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The angular distributions of Pd 3d», (EI, =1151.5 eV), Pd 3d3/p (Ek =1146.3 eV), and Pd 3p3/2
(Ek =954.5 eV) photoelectrons and Pd M5 VV Auger electrons (EI, =327.5 eV) were investigated for a
single-crystal Pd(100) surface. We have observed pronounced anisotropies in both photoelectron and
Auger-electron intensities as a function of the polar emission angle 8 along the principal azimuthal
directions (001) and (011). We find that the observed angular distributions can be explained by the
forward scattering of the outgoing electron waves (regardless of whether they are photoelectrons or
Auger electrons) by the atoms overlying the emitter. Direct structural information was obtained by us-

ing the kinetic-energy dependence of the angular distributions of photoelectrons and Auger electrons in
that zeroth-order forward-focused peaks are independent of energy, whereas the first-order interference
intensities shift with energy. Forward-scattering spectroscopy is a very powerful technique in determin-

ing the relaxation of surface atoms despite a lack of translational symmetry normal to the surface. We
have shown that the Pd(100) surface does not relax within 1.0. The experimentally observed angular
distributions are consistent with a single-scattering model in which forward focusing dominates the pho-
toelectron and Auger-electron angular distributions.

INTRODUCTION

Forward-scattering spectroscopy is a structure-
sensitive technique that has been developed for the study
of surfaces during the past several years. ' It is based on
the realization that the angular distribution of x-ray pho-
toelectrons and Auger electrons with energies of a couple
of hundred electron volts and above exhibit pronounced
anisotropies that are structural in origin. These angular
anisotropies are observed as enhanced intensities along
the internuclear axes which connect the emitter atom to
its nearest- and next-nearest-neighboring scatterer atoms.
This technique makes use of a strong forward-scattering
mechanism which occurs when photoelectron (Auger-
electron) waves emitted by near-surface atoms are re-
focused in the forward direction (i.e., forward scattering)
due to the attractive potential of the atoms overlying the
emitter. Combined with the chemical specificity of the
photoelectrons and Auger electrons, this technique is a
powerful diagnostic of the local structural environment
around a particular emitter atom. This technique has irn-

portant applications in areas such as direct determination
of orientation of adsorbates, structures of epitaxially
grown thin films, interdiffusion at interfaces, and surface
segregations as discussed in recent reviews of the field. '
Forward-scattering spectroscopy can also be used direct-
ly to study lattice relaxations of near-surface atoms. In
principle, changes in bond length and direction can be
observed as a shift in the experimentally observed
forward-focusing angles in proportion to the extent of the
relaxation. Currently, the majority of the data in the
literature comes from low-energy electron diffraction
(LEED), where multiple-scattering efects may cause seri-
ous limitations in the interpretation. Forward-scattering

results are direct and the structures deduced from them
are independent of any model.

Initial theoretical efforts have concentrated on the
single-scattering model, which was applied by Davis and
Kaplan to bare Cu(100). Some of the subsequent appli-
cations included chemisorption geometry of c(2X2) oxy-
gen on Cu(100), bare Cu(100), and epitaxial Cu on
Ni(100) (Ref. 7) surfaces. The single-scattering model can
be described as a superposition of the primary wave excit-
ed from a given site and those waves scattered only once
by atoms at other sites. The effects of inelastic scattering
on wave amplitudes during propagation and vibrational
attenuation of interference effects were incorporated into
the single-scattering scheme. The single-scattering mod-
el has been used successfully to explain angular anisotro-
pies. More recently, it became clear that in epitaxial
Ni/Cu on a Ni(100) system, due to multiple-scattering
effects, enhancements in the forward direction cannot be
sustained for steadily larger overlayer thicknesses. ' A
consequence of these effects is that strong forward-
scattering enhancement in photoelectron and Auger-
electron intensities originates from the top few atomic
layers at the surface, with deeper layers making a more
isotropic contribution. As a result, more sophisticated
theories have emerged to address multiple-scattering
effects. ' ' In the multiple-scattering formalism, the
usual scalar scattering factor is replaced by a square ma-
trix whose dimension determines the level of approxima-
tion. Recently, final-state effects were added to the exist-

ing schemes by the inclusion of the angular momentum of
the initial state and the operational dipole selection
rules. ' ' This resulted in a more-refined description of
the angular distribution intensities. In the present work,
we describe a simple single-scattering scheme adequate to
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account for the experimental data.
It has been known for some time that in the case of

