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Angular distribution of photoelectrons from silver bromide
and metallic silver through the Cooper minimum
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Using polarized synchrotron radiation, angle-resolved photoemission data were obtained on ran-
domly oriented polycrystalline AgBr and on thick films of metallic silver. Asymmetry parameters
as well as relative cross sections were determined for the valence bands of both systems from 55 eV
through the Ag 4d Cooper minimum at 140 eV. Comparison of asymmetry parameters with atomic
data indicates that the valence bands derived from Ag 4d levels in these systems are remarkably
atomiclike. In AgBr only the uppermost valence bands show a greatly reduced excursion of the P
value through the Cooper minimum.

I. INTRODUCTION

It is well known that the angular distribution of elec-
trons photoemitted from randomly oriented atoms or
molecules is anisotropic. This is described in early work
by Bethe and Salpeter' and more recently by Cooper and
Zare. There are, for example, a number of published
studies which report on investigations of the angular dis-
tribution of photoelectrons from both atoms and mole-
cules in the gas phase. The question arises as to how
these results are modified in the condensed phase where
difFerent initial and final states are involved.

In 1980 Davis et al. showed that it was possible to ob-
serve photoelectron angular distributions from polycrys-
talline solids which are at least reminiscent of atomic dis-
tributions. Very recently Ardehali and Lindau have
compared the angular distributions from a partial mono-
layer of Ag atoms condensed on a clean silicon surface
with the distribution for evaporated silver metal. Here
we report results for the valence band of the ionically
bonded compound AgBr and compare with new results
on silver metal. In the metal the Ag 4d levels lie a few
volts below the Fermi level, and in AgBr they thoroughly
mix with the Br 4p levels to form the valence band. Both
photoionization cross section and angular anisotropy
were observed using synchrotron radiation over a wide
range of photon energy from 55 eV through the Ag 4d
Cooper minimum near 140 eV.

The key quantities of interest in the photoelectron dy-
namics of atoms and molecules are the angle-integrated
partial cross sections and the differential cross sections in
angle. In principle, both the integrated and the
difFerential cross sections can be calculated when the

initial- and final-state wave functions are known. Exten-
sive comparison between experiment and theory has been
made for atoms and molecules, but so far little has been
done for solids.

In the next section we give a brief introduction to the
background atomic theory. Later the results for atoms
will be compared with results for the condensed phase.
The experimental method and details on sample prepara-
tion are given in Sec. III. Results are described in Sec.
IV, first for thick randomly oriented polycrystalline lay-
ers of silver metal, and then for AgBr. Conclusions are
given in Sec. V.

do(y', hv)
dQ 4m

1+ (3 cos y —1)(hv)
2

where y is the angle between the polarization vector and
the outgoing photoelectron and o „I is the total photoion-
ization cross section for the nl subshell. The angular dis-
tribution of photoelectrons is determined in large part by
the asymmetry parameter P(h v), which is a function of

II. THE ANGULAR DISTRIBUTION PARAMETER:
ATOMIC CONSIDERATIONS

Although there are no intrinsic directions in a gas sam-
ple, the direction of the incoming photon beam can be
used as a reference for the angular distribution of photo-
electrons. If the photon beam is plane polarized, one can
use the polarization vector as a reference direction. As
pointed out by Cooper and Zare, Yang's theorem ap-
plies to the angular distribution of photoelectrons from a
many-electron atom. For polarized photons, the
differential cross section do. /d Q is given by
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photon energy. This asymmetry parameter ranges be-
tween 2 and —1 with a value /3=0 corresponding to an
isotropic pattern of emission. Excitation from an atomic
s to a p level gives rise to an angular distribution corre-
sponding to p=2 and a distribution proportional to
cos (y). When p= —1 the angular distribution is pro-
portional to sin (y).

According to well-known selection rules, an atomic
electron with orbital angular momentum l can be excited
by light to a final state with momentum l+1 or l —1.
The asymmetry parameter p can be evaluated in terms of
the photoionization cross sections o „I and phase shifts
5I+&. For transitions from an. initial state with angular
momentum l to l + 1 and l —1 final states, the result is

l(/ +1)cr»+(1+1)(l+2) o&+I
—61(l+1)rr&+&crI I cos(51

&

&—t+I)
(21+ 1)[lo(,+(/+ 1 )o'(+, ]

where we have omitted an incorrect factor of —,
' given in

an earlier report.
Equation (2) shows that p is very dependent on photo-

ionization cross sections o.
&+& and their variation with en-

ergy; however, the phase-shift term also determines the
exact behavior of the asymmetry parameter. In photon-
energy regions where the cross sections are finite and do
not vary much with energy, p is most sensitive to the
difference in phase shifts between the l + 1 and l —1 out-
going waves. For those regions where the cross sections
vary rapidly with energy, the asymmetry parameter is
primarily controlled by the cross sections. At a Cooper
minimum (for example, in the Ag 4d minimum) the cross
section for the l to l + 1 channel becomes zero. All terms
in Eq. (2) containing the / to I + 1 cross section become
zero, and the asymmetry parameter reduces to the value
p=0. 6. This result is independent of the actual value of
the l —1 cross section. Consequently, using data on p as
well as 0, one can better pinpoint the location of the
Cooper minimum.

