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PIG. 2. Small-angle scattering from amorphous InAs.
The dashed curve shows the scattering expected from a
1-volume-% concentration of randomly distributed voids

0
5 A in radii.

The above structural evidence strongly sug-
gests that the CRN model is applicable to amor-
phous InAs. As mentioned, we are now confront-
ed with evidence that bonds between like atoms
exist. If the atoms retain the same charge as
in the crystal, then the random distribution of
wrong bonds should cause strong fluctuations in
the Coulombic energy. High-energy, high-resolu-
tion photoemission experiments, however, find

that the core levels remain as sharp in the arnor-
phous as the crystalline form. " To explain this
result we require a spatially homogeneous Cou-
lomb field, which would argue against the pres-
ence of such wrong bonds unless there is some
mechanism which tends to keep the Coulombic
field homogeneous in spite of the wrong bonds.

We must also consider the possibility that the
CRN as presently constructed does not describe
the structure of amorphous III-V compounds, and
possibly even amorphous Ge. Although the CRN
fits the RDF, it is essentially a one-dimensional
curve that ca,n be fitted by a large number of
three-dimensional structures. It would be of
interest to exa.mine whether a CRN that fits ex-
periment can be constructed with even-membered
rings only. Clearly, more experiments are re-
quired to determine whether wrong bonds are
present in amorphous III-V compounds.

Useful discussions with J. Tejeda are grateful-
ly acknowledged.
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Photoelectron energy spectra have been measured as a function of angle on a (110) face
of GaAs at the photon energy 10.2 eV. Marked variations are observed. with both polar
and azimuthal angles. We discuss implications with regard to the electronic band struc-
ture.

There has been a, recent revival of interest in
the angular dependence of photoelectric ernis-
sxon. ' ' Experimental work so far has concen-
trated on the va, riation of the emission with polar
angle" or with different crystal faces. ' In this

paper, we present photoelectron energy spectra
measured on a (110) face of GaAs, which display
a marked dependence on both polar angle and azi-
muthal angle. The implications with regard to
the band structure are discussed, although a full
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interpretation will require detailed band calcula-
tions.

The motivation for such angular studies is read-
ily appreciated as follows. The kinetic energy
E' of a photoelectron emitted into vacuum is giv-
en by E'=5 K'2/2m where K' is its wave vector
outside the material. If we measure E' and the
direction of propagation of the photoelectr on, we
have thereby measured the three components of
K'. If we could convert these to the three com-
ponents of K, the wave vector that the electron
had inside the material, we could, in principle,
map out portions of the band structure directly
from experiment. A specular refraction condi-
tion would require that the component of the wave
vector parallel to the surface be unchanged on
crossing the boundary; and in a free-electron
picture, the perpendicular components would be
related by 5 K~2/2m = 5 K~'2/2m+ W, where W is
the depth of the potential well. We will indicate
below, however, that while angular studies prom-
ise to be most informative, the analysis of the
data will not be as simple as this.

Figure 1 shows our experimental arrangement.
A single crystal of p-type GaAs (Zn-doped with
1.4&& 10'9 carriers per cm ) was cleaved in ultra-
high vacuum along a (110) face. The crystal face
was then advanced to the center of a hemispher-
ical shell whose purpose was to provide a drift
region free from electric fields. Ambient mag-
netic fields were canceled to below 20 mG by
means of three pairs of Helmholtz coils. Light
was incident normally upon the cleaved surface.
A slot in the hemisphere permitted photoelec-
trons propagating in the plane of the figure to
exit from the hemisphere and pass into an ana-
lyzer whose position could be rotated so as to
vary the polar angle 0 continuously. The analyz-
er employed a channel electron multiplier and
was operated on the retarding-potential principle.
The azimuthal angle y was varied by rotating the
sample about the surface normal. The origin of
p is defined so that when p = 0', the analyzer ro-
tates in the (001) plane; when y =90', it rotates
in the (110) plane. The angular resolution was
determined primarily by the size of the illumi-
nated spot, and is estimated to be + 2' for both
I9 and y.

Figure 2 shows a small selection of our results
taken at a photon energy k~ of 10.2 eV. The spec-
tra are referred to initial-state energy taking the
zero at the Fermi level EF which, for p-type
GaAs such as that used here, ' should coincide
with the valence-band maximum to within 0.1 eV.
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FIG. 1. Schematic diagram of the experimental ap-
paratus showing the positions of the crystal„cleaving
blade, and photoelectron energy analyzer.
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Since the variation with 0 has been considered by
other authors, "we concentrate here on the vari-
ations with cp. Qualitatively, we see that the pho-
toelectron energy spectrum varies markedly with

y and that the changes are quite different for the
two different values of 0 shown. The most prom-
inent feature is the dramatic growth of the peak
at —1.2 eV in Fig. 2(a) as y varies between 45'
and 60'. As noted by Wooten, Huen, and Winsor, '
this peak is of some interest since it does not ap-
pear strongly in the ordinary photoemission spec-
tra of Eden and Spicer' until A~ reaches about 9
eV. Only one quadrant of y is shown in Fig. 2.
We confirmed that the behavior in the other quad-
rants was consistent with the requirements of
crystal symmetry.