Auger-electron emissions at kinetic energies below 200
eV the angular distributions produce results inconsistent
with the forward-scattering mechanism. ' In Ref.
17, dated back to 1972, it was shown that the angular dis-
tribution of copper 62-eV M2 3 VV Auger electrons pro-
duces a minimum at 0' using Cu(100) where the forward-
scattering mechanism predicts a maximum. Over the
years other researchers have observed other Auger-
electron angular distribution "dips" in other materials,
mostly in a low-energy regime. One recent finding in
Pt(111},using 65-eV Pt Auger transitions and I and Ag
overlayers on Pt (111},and using 355-eV Ag Auger tran-
sitions, showed a similar dip. ' Based on this result, it
was suggested that the source of the discrepancy was the
failure of the forward-scattering formalism and the way
previous experiments were performed. Instead, a
"silhouette" model was proposed, which stated that
enhanced inelastic scattering of electrons out of low index
directions by an atomic charge density is responsible for
the observed intensity minima. This initiated a contro-
versy that remains to be resolved. Interestingly, these
dips were not observed in all materials. Furthermore, in
the materials where they were observed, some of the
Auger transitions did not exhibit the dips in forward-
scattering directions. Additionally, a recent experiment
using isoenergetic photoelectrons demonstrated that the
angular distribution of 65-eV photoelectrons displayed a
maximum at the polar emission angle of 0', which is con-
sistent with the forward-focusing mechanism. No in-
tensity minima have been reported along the principal
crystallographic directions using photoelectrons, at any
kinetic energy. It is therefore important to investigate
the angular distributions of core-level photoelectrons and
the Auger electrons in many different materials in order
to shed more light on the mechanism involved.

We studied angular distributions of palladium photo-
electrons (1151.5, 1146.3, and 954.5 eV} and Auger elec-
trons (327.5 eV) emitted from the Pd(100) surface. Our
results are entirely consistent with the forward-focusing
model. The angular distribution of Auger electrons does
not show any intensity minima corresponding to the bond
directions. We have identified anisotropy associated with
the zeroth-order forward focusing from the energy
dependence of the photoelectron and Auger-electron an-
gular distributions. This allowed us to directly determine
the surface structure of the Pd(100} single crystal along
the (001) and (011) azimuthal directions. The ob-
served anisotropies are consistent with a single-scattering
theory. But the relative intensities may await an inter-
pretation based on a more-refined multiple-scattering
theory incorporating final-state effects.
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cy. The superior performance of ESCA-300 is partly due
to a rotating anode as an x-ray source which can generate
a finely focused, very intense x-ray beam at 8 kW, typical-
ly at 10000 rpm. The high x-ray intensity reduces data-
acquisition time dramatically. This minimizes the possi-
bility of altering the surface conditions during the experi-
ment due to background impurities, even at pressures as
low as 10 ' Torr. The x-ray beam is then monochroma-
tized using a monochromator with seven double-focusing
3-in. -diam quartz crystals. As a result, ESCA-300
features the highest obtainable resolution of 0.27 eV from
the Fermi edge analysis of the Pt valence band. High an-
gular resolution (7 msr} is obtained in the spatially
resolved mode by the insertion of an additional prelens to
the electrostatic lens system. In the same spatial mode in
which angle-resolved XPS experiments are performed, la-
teral spatial resolution of less than 30 pm can be achieved
for objects within 1.5 mm from the lens axis. A fixed,
600-mm-diam hemispherical analyzer, combined with a
multichannel plate multidetector system, contributes
significantly to the sensitivity and resolution of the
overall system.

