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Energy Extension in Three-Dimensional Atomic Imaging by Electron-Emission Holography
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A method is introduced joining together forward-scattering diffraction data taken in a small angular
window at different photoelectron energies. This method extends the usable range in phase space for
three-dimensional image reconstruction. Examples based on theoretical simulations demonstrate that a
spatial resolution of =<1 A is achievable. We also show that using a small angular window in the back-
scattering geometry eliminates splittings in the reconstructed image.

PACS numbers: 68.35.Bs, 68.55.—a

When forming three-dimensional atomic images from
electron-emission holography [1-5], there are two objec-
tives: (i) that the images are formed at the correct atom-
ic positions and (ii) that the full width at half magnitude
(FWHM) of the image is as small as possible. The
FWHM defines the ability of a “microscope” to produce
distinct images of two closely spaced objects. The best
resolution of the current state-of-the-art conventional
electron microscope is 2-3 A. In electron-emission holog-
raphy, a limiting factor is the small angular range of us-
able data available in k space for image reconstruction.
In the forward-scattering geometry, most systems have
multiple focusing directions [6]. In such systems, the
diffraction fringes in an angular cone around each focus-
ing direction are dominated by the scattering of atoms
situated along that particular direction [7,8]. Therefore,
the relevant interference fringes for image reconstruction
for atoms in a particular direction are limited to within
the effective angular cone Q., which is much smaller than
the full Q,, opening [7,9]. In the backscattering ge-
ometry, deep cusps in the scattering factor of many ma-
terials limit the effective angular range to a small cone in
the reconstruction process. As we shall see later, these
cusps cause image peaks to be split [10]. Since the
diffraction limit for resolution is Ar,=2.47/Ak,, where a
is a Cartesian-coordinate index, the small range of applic-
able Ak limits the achievable spatial resolution.

In this paper, we show how this serious limitation of
the technique can be lifted through the use of multiple
energies in which diffraction data in a given angular cone
taken at different emission energies are connected to form
an extended range. When used in conjunction with a
variable energy source (e.g., a synchrotron radiation
center or Kikuchi electrons), this method can reach a
spatial resolution of less than 1 A in the direction of the
emitter scatterer. This direction has a worse resolution
(=2.5 A) in single-energy image reconstructions [2-6,
9,10].

For the purpose of image reconstruction, we use x-ray-
photoemission-spectroscopy (XPS) diffraction spectra
calculated by the multiple-scattering slab method in
which the crystal is rotated while the directions of photon
incidence and electron exit are held fixed. This collection
mode eliminates the anisotropy in the unscattered wave
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from any initial atomic core level [9]. Since the reference
wave in this collection mode is continuously varying, we
introduce an image reconstruction method based directly
on three-dimensional Fourier transformation instead of
the Helmholtz-Kirchhoff integral used by Barton [2]. At
each energy E,, we can write

¢.(R)=|T,(R)|, (1)

¢n(R)=’fx(k”|2)5(k—k,,)e'*"""d3k , )

where k, =[Q2m/h*)E,1"? and y(k,k) =II(k,k) — 41/
A. Here, I(k,k) is a measured or calculated XPS inten-
sity at k=k,, and A is its angle-averaged value. Using
d’*k =k*dk d Q to integrate out the & function in Eq. (2),
we obtain

T,(R) = [ 1k, K)e™* Ri2da . 3)

Energy extension involves summing the complex func-
tion T,(R) over a discrete set of energies with a particu-
lar phase factor [9-11]. By considering N energy points,
in ascending order of magnitude, with wave numbers
ki,...,kn, a generalized energy-extended image func-
tion can be written as

N
> e TH*Rir (R)

n=1

@k, (R) =D , @

where D=(ky—k)/(N—1) defines a mean wave-
number interval and R; is a scalar which defines the
phase that joins together single-energy Fourier trans-
forms 7,(R). By substituting 7,,(R) from Eq. (3) and
using k,2d @ =dk1/cos6, we obtain

% J‘ 2k, K)e

n=1 cosf

—ik,,R,eik,,l‘r R

(DR,,(R) =D

dky vdky.,

(5)
In the forward-scattering geometry, the first step is to
determine R,, the atomic position of the scatterer [9,10].
The orientation (i.e., 8,¢) of R, can be determined from
the ath focusing direction in k space. To determine the
magnitude, we substitute R; =R in Eq. (5) and evaluate
®%(R) along this focusing direction. The position of the
maximum along this line determines the bond distance
R,. The justification of this step is that at R; =R,, the
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phase factor e Ry exactly cancels the conjugate phase in
x(k,,l?), thereby leaving only a plane-wave phase e'knk Ra
for all the energies. Therefore, after performing the
Fourier transformation by Eq. (5), the contribution from
each energy coherently cumulates at the image point
®g,(R,), giving the desired result. Also, since only the
single-scattering term in y(k,k) has this conjugate phase,
the sum in Eq. (5) reinforces the single-scattering contri-
bution to the image and reduces (by phase cancellation)
the multiple-scattering contributions [11]. After R, is
determined, we form the corresponding image by substi-
tuting R; =R, in Eq. (5) and obtain [9,10]

ﬁ f}((k

n=1 Pa (k,k)cos®

o (R)= ,,lz)e —ikyRq ik kR
Rq =

dky xdky |,

(6)

where p,,(k,,lz) is a phase-shift correction function defined
in earlier works [5,9]1. We shall show elsewhere that Eq.
(6) corresponds to cutting across the high-intensity con-
tours of ®g,(R) at a particularly narrow cross section
[6,10]. More importantly, this cut avoids the self-image
artifacts near the origin [9,10,12,13]. The image, so
formed, has a narrow FWHM and a low level of noise in
the space between the emitter and the scatterer [6].

