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Photoelectron holographic derivative transform for increased range of atomic images

S. H. Xu, H. S. Wu, M. Keeffe, Y. Yang, H. Cruguel, and G. J. Lapeyre
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~Received 8 August 2000; revised manuscript received 28 August 2001; published 25 January 2002!

A transform-k derivative spectra~KDS! transform—is introduced for construction of an atomic-structure
image from photoelectron diffraction data. A phenomenological theory is used to show that the transform of
spectrum derivatives enhances the image peaks by the square of the emitter-scatter distance when used in
conjunction with the small cone method. In comparison with the standard transform used in photoelectron
holography, the KDS transform allows more distant neighbors~scatterers! to be ‘‘seen’’ by the emitter and
suppresses strong forward scattering. The ability to experimentally observe more neighbors of a photoelectron
emitter expands the applicability of holographic imaging. The procedure is applied to experimental data
obtained from the As/Si(111)-(131) and C2H4 /Si(100)-(231) surface structures. The letter results show
that C2H4 adsorption does not break the Si dimer bond.
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The determination of the positions of atoms at a surf
has been one of the more difficult surface problems to so
Photoelectron holographic imaging~PHI! using photoelec-
tron diffraction~PHD! data has achieved notable successe
determining adsorbate structures and surface reconstru
structures.1–12The technique is appealing, because it direc
gives the position of atoms neighboring the electron emit
The data are inverted to give an atomic image funct
whose peaks are frequently only very close to the emitter
a result of the small number, the assignment of atoms to
peaks in the image may be difficult. We present a modifi
tion to the inversion which produces more peaks in the
age at greater distances from the emitter. In this paper,
eral examples are presented.

The inversion uses angle-resolved photoemission data
the core level of interest. For each angle the intensity of
emission is measured as a function of wave numberk ~the
photon energy!. The angles used are uniformly distribute
over the electron-emission hemisphere. Typically, 70–80
rections are measured with about 25k points for each direc-
tion. Typical spectra are shown in Refs. 2 and 5. The data
first transformed with respect to the wave number, and
second transform is with respect to the angle.2

We introduce a transform where the derivative of the d
is used in the transform. The wave-numberk derivative-
spectrum~KDS! transform successfully yields neighbors
greater distances from the emitter. The PHI images obta
by the KDS transform yield not only the first-neares
neighbor and the second-nearest-neighbor~SNN! atomic im-
ages, but also the third-nearest-neighbor~TNN! images or
even more greatly distant images. As a result, this met
makes it easier to assign a unique atomic structure to the
image.

A short explanation of why the KDS transform works
given, and then two applications to experimental data
described where additional neighbors in the image
shown. The first application is for As on Si~111!, where TNN
images are found. The second is ethylene on Si~100! which
was very recently published in Ref. 5. The Si atoms in
second layer~SNN image! are now seen. Now using bul
Si-Si distances for the second-layer image peaks, a dete
nation of values for the C-C bond and Si-Si dimer lengths
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obtained. The value indicates that the Si dimer bond is
broken by chemisorption, an issue that has received s
attention.

The essence of the analysis is to show that the im
intensity obtained by transforming the derivative of the sp
tra is a factor ofR2 larger than the image intensity obtaine
by transforming the experimental spectra itself;R is the
image-space variable. This behavior is obtained only wh
the small-cone method is used in the angular transform
the image obtained by the standard inversion is multiplied
R2—a different procedure—no image improvement is foun

According to photoelectron diffraction theory,2,10we write
a descriptive equation for the object wave,CO , and the ref-
erence wave,CR , in terms of an effective scattering facto
A(k, r̂ j ) and the phase factorkr j (12 k̂• r̂ j ), wherek is the
photoelectron wave number andr j is the position of thej th
scatterer. The diffraction intensityI (k,k̂) and its normaliza-
tion for the interference effectx(k,k̂) obey the relations

x~k,k̂!5uCOu2/uCRu2215I ~k,k̂!/uCRu221

5(
j

A~k, r̂ j !e
ikr j ~12 k̂• r̂ j !1c.c., ~1!

where c.c. is the complex conjugate of the first term.
Using the Tong-Huang-Wei~THW! inversion,10 F( k̂,R)

can be obtained by a Fourier-like transform of eachx(k,k̂)
function:

F~ k̂,R!5E
kmin

kmax
x~k,k̂!e2 ikR~12 k̂•R̂!dk,

5E
kmin

kmax
A~k, r̂ j !e

2 ik@R~12 k̂•R̂!2r j ~12 k̂• r̂ j !#dk. ~2!

