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Angular anisotropies in the source wave and scattering factor are shown to cause artifacts in the im-
ages reconstructed from multiple-energy photoelectron holograms. A variable-axis small-angular-cone
method is introduced to eliminate such anisotropies. We show that within the small angular cone, the
anisotropy of the source wave towards an atom is canceled by that towards the detector. Also, the cone
only samples the flat part of the slope of the scattering factor’s phase. The remaining shift in the image
position can be quantitatively corrected for the near-neighbor atoms.

In this paper, we demonstrate that angular anisotropies
in the source wave and scattering factor can cause severe
artifacts in the images reconstructed from photoelectron
holograms. The situation is particularly serious for d and
f initial-state core levels. A variable-axis small-angular-
window method is introduced to eliminate the contribu-
tions from these angular anisotropies. Inversion of scan-
energy photoelectron diffraction spectra within the
variable-axis small angular cone then results in artifact-
free images and the remaining shift in the atomic position
can be quantitatively corrected for the near-neighbor
atoms. Dynamical factors specific to the photoelectron
diffraction process that can strongly distort the otherwise
sinusoidal interference are (1) multiple scattering,! > (2)
angular anisotropy in the source wave, and (3) angular
anisotropy in the electron-atom scattering factor.® Of the
three, the contribution from multiple scattering can be el-
iminated by the use of multiple-wave-number photoelec-
tron holograms.>>’ An efficient method is to integrate a
scan-energy photoelectron diffraction modulation over
wave number:’
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where y(k)=I(k)/Ip(k)—1 is a normalized energy-
dependent photoelectron-diffraction (EDPD) spectrum in
direction k and I, (k) is the reference (direct) intensity.
The complex transform ¢;(R) is summed over a set of
closely spaced outgoing directions:’

w(R)= lzz $e(R) 2. @)
€0

The reference intensity I (k) cannot be measured direct-
ly; it is usually approximated by a least-square straight-
line fit of I(k) over a range of (k,, —k;,) at fixed 6,
and ¢,.} If the range in wave number is large, a least-
square second-order polynomial fit is used.’

The action of the scan-energy transform defined in Egs.
(1) and (2) is to eliminate multiple-scattering contribu-
tions.> The scan-energy transform does not eliminate ar-
tifacts arising from angular anisotropies in either the
source wave or the scattering factor. These anisotropies,
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both in the amplitude and phase, often cause troublesome
artifacts in the reconstructed image. The artifacts appear
as minima where the intensity should be maxima: peaks
at nonatomic sites (i.e., false atoms), split peaks, and
shifts in peak positions, etc.

As an illustration, we invert calculated EDPD spectra
from Ga(3d) in the Si(111) V'3 XV'3-Ga system. The sur-
face structure of this system has been studied before by
low-energy electron diffraction.!® It is known that the Ga
atom adsorbs at the T, hollow site. The EDPD spectra
are calculated using a multiple-scattering slab method'!
in which the d — f and d —p dipole transition matrix ele-
ments are calculated at each energy. The incident photon
is p polarized and the angle between the A vector and
electron exit angle is held fixed at 20°. A mesh of EDPD
spectra between k. ;,=2.85 au.”! (110 eV) and
Kmax =4.8 a.u.”! (313 eV) is used and the wave-number
increment Ak =0.075 a.u.”!. The EDPD spectra cover a
large solid angle: from polar angle 6, =0° (normal emis-
sion) to 8, =85°; the azimuthal angles cover a 60° sector
from mirror plane to mirror plane and a C;, operation is
applied to the calculated spectra to span a 27 range. The
crystal is rotated while keeping the angle between the A
vector and detector fixed. The angular increments are
AB,=5"and A¢, =5".

The reconstructed images using Egs. (1) and (2) over
the full angular window are shown in Fig. 2, left panel.

17°
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FIG. 1. Schematic diagram of the local structure.
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FIG. 2. Images of Si atoms 2-5 in Fig. 1.