We now illustrate these ideas with a specific example:
Si(111)(+/3x~+/3)R30°-B. We first show the geometric
structure of this system in Fig. 1. In this system, the B
atoms occupy substitutional sites (i.e., the Bs site) in the
second layer [14-18]. The atomic images are recon-
structed from calculated B(1s) XPS holograms, at photo-
electron energies of 400, 600, and 800 eV. For the calcu-
lation, we use a multiple-scattering slab method [19,20]
which uses the exact Green’s-function structural propaga-
tors to evaluate the near-field (i.e., curved wave) scatter-

FIG. 1. Diagram of structure of Si(111)(v/3x+/3)R30°-B.
The Si(3), Si(4), and B atoms lie in the y-z plane.

ing ¢t matrices. Approximation schemes, such as the sep-
arable representation [21] or Taylor-series, magnetic-
quantum-number expansion [22], etc., are not used. The
photon’s incident direction and the electron’s exit angle
are fixed at 70° apart while the crystal is rotated to gen-
erate the 27 hemispherical scan. The photon is p polar-
ized and the s — p transition matrix element is calculated
explicitly [23]. We demonstrate the multiple-energy im-
age reconstruction procedure by forming the image of
Si(3). We use y(k,k) inside an angular cone whose half
angle is 8, =45°. The axis of this cone is pointed along
the focusing direction of B-Si(3). Figure 2 shows the im-
ages of Si(3) reconstructed from single-energy diffraction
patterns (top left, center, and right, respectively) while
the image from joining the 400, 600, and 800 eV energies
is shown in the bottom left panel. In the displays, crosses
mark the origin and the correct atomic positions. We ob-
tain a substantial improvement in the resolution with the
elongation in the emitter-scatterer direction almost all
gone. We also show the intensity variation of the image
along the emitter-scatterer direction (i.e., 6=62.9°).
The FWHM of the image from the individual 400-eV
diffraction pattern is 2.2 A (bottom right) and this value
is reduced to 1.1 A (bottom center) after energy exten-
sion; the noise level is also sharply reduced, especially at
small R values.

+Ir)k ,;he backscattering geometry, using the phases
e~ """ for the half planes R. >0 and R. < 0, respective-
ly, correspond to a line of 135° passing through the origin
of <1>Ri(R). We show elsewhere that this line cuts across
the high-intensity contours of the images, self-images,
and twin images at their narrowest cross sections [10].

B/Si(111)
800 eV

FIG. 2. Small-window 6.=45° image of Si(3) in the y-z
plane; top left, center, and right show single-energy reconstruc-
tions; bottom left shows 3-energy combined reconstruction;
crosses mark origin and correct atomic position. Bottom center
and right show, respectively, intensity variation along the B-
Si(3) internuclear direction for 3-energy combined and 400-eV
reconstructions. The origin is at the B atomic center.
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Substituting these phases in Eq. (5), we obtain, respectively,

N k,,ﬁ ik,R ik k R
»R)=2| X f"( Je " e dky xdky,| (R.>0) (7a)
n=1 cos6
and [11]
N k,,l; —ik,R ik,k-R
oR)=D| 3 f 2 )ecos 5 dky.dkn,| (R.<0), (7b)

where the +:z direction is normal to the surface and |
points from solid to vacuum.

The example we show in the backscattering geometry
is for an ordered layer of Cu atoms occupying the four-
fold-hollow site on Ni(001) with a Cu-Ni spacing of 1.8
A. The energy-extension scheme uses 17 energies, from
60 to 681 eV with equally spaced wave-number intervals.
This leads to a period of L=10.7 A in ®g,(R) [6,9]. The
use of equally spaced wave numbers is critical to the
multiple-energy image reconstruction scheme in the back-
scattering geometry [10]. We show in Fig. 3 the energy-
extended images reconstructed from holograms calculat-
ed by the multiple-scattering slab method. The emission
is from Cu(2p) and the matrix elements p— s,d are ex-
plicitly evaluated [23]. The left-hand side shows a plane
normal to the surface passing through the Cu emitter
(marked by a cross) and two nearest-neighbor Ni atoms
(marked by circles) as well as a next-nearest-neighbor Ni
atom directly below the Cu atom (marked by a circle).
The images of the two nearest Ni neighbors are 2.38 A
from the origin (correct distance is 2.52 A; error is 0.14
A). The image FWHM is 0.69 A. The image of the
next-nearest-neighbor Ni atom directly below the Cu
atom is at 3.25 A (correct distance is 3.56 A; error is 0.31
A). Since Egs. (7a) and (7b) correspond to a line pass-
ing through the image and twin, the surface is a mirror
plane and the twins appear in the z > 0 half plane [10].
The right-hand side of Fig. 3 shows a cut parallel to the
surface at 1.8 A below the Cu plane. This plane passes

