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New Experimental Technique for Determining Real-Space Atomic Images Applied to
Aluminum Adsorbed on Silicon (111)
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The holographic principle is used to invert experimental photoelectron diITraction spectra to reveal the
surface structure of Si(111)(43&&&3)-Al. A new transformation method is applied to measured
scanned-photon-energy photoemission spectra. The results of each inversion are summed over the set of
angles giving images which clearly show the local geometry near the emitting atom, Al. Images are also
obtained by theoretical simulation and agree well with experiment. The results demonstrate the tech-
nique as a direct, model-independent structural method, yielding bond distances and directions.

PACS numbers: 61.14.—x, 42.40.Ht, 79.60.Dp

Currently there is interest in applying the holographic
principle to obtain real-space atomic images of surfaces
using measured photoelectron-diffraction spectra [1-5].
The idea is to utilize interference eAects of photoelectron
waves [6,7]. A photon of energy hv is used typically to
excite a core-level electron from the element of interest.
The final-state outgoing wave from the emitter atom
scatters oA of neighboring atoms and interferes with the
direct outgoing wave from the emitter. It has been point-
ed out that the interference patterns are similar to a holo-
gram and that a real-space image may be cornputational-
ly obtained by a Fourier-like transform [6-8]. The inten-
sity of the measured wave is a function of both the photon
energy hv and the emission direction k. Recent experi-
mental image studies, with few exceptions [4,5], focus on
the angular dependence in which the photoemission inten-
sity is measured over the emission hemisphere at only one
or a few fixed values of hv, and the image comes from a
transform over the angles. This technique is referred to
as single-energy holography (SEH). Measurements of
SEH can be made at several photoelectron energies and
then combined [4,5,9, 10]. However, the incident photon
energy may be scanned, which changes the de Broglie
wavelength k ' of the outgoing electron. In the latter
photoemission mode, the initial-state energy is held at a
constant value, so the spectroscopy was first termed
constant-initial-state energy spectroscopy (CIS) [11,12].
The spectra obtained by the mode have also been referred
to as energy-dependent photoelectron diffraction (EDPD)
spectra when used with trial and error diffraction calcula-
tion to determine interatomic distances [13-16]. This pa-
per uses a new transform for obtaining spatially resolved
images by inverting experimental CIS-EDPD spectra in
which hv is scanned in determining the core-level emis-
sion intensity at a number of emission angles [17]. The
set of spectra If, (h v) is transformed with respect to wave
number k to obtain a spatially resolved image. The prob-
lems encountered with the SEH approach can be largely
eliminated by the scanned photon-energy technique.

Here we report an experimental study to test and demon-
strate this new technique of obtaining images. The
transformed data give good images of the neighboring
scattering atoms (Si) with minimal artifacts.

The Si(111)(J3x v 3)-Al adsorbate structure was
selected as a model sample and measured with the radia-
tion continuum available at the Wisconsin Synchrotron
Radiation Center (SRC). The "root-three" system has
been extensively studied both experimentally and theoret-
ically [18-21]. Measuring the 2p emission from the ad-
sorbed Al ensures that backscattering-interference dom-
inates, avoiding the complications resulting from forward
focusing and other refraction effects [22]. There are two
diAerent threefold hollo~ sites, T4 and 03. It is general-
ly accepted that the Al sits in the T4 site, with a Si atom
directly belo~ it in the second layer. The image from this
new data-inversion technique immediately gives this re-
sult, which was previously inferred from theory and ex-
periment, but not usually unequivocally determined by
experiment [20,21].

The theory describing the photoelectron diAraction and
the transform of the spectra into real-space images has
been presented earlier [17]. Conceptually, one may view

the technique as vector extended x-ray absorption atomic
fine structure since the transform contains a vector term
which gives spatial information, not just a nearest-
neighbor distance. The transform for a single CIS spec-
trum is [17]

y„-(R)= „gf(k)e 'k~e'" "g(k)dk,
& kmin

where R is a vector with its origin at the emitter, Al in
this case, and g(k) is a window function for the trans-
form. The normalized CIS spectrum along direction k is
given by gf (k ) =1k(k )/Io(k ) —1, where Ik(k ) is the
measured CIS with the variable changed from hv to k
(see Fig. 1). The amplitude of the image function is then
given by the magnitude of a sum over the set of pf, (R).
The essence of the transformation may be perceived if a
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FIG. l. A representative CIS spectrum Iz(k) for Si(111)-
(J3x J3)-Al with each data point determined from the Al 2p
EDC shown in the inset. The Ip(k) and gz(k) spectra as ob-
tained from 1(k).

theoretical expression for gf, (k) is used and the resulting
phase factors are examined [17]. When only single
scattering events are considered it is found that the max-
imum value of the transform is a locus of points given by
the solution of R —k R=r~ —k r~ where r~ is the posi-
tion vector of an atom responsible for the scattering.
Hence, a CIS measured at a given emission direction k
determines a locus of points which defines a surface in

real space that is particular to that given direction.
Among these points there is one described by R=rJ
which is k independent; that is, the set of paraboliclike
surfaces belonging to a set of CIS's taken in many direc-
tions has one point of intersection representing the
scatterer located at r~. In reality these surfaces have a
discrete set of crossing points representing all the neigh-
boring atoms. The surfaces are discussed in Ref. [17],
multiple scattering events which do not have common
crossing points, and hence their contributions to the im-
ages are smeared out.

