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Focusing and diffraction effects in angle-resolved x-ray
photoelectron spectroscopy
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We have analyzed angle-resolved x-ray photoelectron spectroscopy data and found that large intensity

enhancements along internuclear axes are due to forward-direction focusing of the electron beam by an at-

tractive potential. Away from the internuclear axes, we found secondary peaks whose intensity is dominat-

ed by a structure factor. Results of forward-direction focusing for Cu(001) are presented and a high-

energy limit of the internuclear enhancement is derived.
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TABLE I. Scattering factors for Cu at different energy (at 0=0).

Energy (ev) If(0) I (Bohr radius) Ref(0) (Bohr radius)

20
60

100
400
800

1600

0.3213
1.4366
2.9187
5.4014
6.2759
7.0017

,„(0)= 10.4649

—0.2471
1,0550
1.9406
3.8129
4.8627
5.7749

Recent experimental data by Egelhoff' show large varia-
tions in the intensities of angle-resolved x-ray photoelectron
spectroscopy (XPS) and Auger-electron spectroscopy (AES)
as a function of the emission angle. Some peaks coincide
with the directions of internuclear axes of the emission site
and its neighbors. Other peaks, however, are not related to
such directions.

We have analyzed this phenomenon and found that the
measured peaks are due to two different physical processes.
The first is an intensity enhancement in the forward direc-
tion due to focusing of a high-energy electron beam by an
attractive (Coulomb) potential. This forward-direction
focusing (FDF) effect produces an enhancement whose
value approaches a limit as the kinetic energy (Ek) of the
photoelectron approaches infinity. The second process
governs the intensity at directions away from the internu-
clear axes. At these other directions, the intensity is dom-
inated by a structure factor.

Our analysis shows that in the high-energy regime, there
is always a peak in the intensity in the forward direction
along internuclear axes. The half-width of this peak de-
creases as Ek of the photoelectron increases. Away from
the internuclear axis, we expect secondary peaks whose (an-
gular) position depends sensitively on Ek as well as the dis-
tance between atoms.

In angle-resolved XPS, the differential cross section can
be written as ~

where R, is a vector from the emission site to the jth atom,
k the electron wave vector inside the solid in the direction
of the detector, and ki and ko its perpendicular component
(to surface) and magnitude, respectively. The quantities
k'"', kf"', ks"' are the corresponding values outside the
solid, 0, is the angle between k and R, , and

FD(R )=, g YI (R )Mir /A oh
h I

The quantity MLL is the photoemission matrix element for
I

an isolated atom and Mph is amplitude of the vector poten-
tial. The quantity f(I)1) is the scattering factor of the jth
atom and co is the photon frequency.

Along the internuclear direction of the jth atom, 0,
= 0 and 8& = k, then the enhancement factor is

ll+ [f(0)/RJ]I2. A sufficient condition for the enhance-
ment factor to be larger than 1 is Ref(0) ) 0. For exam-
ple, in the case of copper, Ref(0) is positive for Ek above
40 eV; therefore, forward scattering is always enhanced
above this energy. In the limit Ek ~, we can evaluate
f(0) as

fao«(0) = —
2 J V(r)r2dr2m (2)
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FIG. 1. The enhancement X as a function of electron exit angle
for electron energies 50, 200, and 800 eV.
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FIG. 2. Real and imaginary parts of scattering factor of Cu, real

and imaginary parts of e'~II '~+I and der/dQ (system) as a func-
tion of electron exit angle at Ek = 800 eV.
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FIG. 3. Same as in Fig. 2, but Ek = 1600 eV.

Since this quantity is independent of energy, it gives a
high-energy limit to the enhancement factor in the forward
direction. From Etl. (2), we note that fa,„„(0) is positive
for a negative potential [V(r)]. In Table I, we tabulate
f(0) for Cu at a number of energies and compare it with

fs,„„(0),which is only valid at very high energies.
In Fig. 1, we show the enhancement

X = (system)der do
dA

(isolated atom)

FIG. 4. Internuclear directions for 3 layers of atoms for Cu(100);
the x axis is along (100).
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FIG. 5. Polar plot of Cu(100) 2p photoemission at 917 eV for 2
and 3 layers. A is along x axis with H»=0'.

for an emitting atom and a neighbor placed at a distance
2.56 A from it. We note that the enhancement along the
forward direction increases as Ek increases, while its half-
width decreases. For Cu, the enhancement approaches the
limiting value of il+ [fa«„(0)/R]i2=10, using 8 =2.56

5

From Fig. I, we see that the secondary peak moves closer
to zero as Ek increases. To understand this effect, we have
plotted Ref (0) and Imf(9), the real and imaginary parts of
the structure factor e'k ' "~ for the energies 800 and
1600 eV in Figs. 2 and 3, respectively. We note that the
secondary peaks are mainly caused by the structure factor
which is an oscillating function of 8. The first minimum of
the structure factor moves closer to the zero angle as Ek is
increased. Higher-order peaks at large angles are extremely
small since f(8) approaches zero as 9 increases.

We have analyzed the angle-resolved XPS intensity spec-
tra from the Cu 2p core level for the case considered by
Egelhoff, ' i.e., 2 and 3 layers of Cu. We show in Fig. 4 the
internuclear angles measured from the surface normal. Fig-
ure 5 shows the calculated curves for A polarized parallel to
the surface along the x direction. We note that the peak at
45' for both 2 and 3 layers is due to nearest-neighbor focus-
ing effect, while the small peak at 0' (for 3 layers) is due to
next neighbor focusing. The peak at 22.5' (for both 2 and
3 layers) is due to inferference effects, while the broad
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