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Electron Emission Holography at keV Energies: Estimates of Accuracy and Limitations
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We consider the accuracy of holographic inversions of electron emission data at —10' eV to yield
atomic positions. Theoretical calculations for small clusters of 2-5 atoms in both single and multiple
scattering show that self-interference eA'ects may be present, and that forward-peaked scattering tends
both to shift peaks by as much as 0.5-1.0 A from the true positions and to elongate images along
forward-scattering directions. However, eliminating forward-peaked intensities before inversion sig-
nificantly improves image quality.

PACS numbers: 61.14.—x, 42.40.Dp, 79.20.Kz

It has recently been suggested by Szoeke [1] and by
Barton [2] on theoretical grounds, and then demonstrated
in analyses of experimental data for Cu by Tonner and
co-workers [3], that the intensity distributions of photo-
electrons, Auger electrons, or backscattered Kikuchi elec-
trons above a single-crystal surface can be considered to
be holograms, and that such holograms can be inverted
using Fourier-transform (FT) methods to yield approxi-
mate images of atomic positions. Saldin and de Andres
[4] also have used the same FT inversion method in the
analysis of experimental diAuse-LEED data. More re-
cent multiple-scattering theoretical modeling of Auger
emission from Co overlayers by Wei, Zhao, and Tong
[5(a)] also has found features in images associated with
some atomic positions. Very recent experimental and
theoretical results by Herman et al. [6] for Si 2p emission
from Si(111) also show some features associated with
near-neighbor atoms.

Current estimates of the accuracy of such imaging
range from ~ 0.3 A to + 1.0 A [2-5]. If the central axis
of a hologram of full opening angle e is taken to be along
the surface normal (i.e., z axis or "vertical" direction)
and the electron wavelength is X„ then the ideal image
resolutions in the limit of s-wave point scattering should
be (Ax( =~Ay( =0.61K,/sin(tt/2) in the (x,y) or "hor-
izontal" surface plane, and a larger

~
Az

~

=2.00K,/
sin (a/2) along the vertical direction [2(b)].

The typical electron energies chosen in both theoretical
modeling and experiments have so far been in the
500-1000-eV range, as dictated by the need for smaller
X, 's of roughly 0.4-0.5 A. At these energies, the elec-
tron-atom scattering process produces a strong enhance-
ment of intensity in the forward direction, with scattering
at angles of more than about 20 -30' being much re-
duced in strength [7]; such forward-scattering eA'ects pro-
vide real-space information on the directions of near-
neighbor bonds and low-index axes [7]. But little is
known about the influence of these anisotropic scattering
eA'ects and the scattering phase shifts associated with
them, or of more complex multiple-scattering eftects, on
the images from electron emission holography.

In this Letter, we thus present model calculations for
several simple clusters of atoms in an attempt to judge
how well electron emission holography can image, and
also to assess whether there are methods of data taking or
analysis that will reduce the aberrations and/or artifacts
present. These calculations have been carried out at both
single-scattering (SS) and fully converged multiple-scat-
tering (MS) levels using a recently developed spherical-
wave cluster method described elsewhere [8], with the
MS results thus being expected to model very well the ex-
pected intensity distributions. The electron kinetic ener-

gy is 1000 eV. We have assumed an outgoing s wave
from the emitter (a common approximation in the simu-
lation of both Auger and Kikuchi diA'raction [3,8(b),9]),
although we comment briefly below on the eff'ects of us-

ing the correct interfering l l+ 1 channels appropriate
to photoelectron emission. Unless otherwise noted, Cu
scatterers are used, the nearest-neighbor distance in the
clusters is that of bulk Cu (2.56 A), and the hologram
opening angle is 178 or very near the full 180 possible.

We first consider a general expression for the intensity
distribution expressed as a normalized g(k) function
[2(a),4,8(a)], where k is the electron wave vector. If the
direct or unscattered component of an outgoing wave
from the emitter is denoted by Po [with corresponding in-

tensity Io(k)1, and the singly, and possibly also multiply,
scattered component as it leaves for the detector from the
jth scatterer at r~ is denoted by p, , then these com-
ponents can be written very generally as [2(a),8 (a)]
po(r) =Fo(k)exp[ik. r], and p, (r) =FJ(k)exp[ik (r
—r, )]; here, Fo(k) contains factors for the excitation
matrix elements and inelastic attenuation, and FJ(k) con-
tains these factors as well, but also path-length-
dependent phase factors exp[ikL, ], eAective spherical-
wave scattering factor(s), Debye-Wailer-like factors for
vibrational attenuation, and a sum over the various
single- and multiple-scattering pathways with diAerent
total lengths L~ that terminate in scatterer j just before
going to the detector. Summing the direct wave and the
scattered waves from all atoms j in a cluster, taking the
square to get the intensity I(k), and then determining
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g(k) from [I(k) —Io(k)]/Io(k) 'i yields

g(k) tx: g [Fo (k)FI(k)exp[ —ik r~]+Fo(k)F,*(k)exp[ik. r, ]j
J

+gg [F&*(k)Fk(k)exp[ik (r~ —rl, )]+F)(k)Fg*(k)exp[ —ik (r~ —rk)]] .
j k

As in prior work, the inversion proceeds by projecting g(k) onto the (k, k~) surface plane and then doing a two-
dimensional FT to yield the image U in a given z plane as