The plane of view is normal to the surface and this plane
passes through the Ga atom and Si atoms 2-5. Figure 1
shows the local cluster of the atoms in this plane. In Fig.
2, the crosses mark the positions of these atoms. We no-
tice considerable artifacts in the picture, resulting in a
generally high-noise background. Along the [111] direc-
tion, the images for Si(3) and Si(4) are severely distorted
and minima appear where the crosses (atomic centers) are
located. Very strong artifacts are seen at small radial dis-
tances from the emitter (thick cross). In an image recon-
structed from a hologram, there should be no intensity at
the source atom. A radial intensity plot from Ga to Si(3)
and Si(4) is shown in Fig. 3, top panel. In this plot, the
highest peak is at 0.3 A and it is an artifact. The peak of
Si(3) is shifted by 0.73 A from the correct value of 2.57 A
(indicated by an arrow in the figure). Similarly, the peak
of Si(4) is shifted by 0.72 A from the correct value
(second arrow). Referring back to Fig. 2, left panel, the
image of Si(2) is split and a high-intensity streak is seen
extending from this atom to small radial values. The im-
age of Si(5) cannot be located because of considerable ar-
tifacts nearby. Generally speaking, this amount of ar-
tifacts in the reconstructed image is unacceptable.

Since multiple-scattering artifacts are already eliminat-
ed by the scan-energy transforms, the artifacts in Figs. 2
and 3 must be produced either by the angular anisotropy
in the source wave or in the scattering factor. To
separate the two effects, we replace the d — f and d —p
source terms by an s-wave source term in the calculation.
It should be recognized that an s-wave source term does
not exist in real systems because of the dipole selection
rule. Therefore, it is purely a theoretical construction.
However, the construction is valuable because it

separates source-wave-induced artifacts from scattering-
factor-induced artifacts.

The reconstructed images and radial distribution plot
using an s-wave source term while keeping all other con-
ditions the same as before are shown, respectively, in the
center panels of Figs. 2 and 3. Since all other conditions
are the same, any difference between the left and center
panels of Fig. 2 or top and center panels of Fig. 3 is due
to source-term-induced artifacts. There are indeed con-
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FIG. 3. Radial intensity scan from Ga to Si(3) and Si(4). Ar-
rows mark the correct atomic positions.
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siderable differences: the images are much sharper—
most of the artifacts in the background, especially those
at small radial values, are gone. The distortions and
splittings in Si(3) and Si(4) are eliminated. The resulting
single-maximum images have a resolution of less than
1 A. The radial intensity plot (Fig. 3, center panel) shows
that the image of Si(3) is at 2.451 A, shifted by only 0.119
A from the correct value. The peak for Si(4) is at
4.595 A, shifted only by 0.115 A. Thei images in Fig. 2,
center panel, are almost perfect except for badly split im-
ages for Si(2) and Si(5). The splitting of Si(2) and Si(5)
and the shift in the image position must be scattering-
factor induced. But why are the images of Si(2) and Si(5)
split while those of Si(3) and Si(4) are not? And why does
the source wave cause the other artifacts? To answer
these questions, we must examine the functional forms of
the source wave and scattering factor.
The normalized scan-energy EDPD can be written as’
i(kR; —k'R,)

+ i RROF(ROF R E—— -,

X(k)~ - X

(3)

where R, is the position of a silicon atom measured from
the source atom (Ga). The scattering factor of silicon is
fk(k Rl) k is the direction of the EDPD, and Fk(k) is
the source wave in direction k. The origin of the coordi-
nated system is at the Ga atom. Only the single-
scattering term is shown explicitly in Eq. (3) because
multiple-scattering contributions are ellmmated by Egs.
(1) and (2). The source wave is given by'! 12

Fk(i)=;zi_”+”YL(’lE)AL , @)
L

where the vector A; is obtained from the dipole-
excitation

_(—z)lfd3re 'Rf(r) YL(?)T’je—Ej
XA-VV(r)ECL‘_RI‘_(r)YL(?) . (5)

L.

i

In Eq. (5), R ,‘ (r) and R/(r) are radial solutions to the Ga

potential at initial- and final-state energies E; and E 5 T€-
spectively, A-VV(r) is the dipole excitation operator.
The final-state angular momenta are given by the selec-
tion rule

L=(Um)=(x1; m;, m;x1). (6)

For the d-core level of Ga, the five initial states produce
five independent source waves. The measured intensity is
an incoherent sum of the contributions for each initial
state. If the factor fk(k Rl)Fk(Rl)Fk_‘(k) in Eq. (3) is
independent of k then the single-scattering term is a
sinusoidal function over k and this corresponds exagtly to
a Gabor-type optical hologram. In reality, f;(k-R,;),