Carlson et al. have compared experimental
asymmetry-parameter data for free atoms with data for
the same atoms in molecules. Diff'erences are found
which they ascribe, in general, to differences in both ini-
tial and final states. Clearly, in the molecule the initial
state can be altered by the chemical bonding.

In the case of a randomly oriented polycrystalline solid
we expect that the atomic behavior of both o. and p will
be observable, although perhaps different in detail com-
pared to atoms. Photoemission from core levels should
be closely atomiclike. Certainly, the calculated photoion-
ization cross sections' for various atoms are an excellent
guide to the observed energy dependence for core-level
photoemission from solid surfaces. Even valence-band
emission is known to reflect the theoretical atomic cross
sections. In this paper we will compare valence-band
asymmetry parameters for two very different condensed
systems and look for contrast to the atomic case.

III. EXPERIMENTAL DETAILS

Sample preparation and sample geometry were both
important aspects of the experiment. Let us first consider
sample preparation, which was done in situ in a small
evaporation chamber adjacent to the angle-resolved pho-
toemission chamber on the University of Illinois beamline
at the Synchrotron Radiation Center, Stoughton,
Wisconsin. The photoemission experiments were carried
out in ultrahigh vacuum using radiation from the Alad-

do(O, hv) one hv
(1+p)

d 0 4' (3)

At y =54.7, the so-called magic angle, Eq. (1) becomes

din storage ring monochromated by an extended range
grasshopper monochromator. "

Glass disks, 1 cm in diameter overcoated with a thick
layer of gold for electrical contact to discharge the sam-
ple, were placed in the evaporation chamber and pumped
to the high-10 - or low-10 -Torr range. A thick layer
of silver ( =1000 nm) was then evaporated onto the gold
surface. Upon completion of the evaporation the sample
was transferred through an interlock into the main pho-
toemission chamber where a vacuum better than
4X 10 ' Torr could be maintained. The silver sample
was then argon-ion-etched (4X10 Torr, 0.5 kV, 35
mA) for 40 min. This procedure was necessary in order
to produce a clean valence-band energy-distribution
curve and to further randomize the polycrystalline silver
surface. Cross-section and angular-anisotropy experi-
ments on the metallic silver were then carried out in the
main chamber.

After photoemission studies of the silver surface, the
substrate was moved through the interlock into the eva-
poration chamber in order to prepare the AgBr sample.
The AgBr was evaporated from a platinum-filament
source onto the silver surface at 2 A/s. A thickness of

0
about 400 A was achieved in order to minimize charging
during photoemission runs on the insulating ionic crystal
cooled to low temperature. The sample was transferred
into the main chamber where it was held on a precision
manipulator where it could be cooled to 77 K. The pho-
toemission studies of AgBr were carried out at low tem-
perature in order to minimize photolysis. Care was taken
to avoid condensation of contaminents onto the cold sam-
ple surface by keeping the vacuum in the main chamber
better than 3 X 10 ' Torr.

The angle-resolved photoemission experiments to
determine /3 were carried out using two different
geometries. For purposes of discussion let us assume that
the incoming radiation is 100% plane polarized in the
horizontal plane. Later a correction will be made to ac-
count for partial polarization. In the first series of tests
electron emission in the horizontal plane was observed at
angles of y, =0 and ye=54. 7' measured with respect to
the polarization vector of the light. At these angles espe-
cially simple values of do. /dQ, result. For example, at
@=0Eq. (1) reduces to
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do (54.7, h v) o „((hv)

d Q 4m.
(4) z

which gives the cross section and its variation with ener-
gy. At a given angle y and photon energy hv the ob-
served electron-counting rate X is proportional' to
do. /dQ, to the analyzer transmission T(Ez) as a func-
tion of electron kinetic energy Ej„ to the photoelectron
escape depth A, (Ek ), to the relative photon fiux arriving
at the sample, N(h v), and to a function F which depends
on reAection and refraction at the surface of the sample,
i.e.,

N(y, hv)~ ' T(Ek)k(Ek)4(hv)F .do(y, hv)

Now if the geometry of the experiment can be arranged
so that, for the two diAerent angles y, all factors in Eq.
(5) remain constant except the differential cross sections,
then P can be evaluated from the ratio of counting rates
R =N(O, hv)/N(54. 7, hv). Using Eqs. (3) and (4), this
gives

R =1+P .