U(x,y;z) ec „I [g(k)exp[ik, z]/exp[i(k„x+kJy)]dk dk~ (2)

The first (single) sum in Eq. (1) represents the usual
hologram of optical holography and the second (double)
sum the self-hologram [1,4]. If the F~'s did not depend
on k (implying among other things s-wave scattering),
then the FT would be expected to yield peaks only at
~ r~ [the real and conjugate (twin) images, respectively]
and at ~ (r, —rq) (the images due to self-interference
and their conjugates). In the further limit that iFoi
)) ~F~~ for all j, the double sum can be neglected and

only the real image and its conjugate will be obtained.
However, some iF~ ~'s are very large, and the dependence
of the F~'s on k is very strong, including both forward-
scattering dominance and possible multiple-scattering
pathways that introduce additional factors of exp[ikir
—r„~] for each step in a pathway.

Beginning with self-interference effects, we consider a
small cluster of five Cu atoms in the shape of a centered
hexagon in the (x,y) plane, but with the topmost and
bottommost atoms removed [Fig. 1(a)]. The emitter is at
the center of the cluster. In order to look for self-in-
terference effects, we have artificially varied the strengths
of all scattered waves from, '& to 1 to 10 times their true
values by multiplying all F~'s by a variable parameter
p=0. 1, 1.0, and 10.0 in the calculations. The resulting
contour plots of U(x, y;0 =in the plane of the cluster) for

P =1.0 and 10.0 are shown in Figs. 1(b) and 1(c), respec-
tively. From the positions of the FT peaks, as well as the
scaling of their relative intensities with p (real image ~ p
and self-image & p ), we conclude that self-interference
effects can indeed be seen, with the peaks labeled a being
the real image at ~rj and the peaks labeled b and c be-
ing self-interference eff'ects. The self-interference peaks b
are abut 18% as strong as the real image peaks a for the
true scattering strength in Fig. 1(b). Additional self-
interference peaks c are seen as the scattering strength is
increased. These results thus indicate that the neglect of
self-interference features is only valid as a borderline ap-
proximation.

Next we consider the degree to which simple linear
chains of Cu atoms with the emitter at one end [8(b),9]
can be imaged in both SS and MS simulations. One im-
portant MS eAect that is found for the energies of in-
terest here is a loss of forward-scattering intensity along
the chain due to so-called "defocusing" [10]. We will
consider here chains oriented both parallel to a surface,
with inelastic attenuation included only along the chain

axis, and perpendicular to this surface, with attenuation
along all paths below the surface. We will also make
reference to idealized SS calculations for which the
scattering is forced to give "ideal" holograms by being
weak s wave only; this is done by using only the l =0 par-
tial wave, with p =1.0 or less.

In Fig. 2, we show FT results for a horizontal chain
containing five atoms as calculated in several approxima-
tions. First, the ideal s-wave FT in Fig. 2(a) yields nar-
row peaks at very near the exact positions of all of the
atoms (to within —+ 0.04-0.08 A). The full widths at
half maximum intensity (FWHM's) of these peaks of—0.50 A are furthermore in good agreement with the
above-quoted formula for horizontal resolution. In Fig.
2(b), we show results from a single-scattering calculation
with full forward-peaked electron-atom scattering (all
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FIG. 1. (a) The geometry of a five-atom cluster in the hor-
izontal (x,y) plane. (b), (c) Horizontal contour stack plots of
the in-plane (z =0.0 A) FT's for choices of scattering weight of
P=1.0 (true weight) and 10.0, respectively. a denotes real im-

age peaks and b, c denote self-interference peaks.

470



VOLUME 67, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JULY 1991

Z
)lJ

lAXF
Em

I

/2. 56A I

E J L J E J E
8/'Fr

I
I I

I
I I

I
I I

I

I

Em.

-4--

(b) SS FULL:

4--
oCf 0--

OC

SS FULL, a=120:

—+-

I

I
I

(d) MS FULL: 6 8
z-zE (A)

10 12

4--

0-.
OC

(e) MS FULL, a=120:

4--

0--
OC

-4--

I ~ ~
I 1 I I I I I I

-12 -10 -8 -6 -4 -2 0 2 4 6 8
Y (5)

10 12

FIG. 2. Horizontal contour plots of the in-plane (z =0.0 A)
FT's for s emission from a five-atom horizontal Cu chain.
Dashed lines indicate true atomic positions. (a) Ideal weak s-
wave single scattering (SS); a =178'. (b) Full scattering
strength in SS; a =178'. (c) As (b), but for a =120'. (d) Full
scattering strength in MS; a=178'. (e) As (d), but for
a =120 .

