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H. Huang, Hua Li, and S. Y. Tong
Department of Physics and Laboratory for Surface Studies, University of Wisconsin—Milwaukee,
Milwaukee, Wisconsin 53201
(Received 22 February 1991)

A method for image reconstruction is applied to the Cu(111) system. We show that effects of multiple
scattering and diffraction of source waves emitted from deeply buried atoms produce strong artifacts
making single-energy image reconstruction unreliable. Using the small-window energy-extension pro-
cess, we overcome the above difficulties and obtain single-atom images with less than 1-A spatial resolu-

tion.

Recent works have demonstrated that three-
dimensional (3D) atomic images can be constructed by in-
verting diffraction patterns of electrons emitted from lo-
calized sources embedded in a material.!™® However,
multiple scattering and interference from nearby atoms
cause shifts in the image position and produce artifacts
which hamper image identification in unknown sys-
tems.>7 In the forward-scattering geometry, the prob-
lem of interference from nearby atoms is particularly
severe for source atoms located a few atomic layers
(N =3 monolayers) below the surface because, at high en-
ergies, the scattering is predominantly confined to a nar-
row cone in the forward direction and the number of
scatterers in this cone increases rapidly as the depth of
the source atoms increases. With many nearby atoms,
images are formed at *r; as well as +(r; —r;) where r; or
r; is measured from the source atom to the i or j scatter-
er, respectively. Since there are many possible combina-
tions of =(r;—r j ), these mixed-index images can obscure
the proper image at a particular r;.

There is also interest in image reconstruction using
electrons emitted from atoms in a slab or thin film."4~7
The problem is compounded because in a slab or thin film
the surface breaks the symmetry in the normal direction
causing the environment of atoms in each layer to be
different. The source waves from inequivalent atoms pro-
duce different interference patterns that must be pro-
cessed separately and then incoherently added to form a
single image. This generally degrades the quality of the
atomic image.

This paper illustrates the problems of interference from
nearby atoms; buried source atoms and multiple scatter-
ing are overcome in the forward-scattering geometry by
an image processing scheme introduced recently."® This
scheme, called small-window energy-extension process
(SWEEP), was first used to improve image resolution and
reduce noise."® The method has been demonstrated to
work successfully for the Si(111)-(V3XV3)R30°-B sys-
tem: A system in which single-scattering events dom-
inate because the B atoms occupy the second atomic lay-
er."? Furthermore, since there is only one B layer, all
sources waves are equivalent.®° Here, we demonstrate
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the SWEEP method in a system having all the problems
listed above. The example chosen for this demonstration
is a Cu(111) slab.

The starting point of this technique is the acquisition
of angular (0,¢) scans of electron-diffraction data at con-
stant emission energy from a localized source (i.e., atom)
embedded in a material. For the purpose of image recon-
struction, the preferred mode of collecting x-ray photo-
emission spectroscopy (XPS) diffraction data is to rotate
the crystal while keeping the directions of photon in-
cidence and electron exit fixed. This collection mode
eliminates the anisotropy in the outgoing unscattered
wave from an initial core level (i.e., the excitation matrix
element effect is eliminated). In a rotate-crystal angular
scan, the source wave is continuously changing, conse-
quently the diffraction pattern is not a single hologram.
We will not use the Helmholtz-Kirchoff integral for holo-
graphic reconstruction used by other workers,2”*¢ in-
stead we will apply a 3D Fourier transformation (FT) to
the diffraction pattern:'-°

$(R)= | [x(K)8(k —kole ™ ®a%| , 1)

where  x(k)d(k —ko)=[I(ky)/cos60— A]/ A. Here,
I(ky) is a measured or calculated XPS intensity at
k =k, the [cosf] ' factor is to account for the
geometric condition of measurement, A4 is the angle-
averaged value of I (k,)/cos6, and ko,=[(2m /#*)E]'/? is
the photoelectron’s wave vector. Integrating out the &
function and setting k2d Q=d k,/cos6, we obtain

X(koﬁ)eikok-k

$(R)= f o0s6

dk,dk, | . @)

Due to the highly peaked nature of the forward-
scattering factor, the interference fringes in a small angu-
lar cone (), surrounding each focusing peak are dominat-
ed by the diffraction from an atom or atoms lying along
that particular emitter-scatterer direction.'®”!® Widening
the angular cone simply adds interference fringes from
atoms along other focusing directions thereby increasing
the noise in the image reconstruction. For a given usable
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FIG. 1. Angular (6,¢) plot of a 20-layer Cu(111) slab, crosses mark 35.3° (left) and 19.5° (right) focusing directions, projected cir-

cles have 6, =40°.

