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We demonstrate that two-dimensionally resolved diffuse low-energy electron diffraction intensities can
be measured with sufficient accuracy and at multiple energies to allow direct inversion for a low coverage
(5%) disordered K/Ni(100) surface. The data inversion reveals three-dimensional coordinates of atoms
with atom images whose full width at half maximum is less than 1 A in all spatial directions. By varying
the angle of incidence, first layer and second layer near-neighbor Ni atoms are separately imaged. This
is the first demonstration of multiple-energy internal-source electron holography using measured elasti-

cally backscattered electrons.

PACS numbers: 68.35.Bs, 61.14.Hg, 61.16.—d, 68.55.—a

In the study of surface crystallography, a significant
goal articulated in the early days of x-ray diffraction
(1913) [1] and electron holography (1948) [2] has yet to
be fulfilled. This goal is the ability to start with experi-
mental intensity and invert the data to recover atomic po-
sitions without the intervention of theoretical modeling.
Such a direct method bypasses the trial-and-error process
whose success hinges on including the correct geometry
as one of the trial structures. Recently, Saldin and de
Andres [3] inverted theoretical diffuse low-energy elec-
tron diffraction (DLEED) intensities using a single-
energy holographic wave front reconstruction method of
Barton [4]. However, the presence of strong multiple
scattering in the DLEED intensities and complex angu-
lar anisotropies in the reference wave [5-8] prevented
single-energy inversion algorithms based on the optical
holographic analog to produce useful information.

The purpose of this paper is to report the first success-
ful inversion of experimental DLEED intensity to pro-
duce high-fidelity atom images whose configuration un-
ambiguously fixes the surface geometry of the system
studied. This system is Ni(001) with a 5% coverage of
disordered K atoms. The method of DLEED data inver-
sion is based on the scan-energy wave front reconstruc-
tion procedure of Wei and co-workers [6,9]. The relation
between the scan-energy transform and other versions of
multiple-energy electron-emission holography [10,11] has
been discussed earlier {9]. Using measured intensities at
multiple energies, the inversion of DLEED data produces
bright spots whose full width at half maximum is less
than | A in all spatial directions. This is the first dem-
onstration that two-dimensionally resolved DLEED inten-
sities can be measured with sufficient accuracy and at
multiple energies to allow direct inversion. Previous in-
versions of DLEED intensities at single energies did not
obtain good resolution in the direction normal to the sur-
face; there were also artifacts in the form of intense
streaks at the origin [8].

For the present work, the configuration of the images
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shows that the K atom is adsorbed at a fourfold hollow
site on Ni(001) with a vertical distance between 2.2 and
2.4 A above the top Ni layer. This geometric information
is non-model-dependent and it agrees with the structure
determined by a trial-and-error method [12]. Further-
more, no in-plane K atom image is observed, indicating
that the overlayer atoms at this coverage are dispersed.
This result is also consistent with diffraction measure-
ments [12].

The experiments are performed using a stainless steel
UHV apparatus with a base pressure of less than 10 ~'°
mbar. The Ni(100) crystal is of 0.99999 purity and
oriented with an accuracy of better than +£0.5°. The
main impurities, sulfur, carbon, and oxygen, are removed
by repeated argon ion sputtering and subsequent anneal-
ing as described earlier [13] until no impurities can be
detected by Auger electron spectroscopy. A sharp and
low background LEED pattern is observed (Fig. 1, upper
panel) and intensity vs energy spectra of the diffraction
beams for this clean surface are measured and found to
be practically identical to those reported in the literature
[13-15]. Deposition of potassium is made at liquid nitro-
gen temperature using a commercially available dis-
penser.

For K coverages lower than 10% of a monolayer,
diffuse intensities are observed to distribute over the
whole LEED screen. Figure 1, lower panel, displays such
a diffuse intensity distribution for a coverage of ~5% of
a monolayer and a normal incident electron beam of 90
eV. The diffraction spots come from the well ordered Ni
substrate. The intensity data are taken from the back of
a spherical luminescent glass screen (opening angle 100°)
by a video camera operated under computer control. This
video LEED method [16,17] allows fast data acquisition
with a rate of 20 msec for a full-screen intensity map. To
improve the signal-to-noise ratio, each intensity is repeat-
edly measured 1024 times and subsequently averaged.
This implies a total measuring time of only 20.5 sec for
each final full-screen map. An image intensifier camera
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FIG. 1. Normal incidence intensity patterns of clean
Ni(001) (upper panel) and 5% disordered K/Ni(001) (lower
panel) at electron energy 90 eV. The electron gun's shadow is
in the fourth quadrant.

is used to detect the weak diffuse intensities. The spatial
resolution is 131x 131 pixels per image. The intensity
maps are taken from 90 to 303 eV, in a constant wave
number grid of Ak =0.075 a.u. for both normal incidence
of the primary beam and oblique incidence with polar
and azimuthal angles of #=35° from normal and ¢ =22°
from [100], respectively. The data are normalized for
constant incident beam current. As will be seen in Figs. 4
and 5, it is not necessary to use the entire data range to
obtain artifact-free atom images.