The second line is just the THW inversion of Eq.~1! without
the c.c. term.R is the real-space variable, and the final a
initial points of a measured spectrum interval arekmax and
kmin . For a finite interval a window function is used to co
trol termination errors. For simplicity, this window functio
is not shown in the equation, and neither is the sum over
set of thej scatterers.
©2002 The American Physical Society10-1
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The atomic image functionU(R) can be obtained by
transforming against the emission angle; this is a sum, s
the data are collected for a uniform set of directionk̂:

U~R!5U (
k̂PCone~2R,w!

F~ k̂,R!U2

. ~3!

As discussed elsewhere2 the sum uses the small con
method. All the emission directionsk̂, which are uniformly
distributed over the emission hemisphere, are grouped
bunches forming small cones of widthw, whose central ray
is ‘‘swept’’ over the hemisphere. The parameterw may range
from one spectrum~delta cone! to all spectra on the full
hemisphere~p!. Usually a value around 30° yields an imag
with minimum artifacts.U(R) has a maximum amplitude
whenR5r j , as can be seen in Eqs.~2! and ~3!. U(R) does
not have a maximum amplitude from the c.c. term in Eq.~1!.

Now let us take the derivative of functionx @Eq. ~1!#,
with respect to the wave numberk:

dx~k,k̂!

dk
5

dA~k, r̂ j !

dk
@eikr j ~12 k̂• r̂ j !#

1A~k, r̂ j !„ir j~12 k̂• r̂ j !…e
ikr j ~12 k̂• r̂ j !1c.c.

~4!

Here c.c. is the complex conjugates of the first and sec
terms. Now, replacingx(k,k̂) with dx(k,k̂)/dk without the
c.c. term in the Tong-Huang-Wei transform@Eq. ~2!#, the
derivative inversion fieldFd( k̂,R) becomes

Fd~ k̂,R!5E
kmin

kmaxFdA~k, r̂ j !

dk Ge2 ik@R~12 k̂•R̂!2r j ~12 k̂• r̂ j !#dk

1E
kmin

kmax
„ir j~12 k̂• r̂ j !…A~k, r̂ j !

3e2 ik@R~12 k̂•R̂!2r j ~12 k̂• r̂ j !#dk. ~5!

Similar to the behavior ofF( k̂,R), it is found thatFd( k̂,R)
has a maximum amplitude when the conditionR5r j is sat-
isfied, i.e., the phase factor is zero. The transform descr
in Eq. ~5! is the KDS transform.

In the small-cone method,2 the k̂ directions are selected i
the neighborhood of2R̂, i.e., k̂'2R̂. Further, the inversion
Fd has the highest intensity atR5r j . That is to say, these
high-intensity positions are emphasized in the small-c
method, where the backscattering conditionk̂'2 r̂ j is natu-
rally satisfied. Thus, the second term in Eq.~5! is propor-
tional to the amplitude of 2r j , which is essentially 2R.

In the other parts of space away from the scattering
oms,Fd has a weak intensity as the conditionR5r j is not
satisfied. Then the second term is not proportion toR and
instead depends on the value ofr j (12 k̂• r̂ j ). The term goes
to zero for forward scattering, which would suppress the f
ward focusing peak which is usually a complication of inve
sion procedures. In addition, the first term in Eq.~5! for Fd
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is obviously not proportional tor j . Further, this first term is
typically near zero if the scattering functionA(k, r̂ j ) is nearly
independent ofk. When the window is 180° for the ful
hemisphere approach,k̂ is not limited to directions aroundR̂,
i.e., the conditionk̂'2R̂ is not generally satisfied. In this
case the second term in Eq.~5! depends on the value o
r j (12 k̂• r̂ j ), and a simple behavior is not found. Therefor
the KDS transform is only effective for surface emitte
when used together with the small-cone method, and an
creased sensitivity is obtained for more distant neighbor
the atomic image.