Q., the limit of spatial resolution is given by
[ =m/(kosin6.) and I')=27/[ko(1—cos6,)], where I"|
and I} refer to the full width at half magnitude (FWHM)
of the image perpendicular and parallel to the emitter-
scatterer directions, respectively.”” For a 1000-eV pho-
toelectron with a k-space angular cone of 6.=40°
¢.=0,27, the above equations give I';=0.30 A and
1"”—1 66 A. Thei images are thus elongated towards the
origin (i.e., emitter) with the resolution along the
emitter-scatterer direction particularly poor. Note that
6. is half the polar angle of the solid cone (see Ref. 1, Fig.
6).

In the SWEEP method, interference fringes in . at
different energies are joined together to form atomic im-
ages. Figure 1 shows diffraction data and angular cones
of 6.,=40°, ¢.=0,27 surrounding the 35.3° (left) and
19.5° (right) focusing directions of Cu(l11). The
diffraction patterns are calculated for emission from the
Cu(2p) core level. The photon incident direction and the
electron exit angle are fixed at 70° apart while the crystal
is rotated to generate the 27 hemispherical scan. The
photon is p polarized. The calculations are based on the
multiple-scattering slab method, which includes all or-
ders of forward and back-scattering events in a 20-layer
Cu(111) slab.!”!® Excitation selection p—d and p—s
matrix elements are explicitly evaluated. The atomic ar-
rangements along main crystallographical directions of
the Cu(111) slab are shown schematically in Fig. 2.!° The
image of the ath atom from joining together multienergy
intervals is given by'°

~. —ik,R,

k,k)e
cosf

ik, kR

zf

n=1

dk, .dk,, | ,

(3)
where k,=[(2m /#*)E,]'/? and the integral is over the

solid angle Q.. The quantity D is the density of the ener-
gy points, given by D=(ky—k;)/(N —1), where N is the
number of  energy points. The function

G, (k, k)—[ alkn k)—4 "]/ A’, where A’ is the average
value of G (k k) inside the angular cone and G, (k, k) is
the phase- Shlft corrected function given by

Gk, K)=x(k,k)/p (k,k) . @

In Eq. (4), pa(k,,’lz) is the phase shift correction function
defined earlier."® Note that the central axis of Q. is
along the focusing direction of the ath atom. From Eq.
(7) of Ref. 7, it is clear that the phase factor e ¥R in-
troduced in Eq. (3) exactly cancels the energy- dependence
phase in G, (k, k). This means that what remains in the
integrand is a pure plane-wave front that is joined togeth-
er and extended by Eq. (3). It is then easy to see that a
Fourier transformation of this extended plane-wave front
will give a better resolution.
In Eq. (3), the function ®%

IR,| as an input. We can find R, by using trial values
R;. We start with selecting energies E,E,,...,Ey
whose wave vectors k,k,, . . .ky are evenly spaced: i.e.,
ky,—k,=ky—k,= -+ =D. (Here, E| is the smallest en-
ergy.) Furthermore, we require that no gap exists in Ak

a(R) requires the magnitude
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FIG. 2. Schematic Cu(111) side view showing focusing direc-
tions.
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along the focusing direction «a which means
E; 1 <E;/cos?8,.° 1t is, of course, acceptable to have
overlapping Ak in the choice of E;.° Using Eq. (3), with
R; substituting for R ,, we note that <I>}’§i(R) is a periodic

function:

<I>%i+L(R)=<I>§i(R) (5)
with L =27/2. As an example, for Cu(111), we choose
14 energies, with E,=263 ev, E,=334
ev,...,E4,=1836 eV, and D=1.05 A7, giving a
perlod of L=5.96 A. This means the trial values of R;
need only to cover this range L.

The choice of a uniform Ak is not an enabling require-
ment. An advantage of the choice is that with it, the trial
values R; could be in a completely arbitrary range. For
example, if the correct bond distance is R ,=2.55 A and
the period is L =6 A one could choose R from 5 to 11
A and still find the correct R,. We 1llustrate this point in
the following example. A plot of <I>“i(R ) is shown in Fig.

