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Measurements of the partial photoionization cross section (o) and of the photoelectron asym-

metry parameter (P) have been performed on polycrystalline Ag around the 4d threshold. A

description of the technique used to obtain o and P from the photoemission spectra is provided. It
is shown that in the condensed phase, the photoelectron asymmetry parameter can be experimental-

ly determined much more accurately than the partial cross section, because many experimental un-

certainties, such as the dependence of the intensity of the light source with the photon energy, the

variation of the electron mean free path, and the transmission and counting efficiency of the elec-

tron analyzer as a function of the kinetic energy of the photoelectron, which introduce a consider-

able amount of distortion in the measurements of tr, do not play a role in determining P. Near the

threshold, the cr from bulk Ag is very close to the atomic results, whereas the P is severely distorted

with respect to the free atom, being essentially equal to zero. We propose that the isotropy of the

photoelectron angular distribution in polycrystalline Ag is primarily a consequence of a double ran-

domization by a diffraction process of the fina states due to the crystal potential and by random

orientation of the crystallites. We also point out that there is an interesting analogy between the re-

sults of our photoemission experiment and the "Debye-Scherrer pattern" of an x-ray-diffraction ex-

periment from a powder of crystals oriented at random.

I. INTRODUCTION

In a photoemission experiment, the energy of the in-
coming photon flux absorbed in solid or gas is converted
principally into the kinetic energy of the electrons, with
the intensity and the angular distribution of the photo-
electrons providing information about the initial and the
final states responsible for the absorption. In experiments
in which the photoelectrons are collected by an angle-
integrated electron analyzer, for example by a cylindrical
mirror analyzer (CMA), only the intensity which is pro-
portional to the partial photoionization cross section can
be measured. However, for photoelectron spectroscopy
to realize its full potential, experiments must be designed
in which both the intensity and the angular distribution
can simultaneously be measured, thereby allowing the
determination of the partial cross section and the asym-
metry parameter. In the last few years, with the ad-
vances in the experimental techniques and with the ad-
vent of the synchrotron radiation as a suitable source of
monochromatic light, a considerable amount of research

effort has been devoted to the measurements of the pho-
toelectron asymmetry parameter in the gas phase (both
atoms and molecules) over a wide range of photon ener-
gies, giving a wealth of information about the photoexci-
tation dynamics, resonances, many-body effects, and the
Cooper effect. ' In the condensed phase, however,
there have only been three studies of the photoelectron
asymmetry parameter, all at energies well above the
threshold.

In this paper, we report on the first experimental deter-
minations of the 4d asymmetry parameter of Ag valence
band in the photon energy range h v= 14—34 eV. We will
show that the P from metallic Ag is severely distorted
with respect to the free atomic case, showing a much
smaller energy dependence, and we suggest an interpreta-
tion scheme for such a remarkable behavior of the bulk
Ag asymmetry parameter. We will also indicate that in
the condensed phase, the photoelectron angular distribu-
tion of all states —either core levels or valence states-
are expected to be essentially isotropic at energies near
the threshold.
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This paper is organized into the following sections.
Section II deals with the experimental set up and the
sample preparation. Section III is devoted to a detailed
description of the techniques used for the measurements
of the cross section and the asymmetry parameter; in this
section we show that in the condensed phase, P can ex-
perimentally be determined much more accurately than
0.. In Sec. IV, we present our experimental data for the
cross section and the asymmetry parameter of polycrys-
talline Ag, and discuss their behavior near the threshold.
Conclusions are summarized in Sec. V.

II. EXPERIMENTAL

The experiments reported here were conducted on the
8' beam line at Stanford Synchrotron Radiation Labora-
tory during the dedicated run with 3 GeV and about 50-
mA beam current. Photon energies between 14 and 34
eV were used to look at the valence-band energy distribu-
tion curves of polycrystalline Ag. The intensity of the
light beam was monitored by the electron yield of a sodi-
um salicylate net placed between the monochromator
and the experimental chamber. The photoelectrons were
collected by a movable hemispherical electrostatic
analyzer (VG Scientific) operated in the constant—
retarding-ratio mode (bE/E=const) in order to take ad-
vantage of the resulting transmission function. The
analyzer acceptance cone, 2' in half-angle, could be freely
oriented relative to the sample normal by rotating it in a
cone around the sample normal. The energy band pass of
the electron analyzer was set at approximately 0.25 to 0.3
eV in order to reduce the contribution of the secondary
electrons to the measured photocurrent.