Fk(Rl) and F,:l(k) all have strong angular anisotropies,
in their amplitudes and phases. We show in Fig. 4 the
angular dependences of F, k(k) for the phase (left panels)
and the amplitude (right panels). The five source waves,
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FIG. 4. The five source waves at photoelectron energy 110
€V and d-initial states (from bottom to top): 3z —r?, xz, yz, xy,
and x?—y?, respectively. For the top two states, the phase
jumps by 7 just beyond 180°.

evaluated by Egs. (4) and (5) for oriented d orbitals, are
shown as functions of the polar emission angle 8,. The
azimuthal emission angle is fixed at 15° from the x axis
and the photon A vector is pointed at 30° from the z axis
and its projection in the xy plane has an azimuthal angle
of 45°. We note that the five source waves are rapidly
varying functions of angles. The matter is worst at angles
where the amplitude of Fk(k) is at a cusp, since its phase
jumps through values of near 7. If we expand the phase
of F} (k) in a polynomial function over wave number k, at
the angles where the phase jumps through near 7, its
functional form is highly nonlinear. While the linear
coefﬁcxent in the expansion produces a shift in the image
position,!> the nonlinear coefficients produce distortions
and splittings that are not easily predicted.

Given the strong angular anisotropies in the amplitude
and phase of F, k(k) and that an ideal s-wave source term
does not exist, is there then a method to invert a distorted
hologram? Fortunately, a solution does exist. From Eq.
(4), we note that since the parity of YL(k) is I, then the
following relation is true:!'% !>

F(R)=(—1)"""
provided R=—%. In other words, for a given R direc-
tion, if we restrict the wave-number transform and sum
over EDPD’s to within a small angular cone whose cen-
tral axis is along the —-R direction, then whenever R
points along an atomic direction Rl, the factors Fk(RI)
and F %) cancel up to a constant (—1)* This
means the source-wave anisotropy is reduced or even

F, (k) )
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FIG. 5. Variable-axis SWEEP.

completely eliminated within the small angular cone.
The method is a variation of the small-window energy-
extension process (SWEEP) introduced earlier,”? but
here, for each p(R) in Eq. (2), a different small window is
used. R remains a variable sweeping over all real space.
A schematic picture of the variable-axis SWEEP
(VASWEEP) method are shown in Fig. 5.

Results of the VASWEEP method are shown in Fig. 2,
right panel and Fig. 3, lower panel, respectively. The
half-angular opening of the cone used is 25°. The Ga
d — f and d —p source terms are restored in the calcula-
tion. Looking at the images for Si(3) and Si(4), the quali-
ty is good and similar to that achieved in the s-wave con-
struction. This is an indication that within the small an-
gular cone, the cancellation between Fk(RI) and Fy, k)
is almost complete. The images have a more rounded ap-
pearance because of the loss of resolution in the direction
parallel to the surface. This is because the range in Ak, is
restricted in the small window. However, the resolution
in all directions is near 1 A. The radial intensity plot
(Fig. 3, bottom panel) is also almost identical to the s-
wave case—the peak positions of Si(3) and Si(4) are, re-
spectively, shifted by 0.119 and 0.115 A as before, indi-
cating that these shifts are caused by the scattering factor
and not the source wave.

The right panel of Fig. 2 shows another improvement:
the images of Si(2) and Si(5) are no longer split. To un-
derstand this, we recall from Eq. (3) that after the cancel-
lation of the source terms, the single-scattering expres-
sion of x(k) contains only fk(k R,) as its coefficient.
Again, by expressmg f k(k Rl) in terms of its amplitude

and phase: f; (k-R,)=F£,(0)=|f( (0)]e'*'” and expand-
ing the phase in a polynomial over k, we obtain

61(0)=a(0)+B(O)k+y(O)k>+ - -+ . (8)

In Fig. 6, we plot the linear coefficient B(8) vs scatter-
ing angle (left ordinate) and the average amplitude
(FONY=3¥_,Ifu(0)]/N (right ordinate) over the
wave-number range considered. The linear coefficient
(i.e., slope) is a rapidly varying function of 6, except at
the forward (6=0°—20°) and back (6=155°—180")
scattering regimes where it is flat. In the VASWEEP
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FIG. 6. The slope (solid curve) and average amplitude
(dashed curve) in the k range 2.85 to 4.8 a.u.™ .

method, as R sweeps through all points of real space,
only EDPS’s in the near = scattering region are included.
This means only scattering factors f;(6) for 6= are
sampled. Because the average amplitude {|f(6)|) and
slope B(0) in the near 7 region are slowly varying or flat,
the single-scattering term of (k) behaves exactly like a
Gabor-type optical hologram. Therefore, the recon-
structed image should be free of artifacts. The only
remaining correction is a shift in the image position due
to the slope B(0).

