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point, a very small change in the viewing angle
from the H point means a very large energy shift.
As long as the energy perturbation due to the
wave-function admixture is smaller than the spin-
orbit splitting, the states on the hole octahedron
are the same “super-spin-orbit scatterer” as
those in the [001] direction. Abruptly at the “cor-
ner” this eigenfunction condition is broken down.
The scattering rate in the (001) plane is analyzed
in a similar fashion.

Finally, we see from the data of Table I as
well as from the similarity of the overall shapes
of the curves in Fig. 2 that the scattering rates
have (within an accuracy of about 10%) a com-
pletely linear dependence on concentration. This
is true both of the total rate and, except for the
defect scattering, of each of the components we
have derived by the analysis presented above.

We wish to thank C. H. Sowers for valuable as-
sistance in the experimental aspects of this work.
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Measurements of the photoelectron energy distributions from gold indicate angular
anisotropies of the emission even for evaporated films. In particular, relative intensi-
ties and positions of the d-band emission peaks depend on the electron emission angle.
We also observe the dependence of the energy distribution on the incidence angle and po-

larization of the photons.

A significant part of existing photoemission
data has been obtained from samples prepared by
evaporation (i.e., polycrystalline specimens).
Although theory® and recent experiments? indicate
that angular anisotropies should exist for single-
crystal materials, it has been implicitly assumed
for evaporated samples either that the emission
is isotropic or that the randomly arranged crys-
tallites cause averaging of any anisotropies. In
particular, analyses of such photoemission data
generally have not considered possible anisotro-
pies which could occur as a result of particular
measurement conditions., We show experimental
evidence here that the photoemission from the d
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bands of evaporated gold does depend on the
emission angle of electrons as well as the inci-
dence angle and polarization of photons. An im-
mediate implication of these results is that prop-
er analysis of photoemission data must consider
the geometric conditions of the measurements.
The experiment consists of an ultrahigh vacu-
um system (1x10° Torr) which houses the sam-
ple manipulator, and a light source with mono-
chromator. The sample was prepared by evapo-
rating 99.999%-purity gold from a tungsten fila-
ment onto a polished molybdenum substrate.
Maximum pressure during evaporation reached
4x107® Torr, X-ray analysis® of the sample in-



VoOLUME 29, NUMBER 22

PHYSICAL REVIEW LETTERS

27 NOVEMBER 1972

dicated that a large fraction of the crystallites
were oriented with their (111) faces nearly paral-
el to the surface, although there was random
registration between adjacent crystallites. En-
ergy analysis of the photoemitted electrons was
accomplished by a three-grid hemispherical re-
tarding-potential analyzer (1% energy resolution
above 5 eV). The analyzer and sample are mount-
ed together on a manipulator having four inde-
pendent rotary motions, which allows the inci-
dence angle and polarization of photons and the
emission angle of electrons to be treated as in-
dependent parameters. Signal detection is made
with a channel electron multiplier which inter-
cepts about 1073 of the emission solid angle. Dig-
ital counting techniques are used for recording
the emitted current versus the retarding poten-
tial, and numerical differentiation®* of these data
is used to determine the energy distribution
curve,

Two light sources were used for this experi-
ment. One is a standard helium discharge lamp
which provides unpolarized radiation at 21,2 eV.
The second light source is the National Bureau
of Standards 180-MeV electron synchrotron.

This source provides a polarized continuum radi-
ation® (theoretically, about 90% polarized) extend-
ing to about 100 eV, A 2.2-m grazing-incidence
monochromator is used to disperse either source,
and the grating blaze angle limits the spectral
range between 15 and 70 eV, Further details of
the experimental techniques will be discussed in
a separate report.®

Figure 1 shows the relevant parameters for the
experiment. The incidence angle (¥) is defined
with respect to the sample normal; the detector
position specifies the emission angle of detected
electrons, and is defined by the azimuthal (¢)
and polar () angles. By convention, s-polarized
light has its electric vector in the plane of the
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FIG. 1. Geometrical configuration of the experiment
showing the various parameters.

sample surface, whereas the electric vector for
p-polarized light, being in the incidence plane,
has components normal to as well as in the plane
of the sample surface. Changes in polarization
are accomplished by rotating the sample in the
optical axis.

As an example of anisotropy due to the emis-
sion angle, we show in Fig, 2 a series of energy
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FIG. 2. Photoemission energy distributions showing
anisotropy due to polar emission angle. The vertical
bars denote the statistical uncertainty of the plotted
curve (see text).