After using the small-cone summation of Eq.~3! for the
derivative, the image function,Ud(R), one sees that is re

FIG. 1. 3D effective atomic structure for the As/Si~111! system.
The arsenic atom replaces the top-layer Si atom, and bonds t
atomsA, B, andC. Prior to this work, onlyA, B, C, andG were
observed in images.~a! The vertical plane represents theX-Z planar
cut shown in Figs. 2 and 3~a!. ~b! Two horizontal planes represen
the X-Y planar cuts shown in Fig. 2 forZ at 20.9 and24.1 Å.
0-2
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lated toU(R) throughUd(R);4R2U(R). This relationship
holds if, and only if, there is a scatterer atR, that is, R
5r j . The image functionU(R) is obtained with the standar
inversion, andUd(R) is obtained by the KDS transform. On
can clearly see that the intensity is enhanced byR2 compar-
ing to the standard procedure. High-quality data are nee
for a reliable derivative. The atomic image functionUd(R)

FIG. 2. The verticalX-Z planar cut of the As/Si~111! system
obtained from the standard transform where the ‘‘third dimensio
is the image intensity. The coordinate unit, Å. The emitter~As! is at
the origin.
07541
ed

allows us to ‘‘see’’ more distant scatterers than the stand
inversion functionU(R) for atoms at a surface.

The KDS inversions for several experimental PHD da
sets as well as simulated PHD data sets have been exam
The KDS transform always obtains more distant scatter
Here we present two experimental cases: a single-site em
in the adsorbate case of As/Si~111!, and a double-site emitte
in the adsorbate case of C2H4/Si~100!. Note that, due to the
phase shift in the electron scattering factor, the distance
ues may be distorted by 2/10–3/10 of an Å.2

Arsenic on a Si~111! surface has a well-known
structure,4,13 in which the As atoms replace the Si atoms
the surface layer and bond to three Si atoms. Figure 1
sents this structure using the ball-stick model of atom
structure. In addition to traditional surface science investi
tions, two holographic imaging experiments have been
ported on this system.4,13 Wu et al. obtained images which
contained peaks of the first-layer Si atoms~A, B, andC!.13

Luh et al. found peaks for the first-layer Si atoms and we
peaks for the second-layer Si atom~G! using a method for
self-normalizing the constant-initial-energy spectrum da4

Figure 2 shows the vertical planar cut obtained from
standard transform.13

In the present analysis, using the KDS transform we e
ily observe an image containing peaks due to the third-la
Si atoms~D, E, andF!, as well as first- and second-layer S
atoms. Figure 3 presents the images obtained by the K
transform. PeaksA(B,C) are due to the first-layer Si atoms
peakG to the second-layer Si atom, and peaksD(E,F) to
the third-layer Si atoms. TheirZ coordinate values are20.9,
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i
l

l

-

-

-

FIG. 3. Planar cuts of the
atomic image of the As/Si~111!
system obtained from the KDS
transform, which show the inten
sity in the ‘‘third dimension.’’ The
coordinate unit is Å. The arsenic
emitter is at the origin, and the S
labels are from Fig. 1. The vertica
(X-Z) planar cut appears in the
upper left panel. The horizonta
(X-Y) planar cut is at Z
520.95 Å passing through Si at
oms A and B. The horizontal
(X-Y) planar cut is at Z
523.3 Å passing through Si at
oms G, H, and I. The horizontal
(X-Y) planar cut is at Z
524.1 Å, passing through Si at
omsD, E, andF.
0-3
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23.3, and24.1 Å, respectively. The values of their position
are in reasonable agreement with those known for a bul
crystal. The image peak for the third-layer Si atom~D! is
very strong while the second-layer peak~G! is weak. In ad-
dition to the three strong peaks~A, B, andC! shown in Fig. 3
(Z523.3 Å), there are three weak peaks~G, H, and I! at
Z523.3 Å in this image. Also, three weak peaks~not
shown! are found due to the SNN Si atoms in the first
layer. The peaks due to the third-layer Si atoms and the S
Si atoms in the first layer are not observed in the ima
obtained by either the standard transform or the s
normalization transform.4,13 To our knowledge, this is the
first time a PHI image for a single adsorption site reveals
many of the atoms neighboring the emitter.

In the case of the ethylene on Si~100! system, the two
carbon atoms of the ethylene molecule each sit in inequ
lent sites. In Ref. 5, reporting experiments, the molecule w
found to sit atop a Si-Si dimer. When the standard transfo
was used, no other Si neighbors were observed. Figu
shows the ball-stick model for a PHI image model, where
two carbon atomsP andQ are placed at the origin. A prope
atomic structure construction would have the carbon b
separated. The inversion placesall emitters at the origin of
the image. As discussed in Ref. 5, this makes it more diffic
to make atomic assignments for the image peaks. The e
ters~two carbon atoms in one ethylene molecule! are labeled
P and Q, and a two-letter label is used for peaks in t
image, e.g.,E/P means Si atomE as ‘‘seen’’ by carbon emit-
ter P. This work used a single-domain sample with doub
high atomic steps. Recently the same site was reported
‘‘trial and error’’ comparison of photoelectron diffractio
spectra with simulations14 for a two-domain sample.