Southworth et al. ' and Hecht and Lindau' have dis-
cussed the difficulties in accurately determining P using
the geometry described above and a more general
geometry. Hecht and Lindau point out, for example, the
desirability of keeping the electron-escape depth the same
for the two angles of y. In the present experiment this
was accomplished by moving the small hemispherical
electron analyzer' in the horizontal plane to equal angles
y, =0 and @2=54.7' on either side of the sample normal.
For this purpose the sample was set in a fixed position by
rotating about an axis perpendicular to the horizontal
plane. The incoming photon beam was thus inclined to
the sample surface, which was fine at the higher photon
energies where the index of refraction was close to 1.00.
At the lower photon energies it was necessary to make a
correction for refraction at the interface using the known
indices of refraction for Ag metal' and AgBr. ' Reason-
able results for both materials were obtained in this way,
but a more accurate method which did not require a
correction for the refracted beam direction within the
sample was therefore developed. This new method is de-
scribed in the next paragraph.

We now define the ratio of count rates
R =N(y&, hv)/(y2, hv) at two angles of electron collec-
tion y& and y2 measured with respect to the polarization
vector. Taking the ratio of counting rates using Eq. (1)
and solving for g, it is not hard to show that the asym-
metry parameter is given by

2(R —1)
(3cos y, —1)—R(3cos yz —1)

all other factors in Eq. (5) remaining constant. In this
second method of data acquisition the sample was placed
so that the incoming photon beam was normal to its sur-
face as indicated in Fig. 1. The electron analyzer could
then be positioned anywhere on the cone of rays shown in
the figure, and it would intercept electrons with the same

I

hw

FIG. 1. Sample geometry showing the two electron-analyzer
positions, (1) 33' and (2) 90' used for determining the asymmetry
parameter. The electron analyzer could also be positioned at
y=54. 7' in the horizontal plane for cross-. section measure-
ments. The synchrotron radiation is plane polarized in the hor-
izontal plane and incident normal to the sample surface as
shown.

angle of escape, referred to the sample normal. The
electron-escape path length within the sample would thus
be the same for diferent angles. Accordingly, a simple
ratio of counting rates could be obtained in order to
determine P from Eq. (7). For good results the cone angle
was chosen to be 33', which corresponds to y& =. 33, posi-
tion 1 in Fig. 1. Position-2, out of the horizontal plane,
was then chosen to correspond to y2=90. At these an-
gles Eq. (7) reduces to

2(R —1)
1.11+R

(8)

In practice, Eq. (8) had to be modified because the syn-
chrotron radiation incident upon the sample was not
100% plane polarized. In fact, the polarization of the ra-
diation incident upon the monochromator can be
accurately calculated. It turns out to be close to
P =(I~~ I~)/(I~~+I~)=0. 7—throughout the range of pho-
ton energies utilized. Since rejections in the monochro-
mator were all at low grazing angles (1' and 2'), we ex-
pect the incoming polarization to be fairly well main-
tained. Rewriting P as P =(o.—1)/(a+ 1), where
cL =I

~~

/Iy a polarization P of 70% corresponds to
a=5.67. If one now repeats the analysis leading to Eq.
(8) by adding separate contributions to the counting rate
at each angle from the two intensities of polarization I)~

and Ij, the result is an expression for /3 containing
corrections a=1/a. For y, =33' in the horizontal plane
and @2=90 with the analyzer in the vertical plane, the
result is

2[R (1+e)—(1+@)]
1.11—E+R (1—e)

Equation (9) was used to calculate the corrected values of
P presented and discussed in the next section.

Relative cross-section measurements on Ag metal were
obtained by setting the hemispherical analyzer to
y =54.7' in the horizontal plane. Energy-distribution
curves could be obtained in this way with an energy reso-
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the same storage-ring beam current.

on silver atoms. Notice that the data on the metallic
silver film are very much like the data on atoms. Of in-
terest is the fact that the energy for P=0.6 is similar in
both cases, suggesting that the Cooper minimum is not
greatly shifted in the condensed phase.

Let us now turn to measurements of the asymmetry pa-
rameter for the compound AgBr. Energy-distribution
curves of the valence band of randomly oriented poly-
crystalline AgBr are shown in Fig. 6. The top of the
valence band is indicated by an arrow in each case.
There are four main features centered at 1.5 3 0 3.8,

eV below the top of the valence band. Separation of
these various band components was carried out by fitting
the data with Gaussian distributions, as well as by in-
tegrating to determine the area between selected energies.
Very similar results were obtained using these two
different methods.

