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Photoelectron holographic derivative transform for increased range of atomic images
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A transformk derivative spectrdKDS) 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 neighliecaitterersto 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(133(1X1) and GH,/Si(100-(2X 1) surface structures. The letter results show
that GH, adsorption does not break the Si dimer bond.
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The determination of the positions of atoms at a surfacebtained. The value indicates that the Si dimer bond is not
has been one of the more difficult surface problems to solvebroken by chemisorption, an issue that has received some
Photoelectron holographic imagin@®HI) using photoelec- attention.
tron diffraction(PHD) data has achieved notable successes in The essence of the analysis is to show that the image
determining adsorbate structures and surface reconstructidtensity obtained by transforming the derivative of the spec-
structures 2 The technique is appealing, because it directlytra is a factor ofR* larger than the image intensity obtained
gives the position of atoms neighboring the electron emittey transforming the experimental spectra itsé¥;is the
The data are inverted to give an atomic image functioimage-space variable. This behavior is obtained only when
whose peaks are frequently only very close to the emitter. A€ small-cone method is used in the angular transform. If
a result of the small number, the assignment of atoms to th&1€ image obtained by the standard inversion is multiplied by
peaks in the image may be difficult. We present a modificaR°—a different procedure—no image improvement is found.
tion to the inversion which produces more peaks in the im- According to photoelectron diffraction thedfy; we write
age at greater distances from the emitter. In this paper, se@ descriptive equation for the object wa¥eg , and the ref-
eral examples are presented. erence waveVg, in terms of an effective scattering factor

The inversion uses angle-resolved photoemission data fok(k,f;) and the phase factd(rj(l—R~fj), wherek is the
the core level of interest. For each angle the intensity of thephotoelectron wave number angdis the position of theth

emission is measured as a function of wave nunbéhe  scatterer. The diffraction intensityk,k) and its normaliza-

photon energy The angles used are uniformly distributed .. ; C ;
over the electron-emission hemisphere. Typically, 70—80 di:[Ion for the interference effeqi(k,k) obey the relations

rections are measured with about RHoints for each direc- ) — 2 2_1—1(k k 2_
tion. Typical spectra are shown in Refs. 2 and 5. The data are x(k)=[Wol YW= 1=1(k /[ ¥g*~1
first transformed with respect to the wave number, and the
second transform is with respect to the arfgle.

We introduce a transform where the derivative of the data
is used in the transform. The wave-numberderivative- ~Where c.c. is the complex conjugate of the first term.
spectrum(KDS) transform successfully yields neighbors at  Using the Tong-Huang-WeiTHW) inversion’® @ (k,R)
greater distances from the emitter. The PHI images obtainegh, pe obtained by a Fourier-like transform of eack,k)
by the KDS transform yield not only the first-nearest- f,nction:
neighbor and the second-nearest-neighl8N) atomic im-
ages, but also the third-nearest-neighlibN) images or R max S KRA-K-R)
even more greatly distant images. As a result, this method q’(kvR):J _ x(k,k)e dk,
makes it easier to assign a unique atomic structure to the PHI min
image. Kmax o I

A short explanation of why the KDS transform works is :f Ak fje MRATKRTHED)dK. (2)
given, and then two applications to experimental data are
described where additional neighbors in the image ardhe second line is just the THW inversion of Ed) without
shown. The first application is for As on($11), where TNN  the c.c. termR is the real-space variable, and the final and
images are found. The second is ethylene dA(8) which initial points of a measured spectrum interval &g, and
was very recently published in Ref. 5. The Si atoms in thek,,. For a finite interval a window function is used to con-
second laye(SNN imagg are now seen. Now using bulk trol termination errors. For simplicity, this window function
Si-Si distances for the second-layer image peaks, a deternmis not shown in the equation, and neither is the sum over the
nation of values for the C-C bond and Si-Si dimer lengths areset of thej scatterers.