A proper interpretation of these spectra must
await detailed band calculations of the photoemis-
sion in which the anisotropies of the process are
taken into account. It is not yet clear whether a
volume band picture will prove to be adequate. '
In the meantime, however, some insight can be
obtained by pursuing the simple refraction argu-
ments given above. Let us consider electrons
originating from —1.3 eV relative to EF, corre-
sponding to the energy of the prominent peak
mentioned above. Such electrons have, after ex-
citation, an estimated kinetic energy of 21.3 eV
inside the material. %e are adopting here a
nearly free-electron approximation, in which it
is assumed that the important plane waves in a
Fourier analysis of the electronic wave functions
have kinetic energies measured from the bottom
of the valence bands. " The internal wave vectors

1248



&2 NovEMBE»97~VOLUME $1, NUMBER 20 PHYSICAL RKVIKW LKTTKRS

(b)

90'

LLI

hJ
K

LLJ

75'

60'

45'

75'

45

30'

15' 15o

0 Oo

I I I I I I II

-5 -4 -3 -2 -1 0= EF

INITIAL ENERGY (eV)

ectra with azimuthal angle for (a) a fixed polar angle of 50',FIG. 2. Variation o e p of th hotoelectron energy spectra with azzmu
(b) a fixed polar angle of 30'.

(a
'"qh=90.

f lectrons of this energy lie on a ps here ofKo eecr
2m~a where ad 2. 12 (expressed in units of 2w, a,ra lus
so lar e as tois the lattice parameter) which is so a g

lie well ou sx e et d th boundaries of the reduced
A 't turns out the wave vectorsBrillouin zone. s i ur

K of electrons capable of escaping can be trans-
lated into reduced wave vecto yrs k b subtracting
one of only sve r1 f eciprocal-lattice vectors: G»„

ofG or G . The various values o2oo& o2o'
arti-d the sphere may therefore be par x-

tioned into five regions according to whic is
required. The full lines in Fig. 3(b) separate
these regions and are simply1 the curves of inter-
section between e spth s here and various boundaries
in a repeated-zone scheme. The region labeled
220, for example represents tha pt art of the
sphere surface falling inside the repeated zone
centered on the vector G», . We will refer to
these regions as the "220 zone, " and so on.

The dotted circles in Fig. 3(b) represent wave
he labels 30,vectors of constant polar angle. The la

and 90' refer to the external measured polar
an le. Using the simple refraction mo e,angle. sang
correspond respectively to 11.
23 4' inside the material. At 8= 30', correspond-

i
L

L

W K 'A!'

!
L

!

I

00

(b)

20 0'.

~ ~

=90
8=50.

~~=8 =90'
~ ~ ~ ~

I

8=30".
,

' qb = 0'
+

220 ' ':020
II ~ ~ ~ ~ ~

~ ) The reduced Brillouin zone of Gahs as
ion a surface normal ((110) direction). e

j:
' ns (or zones) into which theive regions

d for free electrons whose kxnetzc e gyener
is 21.3 eV inside the material; in the region a e e .

111, for example, the internal wave vector K and. its
reduced wave vector are related by K= k+ G&&&.

1249



"/GLUME $1, +UMBER 20 12 NOVEMBER i9/$

ing to the spectra of Fig. 2(b), we remain always
in the 220 zone as y is varied. At I9= 50', how-

ever, corresponding to the spectra of Fig. 2(a),
we actually sample all five zones. Interestingly,
the dramatic growth of the —1.3-eV peak occurs
within the 111 zone. This, of course, does not
explain sory the dramatic growth occurs at these
particular angles. We do note, however, that
there are three contributing factors which should
be considered. The first possibility is that the
joint density of states for direct transitions at
5+=10.2 eV from states —1.3 eV below EF may
be exceptionally large in this particular region
of k space. Qr, secondly, it may be that the mo-
mentum matrix elements for the transitions are
exceptionally large. The third possibility is
more subtle and concerns the matching condi-
tions on the wave functions at the surface. In the
terminology of Mahan's nearly free-electron ap-
proach, this strong peak could arise from a "pri-
mary cone" due to optical transitions in which
the final-state wave function has the plane wave

exp[i(k+6», ) ~ r] as its major component. There
could also be contributions from various "sec-
ondary cones" due to final states in which this
plane wave is a subsidiary component. The im-
portant point for our purposes is that there is
likely to be an angular dependence due solely to
a selective matching to various Fourier compo-
nents in the final-state wave function. In the 111
zone we couple only to the exp[i(k+6», ) ~ r] com-
ponent and so on. In this regard, we note in Fig.
2(a) that a new peak emerges at —1.3 eV for val-
ues of p close to zero. This could be not just
because we are sampling states in a different
region of k space, but might also indicate an ap-
preciable exp[i(k+6», ) r] ~content in the final-
state wave functions, which is detectable only
when we pass into the 020 zone. This is, of
course, only a speculation and needs to be tested
by band calculations. We note that Mahan's ap-
proach could be extended to Gahs by using the
eigenvalues and wave functions of, say, Cohen
and Bergstresser's empirical pseudopotential
band structure. '

In summary, we have shown experimentally
that the photoemission from GaAs is quite aniso-

tropic. The wealth of information obtainable is
more fully appreciated when one realizes that
the spectra of Fig. 2 represent only a small sam-
pling of the angles and photon energies investi-
gated. The ultimate explanation of the results
promises to offer detailed information on both
the energies and wave functions of the electronic
states.

We are indebted to J. E. Howe for stimulating
discussions of this work, and to G. F. Derben-
wick and E. Q. Kane for helpful comments.
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