply upwards and to the left.

Assigning values of kj_ to the experimental
structure plot points so as to reconstruct the
bands as Is done in Fig. 3 was carried out
according to the following method. He note that
the construction of a theoretical structure plot
amounts to a mapping of the bands onto energy
axes where, by construction, the value of fcj_is
a running parameter along the structure plot
line. Overlaying the two structure plots we
Identify the band pair for an experimental point
with the band pair of the theoretical structure
plot line that lies nearest and read off k^ from
that line. When an experimental point lies
close (arbitrarily, within 0.3 eV) to two, or
sometimes three, theoretical lines, then all
choices are allowed, under the presumption that
the peak represented by the experimental point
is composite. From the values inferred for kx
and the known initial state and photon energies,
tbe energy bands were reconstructed point by
point on top of the calculated band structure.
Figure 3 shows the results for InAs, which is
typical of the other materials.
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Fig. 1. Experimental structure plot, InAs.
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I Fig. 2. Theoretical structure plot,

| InAs. Band 2 to conduction bands

number 6-13, left to right. Fig. 3. InAs band structure. Valence

bands 2-4. Points, experimental.
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Ha emphasize that our method does not rest on
tbe unambiguous identification of any particu-
lar point. It is the overall pattern of points,
olearly observed in Fig. 1, which is imposed by
the band structure, and the correspondence of
that pattern to features in the theoretical
structure plot that constitute Justification of
our method. The constellation marked F, for in-
stance, represents transitions from band 2 to
final states in the vicinity of the apex of band
8, where the piecewise continuation of the (220)
free electron parabola is interrupted. Although
with our present understanding i t i s not poa- :

aible to Identify all the points, the identifi-
cation of this constellation i s , we believe,
beyond question. The results for the other
materials are very similar; the constellations
noted above have their analog in the other
structure plots, ?.s follows from the close
similarity in form of tbe calculated bands.
Table I l i s t s the X3, X; and £ l
point energies for all six materials.

min ini t ial

Table 1
Cri t ica l Point Energies, eV Below VBM

GaP
GaAs

GaSb

InP

InAs
InSb

X5
2.8
2.9
2.4
2.2
2.7
2.6

v mm
1 .4.4
4.2
3.7
3.7
3.5
3.7

X3

6.8
6.9

6.3

5.9

6.0
6.7

LAST I.T
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For emission normal to the (110) plane, only
final states should be observed that nave a
substantial (220) plane wave com-ponent, that
i s , final states near the (220) free electron
parabola. However, prominent transitions are
observed that are far removed from the parabola
(see Fig. 3). Calculations have shown that the
amount of this admixture would appear to be too
small to account for many of those transitions.
Ve propose that these transitions can be
accounted for by a surface umklapp process
involving a surface reciprocal latt ice vector

' suob as that from f to p\ . It can be shown that
any of the plane waves represented in the
conduction band can be umklapped into the normal

, direction by the intermediary of this vector.
The fact that the surface^ potential contains
Fourier components [e.g. (110), (001)] which are
absent in the bulk may explain the observation
of these transitions, but detailed calculations
trill be required to verify this assumption.

Umklapp processes involving surface reciprocal
lattice factors absent in the bulk are obviously
manifest in the LEED pattern from this surface
and would be expected to be operative in the
photoemlssion processes as well.'1

We believe the results presented here show a
good degree of success in elucidating the mutual
relationship of photoemission spectral features
and band structure. Identification of photo-
emission peaks with particular initial states is
in Itself of value in photoemission studies ef
adsorption and other surface effects. It i s
clear that not much progress could be made with
the experimental data alone without some idea of
the form of the bands, but with such knowledge
an internally consistent picture can be formu-
lated that we believe 13 reliable.
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