The low K coverage implies that the diffuse signal is
weak, so diffuse signals caused by surface defects or qua-
sielastic phonon scattering may not be negligible. For-
tunately, it has been shown experimentally [18] and
theoretically [19] that at low coverages, the phonon con-
tributions are dominated by those of the clean substrate.
Therefore, it is possible to get rid of phonon and defect
contributions by separate measurements of the clean sur-
face and subtracting the clean surface signal from that of
the adsorbate system (for a survey, see Ref. [20]). This
procedure is applied to each intensity map in the present
work.

In Fig. 2, the upper panels show the difference maps
K/Ni(001) —Ni(001) for two energies: from left to
right, respectively, 90 and 96 eV. With submonolayer
coverage of disordered K atoms, we expect the intensity

at the substrate Bragg spots to weaken; therefore, the
difference maps show holes (negative intensity values)
near the Bragg spots. Typical intensity of the difference
maps at non-Bragg positions ranges from 0 to 200, while
at the holes the intensity is between 0 and —2000. At
least two features concerning the difference maps are
worth noting. First, the difference intensity at non-Bragg
positions varies sensitively with energy. It is from this
variation in the difference intensity that real space infor-
mation is obtained. Second, the holes surrounding the
Bragg spots contain no direct diffuse signal and these re-
gions do not contribute to real space information. The
same is true for the shadow areas of the electron gun and
attachments. Because of a slightly inhomogeneous re-
sponse of the luminescent screen, the difference maps do
not show the expected C4. symmetry even at normal in-
cidence. Also, near the Bragg spots, the subtraction in-
volves taking the difference of two very large numbers.
As a result of slight changes in the electron gun’s emis-
sion with and without K coverage, some residual signals
are seen at or near the spots’ center. However, the
difference data away from the Bragg spots are only negli-
gibly disturbed. It is necessary to eliminate the contribu-
tions from the intensity at the holes around the Bragg
spots. We do this by replacing the intensity inside a cir-
cle of radius r =0.3g centered at each Bragg spot by the
angular average of each difference map. Here g =2n/a is
the length of the reciprocal basis vector of the square sur-
face unit cell of Ni(001). When taking the angular aver-
age, all negative values (some are very large) are first set
to zero. Typical values of the angular average range be-
tween 50 and 100. The choice of the cutoff radius is a
compromise: Too big a cutoff radius results in discarding
too much useful data; too small an r results in large
discontinuities in the intensities inside and outside the cir-
cle.

The difference maps, with the holes at Bragg spots and
negative intensity at the electron gun’s shadow areas re-
placed by the angular averages, are shown in the lower
panels of Fig. 2, respectively, for the same two energies.
Examining the figure, we see that most of the useful data
are preserved. The normal incidence data in the three
quadrants not containing the shadow of the electron gun
are then averaged and fourfold repeated before inversion.
No further data processing is applied to the data before
inversion.

In the inversion method of Wei and Tong [6], we
Fourier transform the normalized scan-energy modula-
tion with respect to vector position R:

k max

9%,k (R) =fk x(kp ke TR Ry )

In Eq. (1), the normalized modulation y(ksk;) =1(k/,
ki)/L4(ks,k;) — 1, where I(kgk;) is the difference inten-
sity shown in the lower panels of Fig. 2 and 7,4(k.k;) is
the least-square straight line fit to I(kgk;) in the
Kmin = k = kmax range. We then sum the Fourier ampli-
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FIG. 2. Normal incidence difference K/Ni(001)— Ni(001)
maps without (upper panels) and with (lower panels) angular
average substitution.

tudes of Eq. (1) over different directions:

¢k,(R)=§,¢g/_g‘_(R). (2)
S/

The real-space image is obtained by evaluating the abso-
lute quantity l‘i,(R)=|¢ii(R)[2- As demonstrated ear-
lier from the inversion of calculated spectra [6], the wave
number integral and summation over directions [Eqgs. (1)
and (2)] effectively eliminate artifacts due to multiple
scattering and artifacts from the component of the refer-

Nig

FIG. 3. Diagram of K adsorption site, showing nearest and
next-nearest neighbor Ni atoms.
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FIG. 4. Atom image from inverting normal incidence data:
(010) plane of view passing through K. The bright spot is the
image of Nis.

ence wave which strikes the substrate atoms before
scattering off the K atom. Also, the two-step process
eliminates the requirement in traditional holographic
reconstructions that the reference wave must be stronger
than the object wave.