In the angle-resolved XPS experiments, sample manip-
ulation was done manually by varying the polar emission
angle (8) and the azimuthal emission angle (P) indepen-
dently. Data for each set of experiments were recorded
in a single data file using a multilayer structure (see Fig.
1). Experiments were performed in such a way that mul-

tiple scans of different kinetic energies were stored for
each angle before the angle was incremented. This al-
lowed us to measure the angular distribution of photo-
electrons and Auger electrons, with varying kinetic ener-
gies, under the same experimental and geometrical condi-
tions. In addition, storage of the data in layered struc-
ture facilitated the analysis under identical conditions for
each scan. This approach minimizes random errors,
making accurate comparisons of the angular distributions
with different energies possible.

EXPERIMENTAL TECHNIQUE Binding Energy (eV)

The experiments described in this paper were conduct-
ed using a SCIENTA ESCA-300 x-ray photoemission
spectrometer (XPS}. This instrument has many useful
features that are vital in producing angular distributions
of photoelectrons and Auger electrons with high accura-

FIG. 1. A set of angle-resolved XPS data of the Pd 3d5&2

(Ek =1151.5 eV) and Pd 3d3/2 (Ek =1146.3 eV) recorded in the
spatial mode along the (011}azimuth. The polar emission an-

gle 8 is scanned between —10' and 70 with 2' increments. In-
tensity variations in the angular distribution are clearly seen.
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A high-purity Pd(100) single crystal was cleaned in two
stages. Stage I was conducted in two bakeable
ultrahigh-vacuum (UHV) systems. One consisted of a
three-grid "display-type" low-energy-electron-di8'raction
(LEED) optics, an Auger-electron spectrometer (AES)
with a cylindrical mirror analyzer, and a mass spectrome-
ter (MS) for temperature-programmed desorption (TPD).
The other system involved a high-resolution electron-
energy-loss spectrometer (HREELS) and the MS. Each
unit was evacuated by a 200-1/s ion pump boosted by a ti-
tanium sub1imator. Typical background pressures were
low, 10 ' Torr. Stage II was conducted in the prepara-
tion chamber of the ESCA-300.

The Pd(100) single crystal was spot welded between
two 0.25-mm-diam Ta wires. This allowed rapid resistive
heating of the crystals to 1000 K as measured by a
chromel-alurnel thermocouple spot welded to the crystal
edge. Sulfur, carbon, nitrogen, and oxygen were encoun-
tered in the initial cleaning stages of the Pd(100) surface.
Sulfur, nitrogen, and oxygen were readily removed by re-
petitive argon-ion etching and by heating the crystal to
1000 K. The removal of carbon was achieved by heating
the crystal at 1000 K for 30 min in 5.0X 10 Torr of ox-
ygen. The oxygen was pumped out, the sample was al-
lowed to cool to room temperature, and then the sample
was ion etched to remove oxygen from the surface. After
many of these cycles, further carbon removal was
achieved by dosing the crystal with oxygen at room tem-
perature and then Gashing the crystal to 1000 K. This
led to the desorption of CO and CO2 as observed by TPD
when carbon was present. This procedure was repeated
until no background impurities were detected by AES,
HREELS, TPD, and a sharp p(1X 1) LEED pattern was
observed.

After Stage-I cleaning, the sample was taken out of the
UHV chamber and was oriented using Laue diffraction
within +0.5'. Two small marks were scratched on the
single crystal along the (001) direction. During the ex-
perirnent these marks were used as a reference to align
the analyzer axis with the desired direction by setting the
azimuth angle. The polar emission angle (8) was calibrat-
ed using a solid-state laser and the final alignment of the
sample-holder —sample system was checked rejecting the
laser beam into itself through a viewing port. The cali-
bration of the azimuth angle was achieved by making ac-
curate 45' and 90' marks on the sample-holder plate.
Stage II of the cleaning procedure was conducted in the
preparation chamber of the ESCA-300. A few cycles of
argon sputtering and annealing around 1000 K, using
backside electron bombardment heating, removed surface

oxide readily. Final cleanliness was checked by XPS and
long-range order was verified by LEED. Experiments
were performed using Al Ka radiation (It v=1486.7 eV)
at room temperature.