3 for the 20-layer Cu(111) slab with the origin at the
source atom and with R measured along the 35.3° focus-
ing direction. An angular cone of 6, =40° and ¢,=0,27
is used. The periodic nature of the function <I>ﬁi(R) is

clearly evident in the figure. The contours are drawn in
an arbitrary scale with a maximum of 100 and decrease in
steps of 5% (dark spot), 10%, 30%, and 50% from the
maximum value. Since we expect that at the trial value of
R; =R, the function ®% (R) will peak at R=R,, we look

for the maximum of this function along the dashed line
equivalent

R;=|R| or the lines R,+nL=|R],

FIG. 3. Contours of ®% (R) for a Cu(111) slab with R along

the 35.3° focusing direction. The dark spots mark the maxima
along R;£nL =|R| lines.
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n=0,1,2... . The intensity of @j‘é (R) along a dashed

line is shown in Fig. 4. The maximum value is at
[R|=2.50 A which is the determined IR, I, compared to
the correct nearest-neighbor distance of 2.55 A. The er-
ror bar (shaded area) of |R,| is £0.3 A. Noise due to
multiple scattering or nearby scatterers contributes to
other high intensity regions in the 2D contour plot.
However, only maxima along the dashed lines R;tnL
need to be considered.

The shape of the curve in Fig. 4 depends on the energy
range Ey —E| and not the number of energies used in the
SWEEP process. The larger the energy range, the
sharper the peak near 2.55 A and the higher the peak in-
tensity. The (smaller) peak at 1.0 A is noise; its intensity
will decrease as the energy range increases.

A different energy-extension scheme in which an in-
tegral over k is performed has been proposed for the
back-scattering®®?! and forward-scattering geometries.??
This is equivalent to forming the atomic images directly
along the R;=|R| line. From the contour plot in Eq. (3),
we note that in the forward-scattering geometry, the in-
tensity contours form a ridge in this direction, thus mak-
ing it the least attractive direction for image formation
because P (R) is particularly slow varying along this

line.

We first show the images reconstructed from single en-
ergies: Fig. 5 shows image intensity curves along the
35.3° focusing direction. The emitter is at the origin and
the correct nearest-neighbor distance is 2.55 A away
(marked by an arrow). In the figure the reconstruction
from a 20-layer slab, source atoms located in the second,
third, and fourth layers are shown, respectively, from left
to right. The upper and lower panels correspond to 500
and 1501 eV, respectively. The angular window used is
again 6, =40°, ¢.=0,27.

We notice substantial errors in the i image positions that
are formed: e.g., (i) no clear image is formed at 2.55 A
(fourth-layer source at 500 eV); (ii) the highest peak does
not correspond to the correct distance (slab, third- and
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FIG. 4. Intensity scan along a R,*nL=|R| line; arrow
points to its maximum value, 6, =40°.
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FIG. 5. Radial intensity plots along 35.3° focusing direction, emitter at origin, nearest-neighbor scatterer position marked by an

arrow. A small window 6. =40° is used.

fourth-layer sources at 1501 eV); and (iii) the arrows
point to dips in compound features. It is clear that the
combination of multiple scattering and scattering from
nearby atoms produce a high level of noise which disables
image reconstruction using data at a single energy.
When an image peak is not dominant in the intensity
versus radial distance plot, it creates ambiguity in the
structural determination of unknown systems.

To demonstrate the ability of the SWEEP method to
overcome these dlﬁicultles, we use 14 energies, from 263
to 1836 eV, with D=1.05 A 1. We use the contour map
of &% (R ) (e.g., see Figs. 3 and 4) to determine R,. With

R, ——2 50 A, we form the image ®% (R) according to

Eq. (3). Figure 6 shows the radlal-xmage function of
CD?QG(R) along 6=35.3": the improvement in the image

quality and resolution is dramatic; noise is largely elim-
inated and a dominant peak is formed with a FWHM
ranging from 0.68 to 0.90 A. In the process of “washing”
out artifacts, it is best to try different energy ranges and
energy points. As these increase, one should find the
“image” peak increases in intensity and those of artifacts
decrease. In addition, the value of R, can be more accu-
rately determined with a wider energy range. Radial in-
tensity plots along the 19.5° focusing direction for single
energies and 14 energies SWEEP results are reported else-
where.!