The two-step wave front reconstruction method [6.9]
results in three-dimensional images of the near-neighbor
atoms of the reference atom. We can display such im-
ages in different planes of view. Figure 3 shows
schematic diagram of the surface geometry determined
by the images: The reference K atom is at a fourfold hol-
low site above the top layer Ni atoms [12]. The next-
nearest neighbor atom Nis is directly below the K atom.
The image obtained from normal incidence data inversion
is shown in Fig. 4. The figure shows a (010) plane of

FIG. 5. Atom image from inverting off-normal incidence
data: (010) plane of view passing through K. The bright spot
is the image of Nij.
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view which passes through the K, Nij, Ni; and Nis
atoms. A bright, high-resolution image of Nis is seen.
The crosses mark the reference K atom and the position
of Nis determined by diffraction [12]. The center of the
image of Nis is shifted by ~0.4 A from the cross. The
reason for the shift is nickel’s scattering factor [21]. The
very bright image of Nis is due to forward focusing of the
incident electron beam and the strong near 180° scatter-
ing of Nis in the normal incidence geometry. The ap-
pearance of a substrate atom image directly behind the
reference atom is predicted in the inversion of calculated
normal-incidence DLEED spectra [6]. To overcome mul-
tiple scattering effects and eliminate artifacts due to other
angular anisotropies, it is not necessary to use the entire
data range: For normal-incidence data, the smallest ener-
gy range that produces an artifact-free image is 180-303
eV.

To view the other substrate atoms, we must use off-
normal incidence data in a scattering geometry which
enhances the backscattering of the other Ni atoms. The
off-normal incidence data used here have an incident
beam direction of 8=35° from [001] and ¢ =22° clock-
wise from [100]. Because the off-normal incidence data
have no symmetry, we use only intensities within a qua-
drant bounded by the [T10] and [110] directions. The
difference maps K/Ni(001) —Ni(001) are determined
from the experiment as before and angular averages are
used to substitute difference values within circles with
r=0.3 g centered at Bragg spots. Therefore, except for
not taking a fourfold average, the off-normal incidence
data are processed identically as the normal incidence
data. The image from inversion of off-normal incidence
data (minimum data range required for an artifact-free
image is 108-180 eV) is shown in Fig. 5. In Fig. 5, the
plane of view is again (010) passing through the K, Nij,
Ni3, and Nis atoms. However, in this scattering ge-
ometry, the backscattering from Ni; is most favored and,
as expected, a bright image of Ni, is seen.

In conclusion, we have presented an experimental
fulfillment of a long-standing goal of inverting elastically
backscattered electron diffraction data to produce unam-
biguous surface structural information. Data acquisition
of DLEED spectra is rapid (less than 21 sec per final
screen) and data processing before inversion is kept to a
minimum. A disadvantage of DLEED holography is that
the reference wave is not chemically specific. Its advan-
tage is that measurements can be made using laboratory-
based apparatus. A potentially important usage of this
direct method is uncovering low concentration adsorption
sites. For example, searching through the three-dimen-
sional (real) space, we find no image of in-plane K atoms
[22]. This result indicates that the K atoms are adsorbed
dispersely at fourfold hollow sites on Ni(001). Dif-
fraction measurements, using indirect evidence, e.g., simi-
larities between DLEED and LEED IV spectra, have
reached the same conclusion [12]. We also envision sys-
tems in which the adsorbate atoms occupy different types

of sites. Determination of the surface geometry in such
systems by conventional diffraction methods is often
difficult because of the large number of unknown parame-
ters involved. Imaging by inversion of data can provide
very useful direct information of such systems. Another
use of the direct method is identifying off-symmetry ad-
sorption sites. An example of this was given before using
calculated spectra [23]. We are currently investigating
this application of the direct method using measured
DLEED spectra of disordered O on Ni(001).
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FIG. 1. Normal incidence intensity patterns of clean
Ni(001) (upper panel) and 5% disordered K/Ni(001) (lower
panel) at electron energy 90 eV. The electron gun's shadow is
in the fourth quadrant.



FIG. 2. Normal incidence difference K/Ni(001) —Ni(001)
maps without (upper panels) and with (lower panels) angular
average substitution.
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FIG. 3. Diagram of K adsorption site, showing nearest and
next-nearest neighbor Ni atoms,
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FIG. 4. Atom image from inverting normal incidence data:
(010) plane of view passing through K. The bright spot is the
image of Nis.



(001) energy-integral (E=180-308eV)

FIG. 5. Atom image from inverting off-normal incidence
data: (010) plane of view passing through K. The bright spot
is the image of Nij.