The polycrystalline Ag was prepared by in situ eva-
poration of almost 5000 A of Ag onto a clean stainless-
steel substrate at room temperature at a pressure of
2 X 10 ' Torr or better (base pressure 5 X 10 " Torr).
The sample was positioned at the center of the chamber,
with its surface at the common focus on the analyzer and
the light beam. All of the experimental cross section and
the asymmetry parameter data were taken at normal in-
cidence in order to reduce the light reflection and refrac-
tion at the sample surface.

III. EXPERIMENTAL DETERMINATION
OF THE PARTIAL CROSS SECTION

AND THE ASYMMETRY PARAMETER

A. Cross section

In this work, we measured the relative value of the
cross section (in arbitrary units), without calibrating o on
an absolute megabarn (Mb) scale. The uncertainty con-
nected with the absolute calibration of the experimental
data is rather significant because of the lack of knowledge
of the exact number of photons per cm sec provided by
the synchrotron light source and because of the uncer-
tainties involved in the determination of the absolute
values of some of the correction factors (such as the elec-
tron mean free path, the analyzer efficiency, and the light
refiection and refraction at the sample surface).

The measuring counting rate C(hv) is related to the

differential cross section (in arbitrary units) by the equa-
tion

C(hv) ~ A(Ek)g(Ek }4(hv)F(A, , x., g, y)cosy,do(hv)
dQ

where k(E& ) is the electron escape depth which depends
on the photoelectron kinetic electron; g(Ek ) is the
efficiency of the electron analyzer; 4(hv) is the relative
photon flux arriving at the sample; y is the angle between
the sample normal and the photoelectron direction, and F
accounts for the light reflection and refraction at the
sample surface. The function F depends on the electron
escape depth A, , the complex index of refraction of the
sample surface g+i~, and the incident angle of the light
y. The differential cross section measured by the angle-
resolved electron analyzer is related to the partial photo-
ionization cross section by Yang's equation:

«nl(S) Onl(e) [1+F2�(cosa )],dQ 4m

where a is the angle between the polarization vector and
the photoelectron direction and P2(cosa) =

—,'(3 cos a
—1). The partial cross section o was measured by set-
ting the electron analyzer at the so called magic anglea,g=54. 7', where the coefficient of the asymmetry pa-
rameter vanishes, and the differential cross section thus
becomes proportional to the partial cross section, i.e.,
(doldQ)a, s=o/4nThe .

e. nergy dependence of the
photoionization cross section was then simply obtained
by measuring the area under the photoelectron peak as a
function of the photon energy and making proper nor-
malization for the incoming photon flux, the electron es-
cape depth and the reflection of the light beam at the
sample surface. The accuracy of our data is essentially
limited by the uncertainty in the photon flux estimation,
which amounts to about +25%%uo. However, as will be
shown in Sec. IIB, the uncertainty connected with the
measurement of the P parameter is considerably smaller,
perhaps as small as +S%%uo.

B. Asymmetry parameter

The measurement of the P parameter in the condensed
phase is experimentally more difficult than in the gas
phase (the interpretation of the data is also considerably
more difficult). In the gas phase, the photoelectron asym-
metry parameter can easily be obtained by taking photo-
emission spectra at two different ejection angles and
fitting the results to the form of Eq. (2). In the condensed
phase, however, as seen in Eq. (1), the measuring count-
ing rate depends both on the angle between the sample
normal n and the photoelectron direction p (through
cosy) and on the angle between the sample normal and
the direction of the incoming light [through the function
F(g}]. To measure the condensed phase asymmetry pa-
rameter, it is therefore necessary to keep both y and g
constant, while varying the angle between the polariza-
tion vector and the photoelectron direction a. This can
be achieved by rotating the electron analyzer in a cone
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hv and n

hv and n

s of the analyzer position

FIG. 1. Simple geometry of the experiment showing the posi-
tion of the electron analyzer.

FIG. 2. Geometrical configuration of the experiment show-

ing the various parameters.

cosy =cos8 cos8'+ sin8 sin 8'cos(P —P' ), (3)

where 0 and 8' are the angles of p and n with respect to
the Z axis, and P and P' are the angles of p and n with
respect to the X axis. Since the photoelectron direction p
is in the Y-Z plane, thus /=90', and because the light
direction is in the X-Z plane, hence P'=O'. Thus Eq. (3)
reduces to

cosy =cos8 cos0' .