RESULTS

Angular distributions of the various primary core-level
emissions and an Auger transition were investigated us-
ing both single-crystal and polycrystal Pd. The core lev-
els are Pd 3d5/2, Pd 3d3/2 and Pd 3p3/2 with emissions
at kinetic energies of 1151.5, 1146.3 and 954.5 eV, respec-
tively. The Pd M5 VV Auger transition at 327.5 eV was
also studied in detail. A set of angle-resolved XPS data
for the two Pd 3d emissions along the (011) direction,
(()=45', is shown in Fig. 1. The x-ray beam spot size was
estimated to be 30p X1.3 mm. Here the data were
recorded in the spatial mode between polar emission an-
gles 6= —10' and 70' with 2' increments. Anisotropy in
the angular distribution of the photoelectrons is ap-
parent. Figure 2 shows the angular distributions of the
Pd 31 electrons, obtained from Fig. 1, along the (011)
direction. Here, symbols represent experimental data
points and the solid line is a cubic spline fit to the data.
Both angular distributions are very similar, with four ma-
jor peaks clearly identified at polar emission angles
around 0', 20', 35', and 54'. The observed anisotropy
[A =(Im,„I;„)/I,—„] is A =45% for Pd 31s&2 and
A =48%%uo for Pd 3d3&2 emissions. The full widths at half
maximum (FWHM) of the angular distribution peaks of
the two Pd 3d ernissions are very similar and they are be-
tween 8.2 and 11.7' as shown in Table I. The degenera-
cy factor for the Pd 3d emissions was determined to be
1.42+0.04 experimentally. This value is close to the ex-
pected value of —,', i.e., [(2J, +1)/(2J2+1)= —for J, =—',
and J2=—', ].

Similar experiments were also performed along the
(001) direction, /=0', using the same core-level photo-
electrons. Figure 3 shows the angular distributions of the
Pd 3d electrons as observed along the (001) direction.
In this case four distinct peaks were identified at polar
emission angles around 0', 20', 46, and 70'. In this case
the observed anisotropies were 38.2%%uo and 40.9&o for the
Pd 3d5/2 and Pd 3d3/p core levels, respectively. The an-

gular distribution of the Pd 3d5/2 and Pd 3d5/2 core lev-

els was also very similar along the (001) direction, with
FWHM between 7.9 and 11.3' as shown in Table II.
The degeneracy factor for the Pd 3d emissions along the
(001) direction was 1.42+0.06.

TABLE I. Forward-scattering peak positions and F%'HM of the Pd 3d core-level photoelectron angular distributions along the

(011),/=45' direction using the Pd(100) surface. Peak positions are determined by using a cubic spline fit to the data Error bar. s

on the data include only the uncertainty of locating the peak maximum.

Transition

Pd 3ds/2
Pd 3d 3/2

Experiment
Theory

Position

—0.3'+0. 1'
—0.3'+0. 1'
—0.3'+0.9'

0'

FWHM

9.5'

9.4'

Position

20.7 +0.1'

20.0 +0.2'

20.4'+0.9'
19.5

FWHM

11.2
11.0'

Position

35.8 +0.3
36.0 +0. 1

35.9'+0.9'
35.3'

FWHM

8.4
8.2'

Position

53.9'+0. 1'

54.0 +0.1'

54.0'+0.9
54.7

FWHM

11.7'
11.4
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TABLE II. Forward-scattering peak positions and FWHM of the Pd 3d&&2, Pd 3d3/2, and Pd 3p3/p core-level photoelectron and

Pd M, VV Auger-electron angular distributions along the (001) direction, / =0. Peak positions are determined from the cubic spline

fit to the data.

Transition

Pd 3d5/2
Pd 3d3/2
Pd 3p3/2
Pd MqVV
Experiment
Theory

Position

0.2 +0.4
0.5'+0.4
0.4'+0.2'
1.4 +0.3'
0.6'+1.3'

00

FWHM

8. 1

7.9'
8.2'

11.2'

Position

19.2 +0.4'

19.5 +0.1

19.5'+0.4'
19.5 +0.4
19.4'+1.3'

18.4'

FWHM

11.3'
11.0'
11.5'

Position

45.2'+0. 5
45.3'+0. 1'
45.7'+0.5
45.6'+0.2
45.5 +1.3'

45.0'

FWHM

11.3
11.2
9.7'
13.0

Position

70. 1 +0.4'
69.9'+0.3
70.8'+0.3

70.3'+1.3'
71.6'