partial waves); here, the peaks are significantly
broadened and overlapping along the chain direction, and
shifted away from their ideal positions (vertical dashed
lines) and toward larger distances by amounts ranging
from 0.20 to 0.43 A. In Fig. 2(d) are results from a
multiple-scattering calculation that will give rise to
significant defocusing eA'ects in emission along the chain;
this is seen in the FT as a reduction of the importance of
the first- and second-neighbor peaks relative to those of
the more distant neighbors. In addition, however, the FT
peaks in MS are better resolved than in SS and with
lower background, although the positions of the peaks

FIG. 3. Vertical line plots along the chain axis (x =y =0.0
A) of the FT's for s emission froin a five-atom vertical Cu
chain; a=172 . Dashed lines indicate the true atomic posi-
tions. (a) Ideal s-wave single scattering. (b) Full scattering
strength in SS (solid curve) and with g(k) multiplied by a
forward-scattering window function with half-width of 50
(dashed curve). (c) As (b), but in MS.

remain the same (shifts of 0.20-0.43 A). Thus, MS
should in one sense actually be of some benefit to holog-
raphy in reducing the strong anisotropy produced by for-
ward scattering for emitters separated by several scatter-
ers from the detector, yielding a more s-like efI'ective
scattering amplitude. Similar results are also found for
chains of two atoms (for which SS=MS [8(b),9]) and
three atoms (for which the changes in going from SS to
MS are much less noticeable than with five atoms).

These results also suggest that the elimination of the
strong forward-scattering features from the hologram be-
fore transforming might be advantageous, and we thus
show in Figs. 2(c) and 2(e) the analogous FT's for a
smaller opening angle of a=120 . There is a dramatic
improvement in both the SS and MS results, with much
narrower peaks and a reduction of peak shifts to
0.15-0.32 A. Studies of adsorbate overlayers thus should
benefit by not using takeoff angles that are too low, al-
though a negative eAect is that the remaining overall per-
centage eA'ects in g(k) will be much reduced.

In Fig. 3, we present analogous FT results for a vertical
chain containing five atoms, in the form of one-
dimensional plots along the chain axis. The s-wave FT in
3(a) is again well behaved and yields e'xcellent peak posi-

471



VOLUME 67, NUMBER 4 PH YSICAL REVIEW LETTERS 22 JULY 1991

tions (+ 0.05-0.15 A) and FWHM's of —1.1 A con-
sistent with expectations for such vertical resolution.
However, the full-scattering SS result [solid curve in Fig.
3(b)] shows extreme distortion, with very broad and over-

lapping peaks that are all significantly shifted from the
true atomic positions (again vertical dashed lines) and to-
ward larger distances by 1.4-1.7 A. The corresponding
MS results are shown by the solid curve of Fig. 3(c), and,
as for the horizontal chain of Fig. 2, there is noticeable
improvement in the peak widths, presumably due to de-
focusing. However, the peak positions are still shifted
outward by amounts ranging from 0.50 to over 2.0 A..

These aberrations could be due in part to the strong
forward-focusing eAects that are now directly along the
axis of the hologram, and we have thus tried a smooth el-
imination of the forward-scattering peak from the origi-
nal g(k) by multiplying it by a smooth Gaussian-derived
window function of the form [1 —exp( —0.6916 /y )],
where 6 is the angular deviation of k from the chain axis
and y is a variable half-width of the window, here chosen
from several trial values to be 50' for SS and MS. The
influence of this elimination in both SS and MS is shown

by the dashed curves ("—FWD.") in Figs. 3(b) and 3(c).
There is considerable improvement in both SS and MS,
with narrower peak widths and less overlap, and principal
features that lie closer to the actual atomic positions (de-
viations of only 0.40-0.55 A). Similar results have been
obtained for chains of two and three atoms that would be
appropriate for describing emitters closer to the surface.

Additional calculations that we have performed for
dipole-induced S 2p emission into interfering s and d
channels from a simulated c(2X2)S/Ni(001) overlayer
indicate further that the inherent anisotropy of the outgo-
ing waves in photoelectron diAraction can lead to even
greater distortion and smearing of images, including sa-
tellite peaks, again along forward scattering di-rections
Again we find that eliminating these strong forward
peaks in g(k) improves the image quality, although it is
not as good as for the outgoing s-wave results discussed
above.

In conclusion, electron emission holography via simple
Fourier transforms and without any processing of the raw
data appears capable of producing images of atomic
structures at resolutions of —+ 0.3-0.5 A in the horizon-
tal plane and —~ 1.0-2.0 A in the vertical direction.
Considerable care will need to be exercised in dealing
with self-interference artifacts and significant shifts and

elongations of images, as well as satellite peaks, that
occur preferentially along the directions of strong forward
scattering. The latter efI'ects have in fact been qualita-
tively observed in all of the inversions of experimental
data carried out thus far [3,6]. However, the elimination
of strong forward-scattering amplitude eftects before
Fourier transformation is found to significantly improve
image quality as to both peak shape and position. Addi-
tional corrections for the effects of scattering phase shifts
may lead to further improvement [3(d),5(b)]. Finally, we

note a degree of redundancy in the direct-space forward-
scattering peaks in g(k) and the elongated images in

U(x,y;z), as the latter also will tend to point along dense
near-neighbor directions.
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