For a fixed value of y, Eq. (4) can be used to determine
the position of the electron analyzer. The procedure is as
follows:

(1) Choose an angle y and keep it constant throughout
the experiment. In our experiment, we fixed y at 60',

around the sample normal.
The experimental configuration is depicted in Figs. 1

and 2. During the experiment, the incoming light was
impinging on the sample surface at normal incidence,
that is, the direction of the h v was parallel to the sample
normal n. We now define our coordinate system. We as-
sume that the Z axis lies in the plane of incidence (i.e., in
the plane of the photon direction and the polarization
vector), with the plane constructed from the Z axis and
the photoelectron direction being perpendicular to the
plane of incidence. This requirement uniquely specifies
the Z axis. We also assume that the X axis is in the plane
of incidence, at 90' with respect to the Z axis, and the F
axis is perpendicular to the X-Z plane (Fig. 2).

The angle between the sample normal and the photo-
electron direction (y) in the X, Y, Z coordinates is given
by

where Eq. (4) reduces to

1cosO=
2 cosO'

(5)

(2) Choose an angle 8'. Rotate the electron analyzer by
angle 0' in the plane of incidence.

(3) Determine 8 from Eq. (5). Rotate the electron
analyzer by angle 0 in the plane perpendicular to the
plane of incidence. Take the photoemission spectra.

(4) Determine the angle between the polarization vec-
tor s and the photoelectron direction p, i.e., the angle a.
In the X, F,Z coordinates, a is given by

cosa =cos8 cosco+ sin8 sinco cos( P —5 ), (6)

where m and 5 are the angles between the polarization
vector and the Z and the X axis, respectively. Since the
polarization vector is in the plane of incidence and per-
pendicular to the sample normal, thus co=90' —0' and
5 =0', and Eq. (6) therefore reduces to

cosa —cos8 sm0

(5) Repeat this procedure for different values of 8 and
8' and a.

In our experiment, we took photoemission spectra
by setting the analyzer at angles: (8,8') = (60', 0');
(40.2', 49. 1'); (50.6', 38'); (0', 60 ), with the angle a corre-
sponding to these pairs being a=90', 54.7', 67', and 30'.
The photoelectron asymmetry parameter was then simply
obtained by measuring the counting rates for different
values of a. According to Eq. (1), the counting rate C,
corresponding to angle a, is

o.„,(E)
C, (hv)= [1+13P2(cosa, )]A(Ek )g(E„)4(hv)cosyF(A, , l~, q, X),

4m.
(8)

and the counting rate Cz corresponding to angle az is

cr„&(s)
C2(h v) = [1 p+Pz(c sao)]2k( E)g(E„)4( h)cvs oEy(A, , a, ,7))X.

4m.
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The P parameter can then be determined by finding the
ratio of the counting rates for different a angles, i.e.,

C, 1+PPz(cosa, )

Ci 1+PPz(cosa')

Now calling P2(cosa, )=x and P2(cosa2)=y, and
(C, /C2) = 3, we get

1 —A

Ay —x

In our experiment, we took photoemission spectra at four
different a angles, and fitted the results to the form of Eq.
(11). Note that many experimental uncertainties such as
the electron escape depth, the photon flux intensity, the
efficiency of the electron analyzer, and the light and elec-
tron reflection and refraction, which introduce a consid-
erable amount of distortion in the measurement of the
cross section do not play a role in determining the asym-
metry parameter, since the P parameter is essentially
determined from the ratio of the counting rates [Eq. (11)],
and by using the technique described in this section, all
those factors cancel out from the ratio, thus allowing an
extremely accurate determination of the P parameter.

We finally wish to point out that the P parameter can
also be measured by rotating the sample and the analyzer
together in order to keep the angle between the sample
normal and the photoelectron direction constant, while
varying the angle between the polarization vector and the
sample normal. ' Using this technique, however, causes
the angle between the sample normal and the light beam
to change during the measurements. This technique,
while probably adequate at energies well above the
threshold where light reflection and refraction at the
sample normal are rather small, is by no means appli-
cable at energies near the threshold where light reflection
and refraction are quite significant. Thus near the
threshold, the only viable technique for the measurement
of the P parameter is to rotate the electron analyzer in a
cone around the sample normal, as described in detail in
this section.