The angle-integrated photoemission experiments'
on the silver halides as well as the early band calculations
of Bassani and co-workers ' indicate, at least in a qualita-
tive fashion, how the valence bands of these compounds
are composed of different amounts of Ag 4d and Br 4p

character. More recently, data taken at low tempera-

f
ture permits one to extract the Ag 4d a d B 4 d
rom the total density of states. Figure 7 shows these

separate contributions. There is strong mixin
throu hout theg e bands, but the lower-energy regions
(higher binding energy) are predominantly d-like,
whereas the upper band is largely Br 4p.

Asymmetry parameters for the valence bands of AgBr
are plotted in Fig. 8. Here we have chosen to combine
the areas of the more deeply bound "d b d "an s an to plot
separately the uppermost p/d band. Notice that the "d
bands" behave very much like the d bands of Ag Inetal,
especially as to the position of the Cooper minimum

ppermost band is a real admixture of
and d-~d-derived states, and it can be seen that the value
@=0.6 is shifted to slightly higher energy. Likewise, the
range of the P parameter is considerably reduced for this
uppermost p /d band.

V. CONCLUSIONS

There is now a growing accumulation of experimental- enomena, inc u ingevi ence that Cooper-minimum hen
observation of the asymmetry parameter, can be studied
in t e condensed phase as well as in gases. For this pur-
pose we have found it important to work with randomly
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oriented polycrystalline samples. In this paper, after
describing the experimental method, we have presented
angular-anisotropy data for the valence band of the com-
pound AgBr through the Ag 4d Cooper minimum from
55 to 165 eV. Similar data are also presented for metallic
silver.

For the 4d-derived valence bands of silver metal, the
results on the energy dependence of both partial and
differential cross sections are remarkably atomiclike.
Only the depth of the excursion in asymmetry parameter
through the Cooper minimum is slightly reduced in the
solid. In fact, the results presented here on the metal are
somewhat more atomiclike than reported by other au-
thors. ' The observed cross section for the d-derived
bands covers almost 2 orders of magnitude through the
Cooper minimum. Likewise, the excursion in asymmetry
parameter through the Cooper minimum is larger than
previously reported for evaporated silver. We find that
the dispersionlike behavior of the asymmetry parameter
is a good way to locate the Cooper minimum, even in the
condensed phase.

Our method gave a value of /3 close to 2.0 for the Ag 4s
core, which gives one confidence in the experimental
method. The diff'erence in our measured /3 value from
previously reported work on the metal may be due to
differences in samples. In our case, special care was tak-
en to clean and randomize the surface by argon-ion bom-
bardment. This procedure resulted in valence-band
energy-distribution curves of the highest quality, which
apparently was important in obtaining the cross-section
and asymmetry-parameter data. We also found that it
was important to have the photon beam perpendicular to
the sample surface; otherwise in oblique geometry rather
large corrections for refraction at the interface had to be
made, especially in the range of photon energy between
60 and 100 eV.

The experimental results on asymmetry parameter for
AgBr can likewise be readily compared with the atomic
behavior of silver. The excursions in P value for the
deeper d-derived valence bands are only slightly reduced
from atomic values. The overall behavior of the valence-
band asymmetry in AgBr can best be understood in terms
of the well-known valence-band structure for the com-
pound, which is a mixture of d- and p-derived band densi-

FIG. 8. Asymmetry parameter as a function of photon ener-
gy for randomly oriented polycrystalline AgBr. Data for the
three most deeply bound components (mainly Ag 4d bands) are
shown by solid points and the solid line, whereas the least-
bound p-d component band is shown by open circles and a dot-
ted curve.

ty. Whereas the asymmetry of the deeper d-derived
valence bands are remarkably atomiclike, the variation in
/3 value through the Cooper minimum for the uppermost
p-d valence band of AgBr is much reduced compared to
the atomic case. It is also slightly shifted to higher ener-
gy. To a great extent these results can be understood in
terms of substantial admixture of p-like wave function
into the initial state. The admixture is important
throughout the valence band of the ionic crystal, but
most important for the uppermost band, which is derived
primarily from Br p states.

A comparison here of measured P values for solids
with those obtained or calculated for atoms leads to con-
clusions a lot like those stated by Carlson and co-
workers, who compared atoms and molecules. The be-
havior of the P value dramatically attests to Cooper-
minimum phenomena even in the solid. In fact, the ex-
cursion and shifted position of the minimum is probably
best determined from data on the /3 value. One can
speculate on the effects of bonding in the solid as it affects
both initial and final states. Clearly, the silver 4d-derived
bands in the ionic crystal AgBr are highly atomic in na-
ture. It would be most useful, however, to have a calcula-
tion of the matrix elements important in the /3 value for
the solid. For this purpose it would be necessary to have
realistic wave functions.
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