= Ak, Fpekit-kinpce, 1)
]

Kmin
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The atomic image functiod(R) can be obtained by is obviously not proportional to; . Further, this first term is
transforming against the emission angle; this is a sum, sincgpically near zero if the scattering functiéd(k,t;) is nearly

the data are collected for a uniform set of direction independent ofk. When the window is 180° for the full
) hemisphere approack,is not limited to directions around,

UR = S  ®kR). (3 €. the conditiork~—R is not generally satisfied. In this

ke Cond - Rw) case the second term in E¢p) depends on the value of

) rj(l—R-?j), and a simple behavior is not found. Therefore,

As discussed elsewhérehe sum uses the small cone the KDS transform is only effective for surface emitters
method. All the emission directiorts which are uniformly ~ when used together with the small-cone method, and an in-
distributed over the emission hemisphere, are grouped intoreased sensitivity is obtained for more distant neighbors in
bunches forming small cones of widihh whose central ray the atomic image.
is “swept” over the hemisphere. The parametemay range After using the small-cone summation of E@) for the
from one spectrunidelta cong to all spectra on the full derivative, the image functior)%(R), one sees that is re-
hemispherd ). Usually a value around 30° yields an image
with minimum artifacts.U(R) has a maximum amplitude
whenR=r;, as can be seen in Eq®) and(3). U(R) does
not have a maximum amplitude from the c.c. term in &9.

Now let us take the derivative of functiop [Eq. ()],
with respect to the wave numbkr

dx(k,k) dA(k,P))
dk  dk

[eikrl—(l—&-fp]

+AK ) (i (1—k-7))elkri@k iy e,
(4)

Here c.c. is the complex conjugates of the first and second

terms. Now, replacing(k,k) with dy(k,k)/dk without the
c.c. term in the Tong-Huang-Wei transforf&q. (2)], the

derivative inversion fieldbd(R,R) becomes

DUR,R) = J'kma"{dAfjkk’rj)}e—ik[R(l—&-Ii)—rj(l—&-fj)]dk

Kmin

Kmax ~

min
Xe*ik[R(l*&'li)irj(li&'?j)]dk- (5)

Similar to the behavior o (k,R), it is found thatdd(k,R)

has a maximum amplitude when the conditi®r-r; is sat-
isfied, i.e., the phase factor is zero. The transform described
in Eq. (5) is the KDS transform.

In the small-cone metho%jtheR directions are selected in

the neighborhood of R, i.e.,k~ —R. Further, the inversion
®Y has the highest intensity &=r;. That is to say, these
high-intensity positions are emphasized in the small-cone

method, where the backscattering conditbﬁ—fj is natu-

rally satisfied. Thus, the second term in E§) is propor-

tional to the amplitude of &, which is essentially R. (b)
In the other parts of space away from the scattering at-

d . . s .
0m_s,<_1> has a weak intensity as f[he condltlﬁhz_rj IS not FIG. 1. 3D effective atomic structure for the A9/Bi1) system.
satisfied. Then the second term is POt proportiorRtand The arsenic atom replaces the top-layer Si atom, and bonds to Si
instead depends on the valuergfl—k-7;). The term goes atomsA, B, and C. Prior to this work, onlyA, B, C, and G were
to zero for forward scattering, which would suppress the forobserved in imagesa) The vertical plane represents tkeZ planar
ward focusing peak which is usually a complication of inver-cut shown in Figs. 2 and(8). (b) Two horizontal planes represent
sion procedures. In addition, the first term in E5). for ®¢  the X-Y planar cuts shown in Fig. 2 faf at —0.9 and—4.1 A.

075410-2



PHOTOELECTRON HOLOGRAPHIC DERIVATI¥E . . .

FIG. 2. The verticalX-Z planar cut of the As/$111) system
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allows us to “see” more distant scatterers than the standard
inversion functionU (R) for atoms at a surface.

The KDS inversions for several experimental PHD data
sets as well as simulated PHD data sets have been examined.
The KDS transform always obtains more distant scatterers.
Here we present two experimental cases: a single-site emitter
in the adsorbate case of As(811), and a double-site emitter
in the adsorbate case ofi€,/Si(100). Note that, due to the
phase shift in the electron scattering factor, the distance val-
ues may be distorted by 2/10—3/10 of arf A.