FWHM

7.9'

8.8

Further experiments were performed to distinguish the
zeroth-order forward-focusing peaks from the first-order
interference peaks in that the angular distribution of the
latter would shift with kinetic energy. Zeroth-order
peaks are a result of a constructive interference between
the primary photoelectron wave (unscattered) and the
elastically scattered electron wave which are in phase.
The first-order peaks are due to the constructive interfer-
ence between primary photoelectron electron waves and
the component of the elastically scattered wave which are
180' out of phase. ' In Fig. 4 we present the angular dis-
tributions of the Pd 3ds&2 (Ek =1151.5 eV), Pd 3p3&2

(Ek =954.5 eV) core levels and the Pd M5 VV (E„=327.5
eV) Auger transition along the (001) azimuth direction.
First of all, we did not see a "dip" around 0' for any of
the core levels and the 327.5-eV Auger electrons. The
two photoelectron angular distributions were very similar
to Fig. 3, with four major peaks clearly identified at polar
emission angles around 0', 20', 46', and 70'. The angular
distribution of the 327.5-eV Auger emission preserved the
first three peaks, whereas the fourth peak seems to disap-
pear with a small shoulder around 64'. The observed an-
isotropies were 42% for the Pd 3p3&2 core level and 54%
for the Pd MS VV Auger transition. The FWHM values
become larger with decreasing kinetic energy, as shown

in Table II. This is consistent with the notion that for-
ward focusing is a dominant mechanism at high kinetic
energies.

We performed further experiments to investigate the
response of the SCIENTA ESCA-300 using Pd polycrys-
talline material. The results of these experiments are
shown in Fig. 5 for the same emissions as in the previous
figure between e= —10' and 74' with 2' increments. The
peaks observed using single-crystal Pd were clearly not
present in this case, proving that the peaks were associat-
ed with the crystallinity of the surface. According to Fig.
5, the two high-energy emissions at 1151.5 and 954.5 eV
had a similar response in that both intensities dropped to
-50% of their initial value at 8=74'. The collection of
the 327.5-eV electrons was less efficient at large polar
emission angles and dropped to -67% of their intensity
at 74'. Thus the 327.5-eV electrons were undercounted at
higher emission angles with respect to the Pd 3d5/2 and
Pd 3p3/2 photoelectron emissions. Tables I and II show
the peak positions of the angular distributions of the pho-
toelectron and Auger-electron emissions investigated in
this study. These peak positions were determined using a
cubic spline fit to the data. The error shown in the data
included only the uncertainty in locating the peak posi-
tion. The averaged results (now marked as "Experiment"
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FIG. 2. Angular distributions of the Pd 3d5/2 and Pd 3d3/2
photoelectrons recorded along the (011) direction of Pd(100).
The solid line is the cubic spline fit to the experimental data
points (symbols). Major components of the peaks around 0',
20, 35, and 54 were identified to be related to the forward
scattering of the photoelectrons from the neighboring Pd atoms.

FIG. 3. Angular distributions of the Pd 3d5/& and Pd 3d3/p
photoelectrons recorded along the (001) direction of Pd(100).
Major components of the peaks at 0', 20, 46, and 70 were
identified to be related to the forward scattering of the photo-
electrons from the neighboring Pd atoms.



4888 EMIR GURER AND KAMIL KLIER 46

1.5 x10 5.5 x10

1.2 x10'
~~c

8.5 x 10

P&I M

Pd 3d

lh
~~
C

4.3 x10

CO

Pd 3p5.2 x10

3.2 x10
S

2.0 x 10
-20 0 20 40 60

Polar Emission Angle (Degrees}
80

2.0 x10
0 27. 5 55 82.5 110

Azimuth Emission Angle (Degrees)

FIG. 4. Angular distributions of the Pd 3d5/2 (Ek =1151~ 5

eV) and Pd 3p3/2 (E1, =954.5 eV) photoelectrons and M5VV
Auger electrons {Eq=327.5 eV) recorded along the (001)
direction of Pd(100). A peak around 70' seems to be missing
from the Auger-electron distribution, possibly due to the sharp
background shown in Fig. 5.