IV. RESULTS AND DISCUSSION

A. Cross section

In Fig. 3 we present experimental deterxninations of
the Ag valence-band partial photoionization cross section
at energies near the 4d threshold along with the theoreti-
cal calculations in the relativistic random-phase approxi-
mation (RRPA) for atomic Pd, ' the theoretical predic-
tions in the Herman-Skillman (HS) approximation for
atomic Ag, and the experimental results for atomic Ag.
For graphical convenience, we have normalized our
cross-section data to the RRPA results at the minimum.
Ideally, we should compare our experimental data to the
RRPA predictions for atomic Ag; however, the calcula-
tion for atomic Ag, which is an open shell, is more
diScult and not yet available. Fortunately, the proper-
ties of the 4d electrons in Pd and Ag are very similar and
the comparison is therefore not expected to introduce an
unacceptable uncertainty. The experimental cross sec-

C0
20—I

CO

40
th
O
O
C:0
6$
N
C0
0
0

CL
&5-

0$

tO
CL

10

——Atomic Ag (HS)
Atomic Ag (Experiment)
Metallic Ag {Experiment)

I I

20 30
Photon energy hv (eV)

40

FIG. 3. The partial photoionization cross section for 4d elec-
trons of Ag. Our experimental data for polycrystalline Ag
(open squares) are compared with the data from atomic Ag (cir-
cle), the RRPA prediction for atomic Pd (solid line), and the HS
results for atomic Ag (dashed line). Note that our experimental
data are normalized at the minimum to the RRPA theoretical
value.

tion for metallic Ag is very close to the experimental and
theoretical results for atomic Ag and Pd, showing a slow
onset in the transition strength at the threshold and then
increasing monotonically with photon energy. This is in
sharp contrast to the hydrogenic behavior, which is max-
imum at the threshold, and then starts to decrease mono-
tonically with increasing photon energy. To understand
this behavior of the cross section, we note that the o.

4d in
the dipole approximation is essentially determined by the
overlap matrix elements Rfd and R~d, i.e., "
o 4d i ir

~t'imp�(E

e4d ) [2[~pe( & ) 1'+3[~ fd(e )]'I

where c is the energy of the ejected electron, c4d is the en-

ergy of the 4d electron, a is the fine structure, ao is the
Bohr radius, and Rpd fd are the radial dipole matrix ele-
ments. In the energy range of interest, o.

4d is almost en-
tirely determined by the characteristics of Rfd since

fd pd'
At the threshold, the effective potential as seen by an f

wave electron contains a large centrifugal barrier that
keeps the final state from penetrating into the atom, thus
resulting in a very small overlap matrix element Rfd and
consequently in a small cross section at the onset. With
increasing the photon energy, the ef continuum pen-
etrates the atom more effectively, thereby resulting in an
increase of the overlap matrix elements and of the partial
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photoionization cross section. Since the 0. from metallic
Ag near the threshold is very close to the atomic results,
we may conclude that the repulsive term in the Hamil-
tonian of atomic Ag, which gives a delay in the oscillator
strength, is also present in the Hamiltonian of bulk Ag.

Atomic Pd (RRPA)
——Atomic Ag (HS)

Atomic Ag (Experiment)
Metallic Ag (Experiment)

B. Asymmetry parameter

In Fig. 4 we present experimental determinations of
the 4d asymmetry parameter for polycrystalline Ag along
with the theoretical calculations in RRPA (Ref. 10) for
atomic Pd, the theoretical predictions in the HS approxi-
mation for atomic Ag, and the experimental results for
atomic Ag in the photon energy range near the 4d thresh-
old. From the results shown in Fig. 4, the following
should be noted:

(1) In the photon energy range It v=14—20 eV, the P
parameter from metallic Ag shows a very small energy
dependence, being almost equal to 0; however, the
theoretical P parameters in the RRPA and HS approxi-
mations, in the range hv=13-20 eV, show a dramatic
energy dependence, dropping rapidly from 1.3 to 0.1 and—0.4, respectively, with the P at It v=14 eV (at the onset
of the measurement of the polycrystalline Ag) being al-
most equal to 1. The experimental P for atomic Ag,
starting at around it v=15 eV, also shows a strong energy
dependence, dropping from 0.5 to —0. 1. Had the asym-
metry of atomic Ag been carefully measured in the ener-

gy range of Itv=13 —15 eV, we strongly suspect that it
would have dropped from 1.3 to 0.5, in close agreement
with the theoretical predictions in the RRPA, since the
measured P parameters of other states near the threshold
agree quite favorably with the RRPA results. For exam-
ple, the experimental P from Xe 4d shows a remarkable
agreement with the theoretical calculations in the RRPA,
dropping rapidly from 1.6 to 0 in the photon energy
range 7 eV above the 4d threshold. '

(2) In the photon energy of 20—34 eV, our experimen-
tal asymmetry parameter data for metallic Ag are close
to the atomic results, all increasing very slowly with pho-
ton energy.