Arsenic on a Sil11) surface has a well-known
structure*®in which the As atoms replace the Si atoms in
the surface layer and bond to three Si atoms. Figure 1 pre-
sents this structure using the ball-stick model of atomic
structure. In addition to traditional surface science investiga-
tions, two holographic imaging experiments have been re-
ported on this systeth!®> Wu et al. obtained images which
contained peaks of the first-layer Si atof#s B, and C).:®
Luh et al. found peaks for the first-layer Si atoms and weak

obtained from the standard transform where the “third dimension”’peaks for the second-layer Si atqi@) using a method for

is the image intensity. The coordinate unit, A. The emitts) is at
the origin.

lated toU(R) throughU%(R)~4R?U(R). This relationship
holds if, and only if, there is a scatterer Bt that is, R

self-normalizing the constant-initial-energy spectrum data.
Figure 2 shows the vertical planar cut obtained from the
standard transforr?®

In the present analysis, using the KDS transform we eas-
ily observe an image containing peaks due to the third-layer

=r;. The image functiodJ (R) is obtained with the standard Si atoms(D, E, andF), as well as first- and second-layer Si
inversion, andJY(R) is obtained by the KDS transform. One atoms. Figure 3 presents the images obtained by the KDS

can clearly see that the intensity is enhancedRbycompar-

transform. Peaké(B,C) are due to the first-layer Si atoms,

ing to the standard procedure. High-quality data are needegeak G to the second-layer Si atom, and pedkéE,F) to

for a reliable derivative. The atomic image functiof(R)

the third-layer Si atoms. Thek coordinate values are0.9,

FIG. 3. Planar cuts of the
atomic image of the As/&i11)
system obtained from the KDS
transform, which show the inten-
sity in the “third dimension.” The
coordinate unit is A. The arsenic
emitter is at the origin, and the Si
labels are from Fig. 1. The vertical
(X-Z) planar cut appears in the
upper left panel. The horizontal
(X-Y) planar cut is at Z
=—0.95A passing through Si at-
oms A and B. The horizontal
(X-Y) planar cut is at Z
=—3.3A passing through Si at-
oms G, H, and|. The horizontal
(X-Y) planar cut is at Z
=—4.1A, passing through Si at-
omsD, E, andF.
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—3.3, and—4.1 A, respectively. The values of their positions
are in reasonable agreement with those known for a bulk S
crystal. The image peak for the third-layer Si at¢b) is
very strong while the second-layer pedk) is weak. In ad-
dition to the three strong peaka, B, andC) shown in Fig. 3
(Z=-3.3 A), there are three weak peal, H, andl) at
Z=-3.3 A in this image. Also, three weak peaksot
shown are found due to the SNN Si atoms in the first Si
layer. The peaks due to the third-layer Si atoms and the SNN
Si atoms in the first layer are not observed in the images
obtained by either the standard transform or the self-
normalization transforf¥}® To our knowledge, this is the
first time a PHI image for a single adsorption site reveals so
many of the atoms neighboring the emitter.

In the case of the ethylene on(800) system, the two
carbon atoms of the ethylene molecule each sit in inequiva:
lent sites. In Ref. 5, reporting experiments, the molecule was

found to sit atop a Si-Si dimer. When the standard transform @)

was used, no other Si neighbors were observed. Figure :

shows the ball-stick model for a PHI image model, where the -3 -2 —1 0 1 2 3
two carbon atom® andQ are placed at the origin. A proper 3F T ‘ L& T T 03