1519



VOLUME 29, NUMBER 22

PHYSICAL REVIEW LETTERS

27 NOVEMBER 1972

distributions” measured at hiw =21,2 eV where
the incidence angle is fixed at 60°, with the de-
tector polar angle varied from the sample nor-
mal to 75° (azimuth fixed at 75°). For normally
emitted electrons (6=0), the emission is seen to
comprise two primary groups originating from
d-band states in gold. At 15° there is a dis-
cernible narrowing of the leading peak accom-
panied by a shift to lower energy (AE ~0,3+0,1
eV). At 30° the leading peak has split into two
distinct groups of smaller intensity. The three
individual structures then retain their identities
as high as 75° Although the absolute yield was
not measured, the energy distributions of Fig. 2
are normalized to reflect the relative yield. The
low-energy group near 10,5 eV is seen to de-
crease monotonically with increasing polar angle.
The strength of the 12,5-eV peak decreases dra-
matically, upon splitting, between 15° and 30°,
Within the measured accuracy of the relative
yield, the background of emitted secondaries ap-
pears to remain independent of the polar emis-
sion angle to about 60° beyond this, there is a
general reduction of the yield which reaches zero
at grazing emission, It is also evident from Fig.
2 that the yield decreases monotonically with in-
creasing polar angle., The general behavior of
the energy distribution with polar angle (i.e., two
peaks splitting to three) displayed in Fig. 2 was
also observed at other incidence angles. How-
ever, there were specific differences in the de-
gree of modulation of the peak strengths, The
vertical bars indicate the statistical uncertainty
(VN) of the smooth curve which was drawn through
the data points. In the region of the d bands, the
signal-to-noise ratio is sufficient to delineate the
structure, although, in the region of the Fermi
energy, the signal-to-noise ratio (approximately
1:1) does not allow a clear identification of the s-
p bands or the Fermi edge as reported by oth-
ers,*®

Previous measurements of photoemission from
gold at 21,2 eV ®? generally resemble the energy
distribution of curve ¢ in Fig. 2. The authors of
Ref. 8 used an incidence angle near 45° with a
cylindrical deflection analyzer sampling some
solid angle of those electrons emitted at approxi-
mately 45° from the sample surface,’® There-
fore, they sample electrons which are emitted
away from the normal, and their results are con-
sistent with the present observations. The au-
thors of Ref, 9 used a more standard retarding
analyzer with a cylindrical collector, In this
case, all electrons are energy analyzed (except
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those that escape through the light entrance aper-
ture); they therefore measure a “spatial-aver-
age” energy distribution. This is also consistent
with present observations since it was found here
that, except for a 30° cone about the sample nor-
mal, the energy distributions generally have the
three features shown in curve ¢ of Fig. 2,

Shown in Fig. 3 are two energy distributions a,
b measured at fiw =35 eV using synchrotron radi-
ation' where all parameters, except the polari-
zation, are kept fixed, The light is incident at
45° with the detector at the 90° azimuth and 30°
polar position, The relative yields of Fig, 3
were normalized to reflect the yield per absorbed
photon using the optical data of Canfield, Hass,
and Hunter.'? The emitted primaries are seen
to consist of two groups. They generally resem-
ble the d-band emission doublet observed by oth-
er experimenters'®'!* for photon energies above
25 eV; however, we note some subtle manifesta-
tions due to the polarized light, The data indi-
cate that with excitation by s-polarized light,
emission from the leading high-energy group is
stronger than that from the lower-energy group.’
With p light incident, there is a reversal of the
relative intensities, The leading peak decreases
in intensity while the low-energy peak increases.
A similar effect is observed at other polar emis-
sion angles,

Variation of the incidence angle parameter has
its strongest effect on the yield of emitted pri-
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FIG. 3. Energy distributions a, b showing the effect
of light polarization on the emission intensities of the
d-band doublet, and ¢ the effect of emission angle on
the leading peak.
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FIG. 4. Yield of normally emitted primaries as a
function of incidence angle and polarization.

maries. For these measurements, the detector
is positioned along the sample normal and the
incidence angle of photons is varied for each of
the two polarizations. The energy distributions
are similar to those of Fig. 3. Figure 4 shows
the yield per absorbed photon of normally emitted
primaries (the primary yield is defined here as
the integral of all electrons between 15 and 35
eV). For incidence angles between 30° and 75°,
the normal yield increases monotonically for p
light. For s light, the increase is less dramatic
and shows a maximum near 65°, Since the curves
of Fig. 4 have been normalized to the absorbed
flux, the differences in the yield reflect differ-
ences in the excitation probabilities for the two
polarizations.

These experimental results from evaporated
gold give evidence that photoemission energy dis-
tributions and primary yields do depend on geo-
metrical and physical parameters which are gen-
erally not considered, It is not clear how the
preferred orientation of the polycrystalline sam-
ple influenced these results, However, it is
clear that the emission spectra depend on the in-
cidence angle and polarization of photons, and the
the emission angle of electrons, With very few
exceptions,  ® past calculations!” have not con-
sidered these effects, Therefore, future calcula-
tions of photoemitted electron energy distribu-
tions must necessarily include a consideration of
the refraction of electrons at the surface due to
the transverse momenta of particular final states
in conjunction with the usual conservation rules

applied to the optical excitation.
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