I

0—

-0.5—

10
I I l

20 30
Photon Energy hv (eV)

40

FIG. 4. The asymmetry parameter for 4d electrons of Ag.
Our experimental data for polycrystalline Ag (open squares) are
compared with the data for atomic Ag (circle), the RRPA pre-
diction for atomic Pd (solid line), and the HS calculations for
atomic Ag (dashed line).

In the following, we shall consider both atomic and
solid-state effects on the P parameter. However, we be-
lieve that the solid-state effects are considerably more im-
portant than the atomic effects.

I. Atomic sects on the asymmetry parameter

We first consider atomic effects on the energy depen-
dence of the P parameter at energies near the 4d thresh-
old. To understand the results shown in Fig. 4, we note
that the Ag 4d asymmetry parameter in the LS coupling
and in the dipole approximation is given by

12[Rf(s)] +2[R (s)] —36Rf(s)R (e)cos[rif(s)+5f(e) —
ri (e)—5 (s)]

P(e) =
15[Rf(s)] +10[R (s)]

(13)

where gf and 5f are the Coulomb and the non-
Coulomb phase shifts of the f and the p waves. In the
photon energy range hv=13-20 eV, the strong oscilla-
tion of P is primarily due to the rapid variation of the
Coulomb phase shifts, while in the energy range
h v=20 —34 eV, the energy dependence of P is mainly due
to the variation of the non-Coulomb phase shifts. ' '

Since the behavior of P near the threshold is almost en-
tirely determined by the characteristics of the phase
shifts of the final-state wave function, an interpretation of
the results shown in Fig. 4 requires a comparison of the
asymptotic form of +f from metallic Ag to that from free
atom. Obviously, the final-state wave functions for both
atomic Ag and bulk Ag are solutions to the Schrodinger

l

equation; however, the boundary conditions for the two
cases are significantly different. For atomic Ag, the po-
tential far from the origin fall off as Coulomb potential,
i.e., V(r) ~(Ze Ir), and the photoelectron is never com-
pletely free, no matter how far away it gets from the ori-
gin. ' The asymptotic form of the radial part of +f for a
photoelectron leaving a Coulomb potential in the single-
electron approximation can be written as'

1P,t(r) —sin &sr + —ln2 v'Er
s

Im.

2
+g&(E)+51(E) as r ~ cc, (14)
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where the dramatic energy dependence of p for
atomic Ag in the energy range 13—20 eV is caused by
the rapid variation of the Coulomb phase shifts g I ( c. )

=argl (i + 1 —ir ) with photon energy.
For metallic Ag, however, the potential at large dis-

tances from the origin, due to the screening effects, falls
off as e '"Ir Si.nce the potential falls faster than 1/r, the
photoelectron behaves like a free particle far from the
origin, and the asymptotic form of the radial part of %'f
in the single-electron approximation can be written as'

ImP«(r)-sin &sr — +5&(s) as r~ ce . (15)

2. Solid state beets -on the asymmetry parameter

We now consider solid-state effects on the behavior of
the p parameter of bulk Ag at energies near the 4d
threshold. We begin our discussion by considering the
photoelectron angular distribution from the single crys-
talline Ag. Since the valence band of metallic Ag is ap-
proximately 3.5 eV below the Fermi level, the influence of
the crysta1 potential on the shape of the energy band,
which causes the band to distort in the vicinity of the
zone edge and at other Bragg planes, should be included.
In this case, Mahan has shown that the angular distribu-
tion of the photoernitted electrons is of the form, '

"' —y ('G)'&G fd'&'5k Q k——
G

(16)

The 6 function in the above equation indicates that the
photoelectrons propagating with a wave vector k' are
elastically scattered by the crystal potentia1 into all other
directions that are symmetrically equivalent. This is
very similar to low-energy electron-diffraction (LEED)
wherein a single electron beam shot at the surface pro-

As seen in the above equation, the Coulomb phase shift,
which induces the most dramatic oscillation of p in atom-
ic Ag in the energy range h v=13—20 eV, is absent from
the final-state wave function of bulk Ag; further, the
non-Coulomb phase shifts and the matrix elements are
slowly varying functions of the photon energy so that
they cannot cause a rapid variation in the p parameter
over such a small energy range. ' ' The absence of the
Coulomb phase shifts in the final-state wave function of
bulk Ag is therefore a possible explanation for the fact
that its p shows a much smaller energy dependence than
the free atomic case in the energy range h v=14—20 eV.