FIG. 3. Left: Full-window 6. =90° image of Ni atoms (in-
side circles) in a plane normal to the surface, the cross marks
the Cu emitter. The +Z direction points from left to right and
the twin images are mirrored on the right half. The energy

range is 60-681 eV. Right. Plane parallel to the surface,
crosses mark the correct atomic positions. The vertical bar indi-
cates | A.
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through the first-layer Ni nuclei. The image reconstruc-
tion shows four nearest-neighbor Ni atoms, whose dis-
tance from the center is 2.12 A (correct distance is 1.76
A; error is 0.36 A).

The nearest- and next-nearest-neighbor Ni images be-
come split if we reduce the range to 60-286 eV. This is
because in the 100-300-eV range, the backscattering fac-
tor f(x—0) has deep cusps at which the magnitude of
|f(x—6)| almost vanishes. At these cusps, the phase of
f(x—8) goes through a near n resonance. The sharp
cusps and & change in the phase of f(x— 6) cause the im-
age peaks to become split [10].

We show in Fig. 4, left-hand side, the split Ni images;
except for the reduced energy range which requires only
nine energies to maintain the same period, all other con-
ditions are identical to those of Fig. 3, left-hand side.
The image of the nearest-neighbor Ni atom shows a dou-
blet at 1.82 and 2.75 A, respectively, compared to the
correct spacing of 2.52 A. The next-nearest-neighbor
atom directly below the emitter shows a doublet at 2.60
and 3.71 A, respectively, compared to the correct spacing
of 3.56 A. Since the image splitting is due to deep cusps
in f(x—6), we can remove this splitting by imposing a
small window which limits y(k,k) to the near = back-
scattering lobe in f(x—6). We show in Fig. 4, right-
hand side, the image constructed by introducing a small-
window angular cone whose axis is at a polar angle of
136° from the positive abscissa direction. The half open-

FIG. 4. Left: Full-window 6. =90° Ni images using nine en-
ergies in the 60-286 eV range. Other conditions are the same
as those in Fig. 3, left. The Ni images are split (marked by cir-
cles). Right: Small-window 6. =45° image of nearest-neighbor
Ni atom. Crosses mark the origin (emitter) and correct Ni
atomic position. The vertical bar indicates 1 A.
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ing of the cone is 6, =45°. We see from the figure that
the nearest-neighbor Ni image is no longer split; the im-
age forms at the cross which marks the correct atomic
position. We can similarly remove the splitting in the im-
age of the next-nearest-neighbor Ni atom directly below
the Cu emitter: For this, we use a small angular cone of
0.=30° centered at 180° from the positive abscissa
direction. The small-window image of this Ni atom is
shown elsewhere [10].

A distinct feature of our method is the use of a small
angular window Q. for image reconstruction. In the
forward-scattering geometry, diffraction fringes within
Q. are dominated by the scattering of a single atom or
chain of atoms in the direction along the central axis of
the cone. By joining together diffraction data taken at
different energies in the same angular window Q., we ob-
tain an extended range of “‘exclusive” diffraction data due
to atoms in a specific direction. We call this scheme the
small-window energy-extension process (SWEEP). In
the backscattering geometry, a full window is first used to
locate the general areas of the images. If an image is
split or the noise level around it is high, a small angular
cone centered along the particular emitter-image direc-
tion is applied and SWEEDP is carried out using y(k,k) in
that angular cone only. This process is repeated for im-
ages in other directions [10].
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B/Si(111)
600 eV

FIG. 2. Small-window 6.=45° image of Si(3) in the y-z
plane; top left, center, and right show single-energy reconstruc-
tions; bottom left shows 3-energy combined reconstruction;
crosses mark origin and correct atomic position. Bottom center
and right show, respectively, intensity variation along the B-
Si(3) internuclear direction for 3-energy combined and 400-¢V
reconstructions. The origin is at the B atomic center.



FIG. 3. Left: Full-window 6, =90° image of Ni atoms (in-
side circles) in a plane normal to the surface, the cross marks
the Cu emitter. The +Z direction points from left to right and
the twin images are mirrored on the right half. The energy
range is 60-681 eV. Right: Plane parallel to the surface,
crosses mark the correct atomic positions. The vertical bar indi-
cates | A.



FIG. 4. Left: Full-window 6, =90° Ni images using nine en-
ergies in the 60-286 eV range. Other conditions are the same
as those in Fig. 3, left. The Ni images are split (marked by cir-
cles). Right: Small-window 6, =45° image of nearest-neighbor
Ni atom. Crosses mark the origin (emitter) and correct Ni
atomic position. The vertical bar indicates 1 A.