The atomic images along a cut plane normal to the sur-
face and passing through the atoms are presented in Fig.
7 where the emitter (cross) and nearest-neighbor atom
(circle) along the 35.3° direction are shown (left panel) for
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FIG. 6. Radial intensity plot along 35.3° for a 20-layer
Cu(111) slab from 14 energies SWEEP for source atoms in all
layers (slab), in second, third, and fourth layers, respectively.
The emitter is at the origin.
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FIG. 7. Left: Nearest-neighbor atomic image (spot inside circle) along 35.3° direction from 14 energies SWEEP in YZ plane. Dis-
tance between cross (emitter) and center of circle is the correct bond length 2.55 A. Right: Single-energy atomic image, crosses mark

emitter and correct scatterer positions. Sources in all layers of slab.

a Cu(111) slab. The only physical region is along the
35.3° direction; the artifacts at other polar angles and
those on the twin image side can be discarded. The diam-
eter of the circle is 1.2 A. By comparison, the poorly
resolved single-energy image is shown in the right panel
(its radial-intensity plot along 35.3° is the one shown in
Fig. 5, upper left). The reduction of noise along the phys-
ical direction (i.e., 35.3°) as well as a marked improve-
ment in the resolution are evident.

A similar comparison is shown in Fig. 8 for the

nearest-neighbor atom along the 19.5° direction. For the
image shown, the source atom is located in the third
atomic layer. Again, the diameter of the circle is 1.2 A.
The single-energy atomic image is shown in the right
panel. The radial intensity plot of this image can be
found in Ref, 1. Note that in Figs. 7 and 8 the surface
normal (i.e., Z) points towards the right.

In the SWEEP method, we decouple the determination
of R, from the image resolution. The process is to first
find R, from the contour plots in Fig. 3. For a given

FIG. 8. Same as in Fig. 7 except along the 19. 5° direction. Source atoms located in third layer only. The distance between emitter

and scatterer is 4.42 A.
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value of R, Eq. (3) produces atomic images with a high
resolution. We have demonstrated that for a Cu(111)
slab, noise from the reconstruction process is a major
difficulty and that images processed from single-energy
interference data contain strong artifacts that make
structural determination questionable. By contrast, using
the SWEEP method on this system produces resolution
of better than 1 A and R, is determined to within
+0.3 A. The latter is only moderately impressive when
compared to results of diffraction techniques (e.g.,
LEED, x-ray scattering, photoelectron diffraction, etc.)
where bond distances are determined to a precision of
0.05-0.1 A. However, imaging is a direct structural tool,
thus avoiding the trial-and-error process necessary in
diffraction techniques. The priority in imaging is not
high-precision bond-distance determination (this can be
done better by diffraction methods). Rather, the primary
goal is to achieve very high-resolution images so indivi-
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dual atoms appear separately thus allowing the geometric
configuration to be clearly viewed. Once the structural
configuration is revealed, bond distances can be fine
tuned by diffraction methods.

The SWEEP method also brings out the unique
features of a “lensless” microscope: By using a small Q,
around a focusing direction and extending the energies
(i.e., Ak), we are able to join together interference fringes
exclusive to the chain of atoms along a specific direction.
Therefore, noise is kept low while the resolution is im-
proved as Ak increases. Since lenses are not used, aberra-
tion is not an issue. In principle, the SWEEP method can
reach any desirable resolution in the emitter-scatterer
direction,!® provided data at extended-energy ranges are
available.

This work was supported in part by the Office of Naval
Research Grant No. N00014-90-J-1749.
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FIG. 1. Angular (6,¢) plot of a 20-layer Cu(111) slab, crosses mark 35.3° (left) and 19.5° (right) focusing directions, projected cir-
cles have 6. =40°.



FIG. 7. Left: Nearest-neighbor atomic image (spot inside circle) along 35.3° direction from 14 energies SWEEP in YZ plane. Dis-
tance between cross (emitter) and center of circle is the correct bond length 2.55 A. Right: Single-energy atomic image, crosses mark
emitter and correct scatterer positions. Sources in all layers of slab.



FIG. 8. Same as irl Fig. 7 except along the 19.5° direction. Source atoms located in third layer only. The distance between emitter
and scatterer is 4.42 A.