FIG. 6. Angular distributions of the Pd 3d&/z and Pd 3d3/p
photoelectrons obtained by scanning azimuthal emission angle

P at a fixed polar emission angle 8=45'. Two major peaks ob-
served at 0' and 90' are consistent with the fourfold nature of
the Pd(100) surface.

DISCUSSION

in Tables I and II) had the overall error of 1.3' along the
(001) direction and 0.9' along the (011) direction. The
measured peak positions were within —1.0' of the ex-
pected values. Azimuthal dependence of the Pd 3d pho-
toelectron distribution at a fixed polar emission angle
8=45' was also investigated. The result is shown in Fig.
6. The fourfold symmetry of the Pd(100) surface was
clearly observed by the two major peaks around 0' and
90' and possible first-order interference peaks in between.
The experimental anisotropy was 37% for the Pd 3dszz
and 39% for the Pd 3ds&z core-level electron distribu-
tions. The degeneracy factor was determined to be
1.41+0.05.

1.1 x 10
~ 1151 eV

~ 954 eV I

Angular distribution of the various Pd core-level pho-
toelectrons and Pd M& VV Auger electrons is consistent
with the forward-focusing mechanism. Angular distribu-
tion results shown in Figs. 3 and 4 can be explained with
a structure shown in Fig. 7. It consists of four layers of
Pd atoms along the (001) direction. Expected forward-
focusing directions are 0' (R =3.88 A), 18.4' (R =6.13
A), 45' (R =2.74 A), 63.4' (8.68 A), and 71.6' (R =6.13
A), where R is the emitter-scatterer distance. With the
possible exception of the 63.4' peak, we have observed all
of the other peaks. The observed angular distribution
suggests that anisotropy is caused by the top four layer
Pd atoms. This result is consistent with the multiple-
scattering theory in that strong forward-focusing
enhancements can originate from the top few atomic lay-
ers. This is because enhancements in the forward direc-
tion cannot be sustained for larger thicknesses due to
what is called "dephasing. " The deeper layers contribute
to the isotropic background. A structure consistent with

S.S x 10'-
~~
C
D

327 eV (001) Azimuth Pd{100)

6.5 x10 0 18.4 45 71.6

4.2 x10

2.0 x10
-20 0 20 40 60

Polar Emission Angle (Degrees}
80

FIG. 5. Angular distributions of the Pd 3d5/2 and Pd 3p3/2
photoelectrons and M5 VV Auger electrons obtained using a
polycrystalline Pd sample. An expected isotropic electron dis-

tribution was obtained. A sharp decline in the Auger-electron
angular distribution at a large emission angle is observed in this
case as well.

FIG. 7. Microscopic structure of the Pd(100) surface along
the (001) direction. The observed forward-scattering angular
distribution peaks are within —1.0 of the theoretically expect-
ed values at 0', 18.4', 45, and 71.6'. This suggests that the top
four Pd layers contribute to the forward scattering.
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&011) Azimuth, Pd(100)

19.5 35.3

FIG. 8. Microscopic structure of the Pd{100) surface along
the (011) direction. The observed forward-scattering angular
distribution peaks are within 1.0 of the theoretically expected
values at 0', 19.5, 35.3', and 54.7.

the observed angular distribution along the (011) direc-
tion is shown in Fig. 8. Along the (011) direction every
other layer is missing with the expected forward-focusing
directions at 0' (R =3.88 A), 19.5' (R =8.23 A), 35.3'
(R =4.75 A), and 54.7 (R =6.72 A). The positions of
these peaks and their FWHM are listed in Table I.