separated. The inversion placa emitters at the origin of
the image. As discussed in Ref. 5, this makes it more difficult 2
to make atomic assignments for the image peaks. The emit [
ters(two carbon atoms in one ethylene molegudee labeled 7k
P and Q, and a two-letter label is used for peaks in the [
image, e.g.E/P means Si atork as “seen” by carbon emit- ;
ter P. This work used a single-domain sample with double-Y 0 [ +
high atomic steps. Recently the same site was reported by [
“trial and error” comparison of photoelectron diffraction 1 r
spectra with simulatiort$ for a two-domain sample. T
Figure 4b) shows anX-Y planar cut which passes ; ,
e o o ot saongest soaiey E1P. FiP | F/P GIQ ’
G/Q) in the image. TheX direction is parallel to the edge of ﬁ
the step, and hence parallel to the dimer bond. XtendY P ‘
coordinates of the sp@®/Q are 1.2 and 1.9 A, respectively. =3 =2 =1L 0 1 2 3
The spots form a rectangle. In the bulk crystal structure, X
however, they should form a square, ignoring any second- (b)
layer distortion due to the dimerization. The “double- [, 4. (a) 3D effective image structure where the two inequiva-
exposed” rectangular image can be reduced to a squaignt carbon emitters are both placed at the origin of the
atomic structure by shifting peaks along telirection until  c,H,/Si(100-(2x 1) system. Small balls for hydrogen are added
a square is formed. A ball-stick atomic structure could bein geometrically likely positions based on the expected carbon hy-
constructed from Fig. @ by imagining the ballP/Q to be  bridation. The P/Q) ball represents the carbon atoms. The larger
two superimposed balls which could be separated to form thballs below represent the Si dimer atoms. B&lsE, F, andG in
C,H, “molecule” with concomitant shifts of the Si balls. The the shaded horizontal plane are the Si atoms in second (ay@he
shiftis 1.4 A, and represents a carbon-carbon bond length iX-Y plane cut atZ=—-2.8 A through the second-layer Si atoms
the ethylene molecule, which agrees with that of the freeobtained by the KDS transform. The four strong sp@$Q, E/P,
ethylene molecul¢1.34 A) From this length and the sepa- F/P, andG/Q) are due to the second-layer Si atoms. The coordi-
ration (0.6 A) of the peaks due to the Si-Si dimer given in nate unitis AX. (The other weak spots are due to the artifacis.
our papeP, we obtain the Si-Si dimer bond length to be 2.0 ato_mlc §truct_ure represeptatlgn would l_Je obtained by expanding the
A, which is fairly close to the Si-Si dimer lengt®.23 A) of X direction(dimer bond directionto obtain a square mesh f&r D,
the clean SiL00) surface™ This is direct evidence that eth- F» andG.
ylene adsorption does not break the Si-Si dimer bond, butransform has been successfully used for other experimental
only modifies the bond. The results essentially resolve one adind simulated PHD data. Thus, we conclude that the KDS
the questions for ethylene adsorption. transform is a new and very useful method to determine the
In addition to the two cases mentioned above, the KDSatomic structure for atom@dsorbateat a surface.

atomic structure construction would have the carbon ball E 1
[
b

D/Q 1
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In addition, if we take a second- or higher-order deriva-the KDS transform can truly yield the more distant neighbors
tive of function y with k, then the atomic image function (scatterers
would be enhanced by a higher powerRfIt would seem In summary, the KDS transform is successfully used to
that an image with even more distant scatterers would beonstruct atomic structures for the experimental systems As/
seen. However, the derivative also “enhances” errors andsj(100 and GH,/Si(100). This illustrates that in the holo-
noise. Hence the “cost” would be an increased precision ingraphic imaging method data are collected and inverted to
the data which would dramatically increase the measuringjirecﬂy obtain an image which needs to be inspected. No
time. ) o modeling is needed to obtain the adsorption site. In compari-

The KDS transform used here is quite different from theson with the standard transform, the images obtained by the
self-normalization method proposed by Lehal* although KDS transform can yield more distant neighbéssatterers
they sometimes called it the _differential or derivaFive The KDS images unequivocally confirm the As adsorption
method. Luhet al. took the derivative of the_ PHD data with gjte and directly show that ethylene adsorption does not
respect to the photon energy, and then integrated far & preak the Si dimer bond. Several investigators suggest the
function. In pure mathematics, the derivative-integrationgimer bond is broken. At the same time, no strong artifacts

cycle would not yield any change to the PHD data. As exre opserved in the images. Therefore, the KDS transform
pected by Luhet al,” this process removes the discontinui- can pe widely used for adsorbate systems.

ties that may arise in the PHD data due to the limitations of
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