The Si(111)(43 x J3)-Al samples were prepared by Al
vapor deposition on Si(111)(7 x 7). The clean-surface
valence band and 2p core-level spectra have all the known
surface features. The experiments were performed on the
Iowa State-Montana State beam line with the 2 m grat-
ing in the extended-range grasshopper monochromator
which scans from threshold to a photon energy of 240 eV.
This gives about half of the spectral range considered to
be optimal.

By taking advantage of the rotational and mirror plane
symmetries of the root-three surface it is su%cient to

measure one-sixth of the emission hemisphere of an irre-
ducible symmetry unit. The set of Al 2p CIS spectra
were taken for a mesh of direction k described by angles
(8,&) in an azimuthal window of 6& =60' spanning from
mirror plane to mirror plane and polar angles from 0 to
60, which was limited by experimentation technicalities.
The polar increments 80 are 7.5 . It took 2 d of beam
time to collect the data set of 41 CIS spectra used in this
paper, which expands to 193 for the hemisphere. Each
point in a CIS spectrum was determined by measuring
the energy distribution curve (EDC) for the Al 2p core
line. For signal normalization, the photon Aux was con-
tinuously monitored by the photocurrent from a high
transmission Ni mesh in the optical path. The area under
the line, determined by fitting with a Gaussian and linear
background, is used for the CIS intensity Ik(k ). The
photon energy increments are selected to give equal
wave-number increments of Ak =0.15 A '. A represen-
tative spectrum is shown in Fig. 1. The spectra were col-
lected with a single detector 50 mm spherical electrostatic
analyzer collecting about a 2' angular cone (VSW model
HA50). The angular settings were obtained with the
very precise analyzer goniometer while holding the crys-
tal in a fixed position. The crystal s normal direction is
65 from the impinging-light-beam direction in a config-
uration which gives optical p polarization where the po-
larization vector projects onto the sample's mirror plane.

To obtain a function gf(k), which is essentially the in-
terference oscillations, for use in the inversion transform
requires a determination of Ip(k), a spectral intensity due
largely to the diA'erential photoemission cross section.
The function is not measurable but can be approximated
from the data using one of a number of criteria. In this
study the criterion is to find a smooth Ip(k) curve from
the I(k) data which passes through the I(k) oscillations
as many times as possible and which maximizes the abso-
lute value of the areas formed by the spaces between the I
and Ip curves (see Fig. 1). The smoothness is checked by
monitoring the second derivative of Io. The curves for
processing are obtained with a spline fit of the data values
[23]. This procedure also takes out the spectral depen-
dent eAects due to the throughputs of the photon optical
system and the electron optical system as well as small
deviations in the light beam-sample-goniometer align-
ment.

The gf, (k) functions obtained from the data processing
are transformed for various planar cuts on a 0.2 A grid.
Figure 2(a) shows a vertical-plane cut of the image that
contains the Al emitter and one first-layer and one
second-layer Si atom, where the intensity is shown as the
"third" dimension. Note that the origin (0,0) of the im-
age is the Al emitter and hence does not have a feature in
the image. The k;„value used is 3.5 A since inclusion
of the smaller values degraded the images. The local
geometry is sketched in Fig. 2(f). Figure 2(b) shows the
image on a horizontal cut passing through the first-layer
Si atoms. The shade of each element in the image is a
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the method demonstrated here, distances and orientations
of surface atoms relative to the location of an emitter site
are simultaneously obtained from inversion of measured
spectra with no model calculation necessary. Multiple
scattering artifacts are eliminated through adding the
complex amplitudes p&(R) in Eq. (1) over a set of k
directions [17].
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FIG. 3, Experimental line scans of the image intensities for
Si in the Si(111) (43x J3)-Al structure. Three orthogonal
directions for the first-layer Si in panels (a), (b), and (c) (la-
beled A) and for the second-layer Si in panels (d), (e), and (f)
(labeled D). Al is the origin of the image and the units are in

scattering and the relatively low kinetic energies used in

the measurement (50 to 200 eV).
This work demonstrates that images with atomic reso-

lution can be obtained by using photoemission spectra ob-
tained in the CIS mode. The technique promises
significant contributions to sorting out the properties of
adsorbate systems by directly determining site position.
Such direct information should simplify the utilization of
trial and error diff'raction techniques.

A previously proposed inversion approach is to scalar
transform CIS spectra in a method known as angular-
resolved photoemission fine structure (ARPEFS) [25].
The structural information obtained by ARPEFS is
scattering path-length differences between an emitting
atom and its neighbors. ARPEFS is not a direct method
because surface models are still needed to simulate prob-
able path-length diff'erences. A more severe difticulty of
ARPEFS is that multiple and single scattering path-
length diff'erences are indistinguishable. The method
does not produce the three-dimensional structural infor-
mation obtained with CIS holography in this work. !n
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