In the photon energy range h v=20 —34 eV, the energy
dependence of the asymmetry parameter is mainly due to
the variation of the f wave non-Coulomb phase shifts.
Because of the presence of a centrifugal barrier in the
4d ~ sf channel, the phase of the sf continuum increases
with the photon energy, thereby causing the oscillation in
the p parameter. ' Since such a barrier is present in the
Hamiltonian of both atomic Ag and polycrystalline Ag
(see the discussion regarding the energy dependence of
cr ), the asymmetry parameter of both systems are expect-
ed to show very similar behavior, as verified experimen-
tally.

duces many reflected —as well as transmitted —waves.
Note that the photoelectrons measured in our experiment
have energies comparable to electrons measured in
LEED.

Since the effect of the crystal potential on the energy
band of metallic Ag is strong, the 4d initial-state wave
function is a Bloch wave, characterized as linear com-
bination of plane waves. So an electron in state k' propa-
gates through the crystal not only with the wave vector
k', but also with wave vectors k'+ G' (where G' is a
reciprocal-lattice vector). Each of these components
creates an external distribution photoelectron. The pri-
mary component e'"' creates the conic distribution of
the electrons; while the other components e'" + "give
rise to distributions which are approximately conical and
are called the secondary cones. Thus the photoelectrons
emitted from the single crystalline Ag are strongly scat-
tered into primary as well as secondary cones.

We now consider the photoelectron angular distribu-
tion from a polycrystalline sample such as polycrystalline
Ag. It is well known that the evaporation of Ag onto a
clean stainless-steel substrate produces crystallites with
dimensions of a few hundred Angstroms, so that the band
structure is certainly present in each crystallite. ' Thus
the photoelectrons emitted from each crystalline have
primary and secondary conic angular distribution; for ex-
ample the photoelectrons emitted from one of the crystal-
lites have the angular distribution of the form
gG 5& G z, while the electrons emitted from another

1

crystallite (with the same energy) have the form

go 5z o z, with G, and G2 being randomly oriented
2

with respect to each other. To obtain the photocurrent
measured by the electron analyzer, we should add the
contributions from all randomly oriented crystallites. It
thus seems clear that a double randomization by scatter-
ing processes in the final states due to the periodic crystal
potential and by random orientation of the crystallites
leads to an isotropic photoelectron angular distribution,
with the asymmetry parameter being essentially equal to
zero. This is precisely the result that we observed in our
experiment.

We finally want to point out that there is an interesting
analogy between our photoemission experiment from
polycrystalline Ag and an x-ray-diffraction experiment
from a powder of randomly oriented crystallites. When a
beam of nonrnonochromatic x rays falls upon a crystal
with a given orientation, the conditions for Bragg
reflection are generally satisfied for various sets of lattice
planes by particular components of the incoming beam.
Each of these components is then scattered in the direc-
tion corresponding to the particular orientation of the
lattice planes. The set of scattered directions form the
"Laue pattern" of the crystal. When the incoming beam
is monochromatic, no Laue pattern is, in general, ob-
served for a crystal of given orientation (since the crystal
is generally not oriented at the right angle to satisfy the
conditions for Bragg re6ection). However, if the mono-
chromatic beam falls upon a powder of crystallites orient-
ed at random, some of the crystallites will be oriented at
the right angle for Bragg reflection on one of the various
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sets of lattice planes. The scattered x rays therefore form
a ring on a photographic plate, which is called the
"Debye-Scherrer pattern" of the powder. Similarly in a
photoemission experiment from a polycrystalline sample
(such as polycrystalline Ag in our experiment), the pho-
toemitted electrons have an isotropic angular distribu-
tion, with the P parameter being essentially zero. The
analogy between x-ray diffraction and photoemission,
however, is not exact because photoelectrons are scat-
tered by individual atoms to a much greater extent than x
rays.

V. CONCLUSION

We have presented the results of the first investigation
of the solid-state effects on the valence-band asymmetry
parameter of bulk Ag near the 4d threshold. We have
shown that in this energy range the P from metallic Ag is
dramatically deformed with respect to the free atom, and
we propose that this phenomenon is primarily a conse-
quence of a double randomization by a scattering process

due to the periodic crystal potential and by random
orientation of the crystallites. We finally wish to em-
phasize that near the threshold, the condensed-phase
asymmetry parameter of all states —either core levels or
valence states —are expected to be severely distorted with
respect to the free atomic case, being essentially equal to
zero.
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