Figure 4~b! shows an X-Y planar cut which passe
through the second-layer Si atoms atZ522.8 Å. These
atoms are the four strongest spots~D/Q, E/P, F/P, and
G/Q! in the image. TheX direction is parallel to the edge o
the step, and hence parallel to the dimer bond. TheX andY
coordinates of the spotD/Q are 1.2 and 1.9 Å, respectively
The spots form a rectangle. In the bulk crystal structu
however, they should form a square, ignoring any seco
layer distortion due to the dimerization. The ‘‘doubl
exposed’’ rectangular image can be reduced to a sq
atomic structure by shifting peaks along theX direction until
a square is formed. A ball-stick atomic structure could
constructed from Fig. 4~a! by imagining the ballP/Q to be
two superimposed balls which could be separated to form
C2H4 ‘‘molecule’’ with concomitant shifts of the Si balls. Th
shift is 1.4 Å, and represents a carbon-carbon bond lengt
the ethylene molecule, which agrees with that of the f
ethylene molecule~1.34 Å!. From this length and the sepa
ration ~0.6 Å! of the peaks due to the Si-Si dimer given
our paper,5 we obtain the Si-Si dimer bond length to be 2
Å, which is fairly close to the Si-Si dimer length~2.23 Å! of
the clean Si~100! surface.15 This is direct evidence that eth
ylene adsorption does not break the Si-Si dimer bond,
only modifies the bond. The results essentially resolve on
the questions for ethylene adsorption.

In addition to the two cases mentioned above, the K
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transform has been successfully used for other experime
and simulated PHD data. Thus, we conclude that the K
transform is a new and very useful method to determine
atomic structure for atoms~adsorbate! at a surface.

FIG. 4. ~a! 3D effective image structure where the two inequiv
lent carbon emitters are both placed at the origin of
C2H4 /Si(100)-(231) system. Small balls for hydrogen are add
in geometrically likely positions based on the expected carbon
bridation. The (P/Q) ball represents the carbon atoms. The larg
balls below represent the Si dimer atoms. BallsD, E, F, andG in
the shaded horizontal plane are the Si atoms in second layer.~b! The
X-Y plane cut atZ522.8 Å through the second-layer Si atom
obtained by the KDS transform. The four strong spots~D/Q, E/P,
F/P, andG/Q! are due to the second-layer Si atoms. The coor
nate unit is ÅX. ~The other weak spots are due to the artifacts.! An
atomic structure representation would be obtained by expanding
X direction~dimer bond direction! to obtain a square mesh forE, D,
F, andG.
0-4
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In addition, if we take a second- or higher-order deri
tive of function x with k, then the atomic image functio
would be enhanced by a higher power ofR. It would seem
that an image with even more distant scatterers would
seen. However, the derivative also ‘‘enhances’’ errors
noise. Hence the ‘‘cost’’ would be an increased precision
the data which would dramatically increase the measu
time.

The KDS transform used here is quite different from
self-normalization method proposed by Luhet al.4 although
they sometimes called it the differential or derivati
method. Luhet al. took the derivative of the PHD data wit
respect to the photon energy, and then integrated forx
function. In pure mathematics, the derivative-integrat
cycle would not yield any change to the PHD data. As
pected by Luhet al.,4 this process removes the discontin
ties that may arise in the PHD data due to the limitation
the experimental condition such as shifts in the photon fl
In our method, however, we only use the derivative of
functionx instead of the differentiation-integration cycle. A
expected by the theoretical approach, the images obtaine
r

e
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the KDS transform can truly yield the more distant neighbo
~scatterers!.

In summary, the KDS transform is successfully used
construct atomic structures for the experimental systems
Si~100! and C2H4/Si~100!. This illustrates that in the holo-
graphic imaging method data are collected and inverted
directly obtain an image which needs to be inspected.
modeling is needed to obtain the adsorption site. In comp
son with the standard transform, the images obtained by
KDS transform can yield more distant neighbors~scatterers!.
The KDS images unequivocally confirm the As adsorpti
site, and directly show that ethylene adsorption does
break the Si dimer bond. Several investigators suggest
dimer bond is broken. At the same time, no strong artifa
are observed in the images. Therefore, the KDS transfo
can be widely used for adsorbate systems.
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