It is important to realize that the advantage of using a
near 7 small angular cone is to sample a region of f(6)
where the slope of its phase is flat. Indeed, it is secondary
whether the amplitude at near = is large or not. From
Fig. 6, the amplitude of f;(6) averaged over the energy
range is only mildly varying from 90° to 180°. It is also
serendipitous that in the near 7 region where the angular
anisotropies of the source terms cancel each other, this
same region contains the flat part of the slope of f,(6)
phase.

With the behavior of the slope B(8) known (see Fig. 6),
it is simple to understand why in the full-window s-wave
case (middle panel, Fig. 1) the images of Si(2) and Si(5)
are split while those of Si(3) and Si(4) are not. For Si(3)
and Si(4), using EDPD’s in the full window means that
the scattering angle of f,(6) sampled is from 6=95° to
180°. The slope B(8) varies comparatively little in this re-
gion. On the other hand, for Si(2) using the full-window
samples 0 from 36.4° to 206.4°. From Fig. 6, the slope
B(0) fluctuates from positive to negative values in this re-
gion. Similarly, for Si(5), the angular range sampled is
22° to 192°, where again (6) undergoes a large fluctua-
tion. It is known that large fluctuations in the sign of the
slope cause the reconstructed image to split (see the ex-
planation given in Ref. 6). In the VASWEEP method, on
the other hand, the sampling of B(0) is always restricted
to the near 7 region where it is flat. The images, there-
fore, are never split.

Because of the near linear dependence of the scattering
phase on the wave number in the near 7 region, it is pos-
sible to quantitatively correct for the remaining shift in
the image position, at least for the near-neighbor atoms.
From Egs. (1) and (3), again assuming the cancellation of
the source terms, the wave-number transform produces
an image at
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_ R,(1—cos6)+B(6)
N (1—cos@)

The average scattering angle is 180° within the cone, and
B(m)=—0.182 A from Fig. 6. Therefore, using
R=2.451 A frorgl Fig. 3, bottom panel for S‘i,(3), we ob-
tain R;=2.542 A, which is less than 0.03 A from the
correct value. A precision of 0.03 Ais comparable to
that of the best (indirect) diffraction methods.

Fadley and co-workers'® have studied the scanned en-
ergy and scanned angle variants of holographic inversion.
In the scanned-energy version, they used a fine energy
mesh and a coarse angular mesh and vice versa for the
scanned-angle version. They neglected differences in the
reference wave in the two versions. The present work
shows that the best method is to use a fine energy mesh
and a fine angular mesh. Also, the angular range should
be restricted to a small opening. This is because fine
meshes in both energy and angle are needed to eliminate
multiple-scattering artifacts, while a small angular open-
ing is needed to suppress anisotropies in the source wave
and scattering factor. Finally, the splitting in the images

9)

of Si(2) and Si(5) is due to fluctuations in the slope of the
scattering-factor’s phase as a function of angle. It is not
related to the generalized Ramsauer-Townsend reso-
nances.!”

In conclusion, we have shown why it is important to
eliminate distortions caused by the angular anisotropies
of the source wave and scattering factor in a photoelec-
tron hologram. We have introduced a variable-axis
SWEEP method which reduces a distorted photoelectron
hologram to a Gabor-type optical hologram within the
small angular cone. Inversion of the hologram then re-
sults in mostly artifact-free images and the remaining
shift in the atomic position of the near-neighbor atoms
can be quantitatively corrected by the average slope of
the scattering-factors phase. We recently became aware
that Wu and Lapeyre'® have developed a process similar
to our variable-axis SWEEP method.

This work is supported by the National Science Foun-
dation, Grant No. DMR-9214054. Computation was
carried out at the National Center for Supercomputing
Applications (NCSA).
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FIG. 1. Schematic diagram of the local structure.
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FIG. 2. Images of Si atoms 2-5 in Fig. 1.