In this study, a distinction between the forward-
focusing peaks and the possible off-axis first-order in-
terference peaks was made by studying the variation of
the angular distribution with kinetic energy. The con-
stancy of the first three peaks for the 327.5-eV Auger-
electron distribution proves unambiguously that the ma-
jor contribution to the first three peaks comes from the
forward scattering of the photoelectrons and the Auger
electrons by the overlaying scatterer atoms. This is be-
cause the forward-scattering peak positions are expected
to be insensitive to the change in the kinetic energy,
whereas the first-order off-axis interference peaks shift
with energy. Change in the relative intensity of the 20'
peaks at 327.5 eV with respect to the other two energies
suggests that this peak may have some small contribution
from the first-order interference. The sharp background
around 70' makes it difficult to identify the fourth peak.
This is a difficult region at which the electron collection
efficiency may depend on kinetic energy in a complicated
way, as suggested by the sharper decline in Auger-
electron distribution in Fig. 5 in comparison with that of
photoelectrons. A correction was attempted by finding a
correction factor for each data point and for each kinetic
energy using Fig. 5. The effect of this correction is to
flatten the response shown in Fig. 4. After the correc-
tion, one gets considerable intensity around 70' for all
three kinetic-energy values of the corrected data. Thus,
we conclude that the majority of the 70' peak is not a
first-order peak but it must have a significant zeroth-
order forward-focusing contribution.

Another experimentally inevitable consequence is that
whenever the kinetic energy is varied, the surface sensi-
tivity of the technique also varies. This is due to the en-

ergy dependence of the electron escape depth. In the case
of the Auger transition at 327.5 eV, the escaping Auger
electrons come from the atoms closer to the surface,

whereas the higher-energy Pd core-level photoelectrons
originate from the deeper atoms. A simple explanation
for the nonobservation of the 70 peak from the low-

energy Auger-electron angular distribution is that, due to
the increased surface sensitivity at 327.5 eV, 70'
forward-focused Auger electrons cannot make it to the
detector. If this is the case, we would expect the same re-
sult for the 18.4 peak which has the same emitter-
scatterer distance, R=6.13 A, as that of the 71.6' peak.
Although the 18.4 peak has a reduced intensity at low
kinetic energy, it is clearly observed. Therefore, based
only on its disappearance for the 327.5-eV Auger-
electron distribution, it would not be prudent to assign
the 70' peak as an interference peak. Also, our findings,
which are based on the angular distributions using poly-
crystalline Pd, suggest that a decrease in the collection
efficiency for the low-energy electrons at larger emission
angles may be responsible for the disappearance of the
70' peak. Thus, there is no solid experimental evidence
that suggests 70' is mostly an interference peak. The
reductions of the intensity of the 18.4 peak at 327.5 eV
suggests a small first-order contribution. It is therefore
expected that the 70' peak may have a similar small first-
order contribution. Also, any interference component is
expected to shift only about 1' towards large angles by
changing the kinetic energy of the Pd 3d5&2 and Pd 3p3/2
photoelectrons from 1151.5 to 954.5 eV. This small
change would be difficult to detect in Fig. 4 accurately.
We also performed single-scattering calculations based on
the Poon and Tong model. We found two small peaks
around 20' and 70' that are a result of the first-order con-
structive interference between 0' and 45' forward-
focusing, and 45' and 90' forward-focusing intensities, re-
spectively.

Auger-electron-diffraction technique has been used to
measure elastic strain and relaxation at a metal-metal in-
terface. The forward-scattering spectroscopy can be
used to investigate relaxations experienced by the near-
surface atoms. Lateral and vertical movements of the
surface atoms cause the angular distribution peaks to
shift in proportion to the strength of the relaxations.
These changes can be as high as 30%%uo in the case of a
body-centered-cubic (111) surface due to its open struc-
ture. From Tables I and II we conclude that our Pd(100)
surface does not relax within —1.0' (-1—2%%uo). This is
consistent with the LEED results for many fcc (100) sur-
faces due to their close structures. Among the other Pd
surfaces, the Pd(110) face is expected to show relaxations
in the order of 10%, which is likely to be detected with
angle-resolved XPS.

In summary, we have epxerimentally shown that along
the (001) direction 0' and 45' peaks are from the for-
ward scattering of the next-nearest and nearest Pd atoms,
respectively. The 18.4' and 71.6 peaks, although they
may have a small interference component, represent the
forward scattering of the photoelectrons and Auger elec-
trons from the more-distant Pd atoms. Similarly, all of
the observed angular distribution peaks along the (011)
direction can be explained by the forward scattering of
electrons by the overlying Pd atoms. These results are in
agreement with the very recent results obtained with
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Cu(100), Cu(110), Cu(111), Ir(111), Ni(111), and
Ag(100)
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