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Normal photoelectron diffraction studies of selenium and sulfur overlayers
on Ni(011) and Ni(111)
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Normal photoelectron diffraction was used to determine the structure of c{2&2}S and
c(2)&2) Se on Ni(011} and of four different overlayers of Se on Ni{111}.For c(2)&2)Se
on Ni(011), Se bonds in the hollow site, ~hereas for c (2X ) S on Ni(011), it is difficult to
choose between the hollow and the top sites. For both a low coverage, disordered Se
overlayer and an annealed p {2&2)Se overlayer on Ni(111)„Sewas found to be situated in

those threefold hollow sites which have a. vacancy below them in the second layer. In the
case of an unannealed p (2&2) Se overlayer on Ni{111),the Se is adsorbed in approxi-
mately equal amounts in the top and hollow sites.

I. INTRODUCTION

Normal photoelectron diffraction (NPD) has
been shown to be an accurate method of determin-

ing the structure of atomic' and molecular
overlayers on single-crystal metal surfaces. In an
NPD experiment the photoemission intensity of Bn

adsorbate core level is measured normal to the sur-
face as a function of photoelectron kinetic energy.
Final-state djtffraction phenomena superimpose
modulations on the atomic cross section of the
core level. These modulations contain structural
lnfofmatlon, which can be obtained lmpllcltl

by comparison of experimental and calculated
NPD curves, or explicitly, ' utilizing the Fourier
transformation in a manner similar to its use in ex-
tended x-ray absorption fine structure (EXAFS).
The structural parameter derived from an NPD ex-
periment ls dz, the perpendicular spacing between
the adsorbate and top substrate layers.

In this paper we report applications of the NPD
technique to two systems which have not been pre-
viously studied by any structural technique-
c(2X2) Se on Ni(011) and selenium adsorbed on
Ni(111). Four different overlayers of Se on
Ni(111) were studied and theoretical analyses are
presented below. Two of these overlayers exhibit
Inore complex NPD curves than would be expected
froIQ a Se atom ln a single adsorption site.
Theoretical analysis of one of these cases indicates
that the selenium atom is adsorbed in two different

sites. For c(2)&2) Se on Ni(011), our NPD data
clearly suggest adsorption of selenium in the hol-
low site with dz ==1.10 A. We also studied the ad-
sorption of c (2&(2) S on Ni(011). An excellent
theory-experiment fit for the hollow site at

0

dg ——0.94 A was obtained, in agreement with the
ea,rlier low-energy electron diffraction (LEED) re-
sult. However, our experimental data range is too
limited to rule out the top site unambiguously.

Section II contains experimental information. In
Sec. III we briefly describe the multiple-scattering
calculations used to fit the experimental data. In
Sec. IV we present the NPD data and a discussion
of the surface structures which are derived, and in
Sec. V a few conclusions about this work are given.

II. EXPERIMENTAI.

All data reported here were obtained with an
angle-resolved photoemission (ARP) spectrometer
described elsewhere. The spectrometer has LEED
and Auger electron spectroscopy capabilities, as
well as an adsorbate introduction system which al-
lows for effusive beam dosing. The base pressure
of the vacuum chamber was 2&10 ' Torr during
all measurements. The presure rose to as high as
5)& 10 Torr during effusive beam dosing. The
Ni(011) and Ni(111) crystals were oriented to
witkin 1' of the appropriate crystal faces. Both
crystals were cleaned by hot (1025 K) and room-
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temperature cycles of argon-ion sputtering followed

by annealing to 875 K, resulting in surfaces essen-
tially free of impurities with sharp (1 X 1) LEED
patterns. The c(2X2) S and Se overlayers on
Ni(011) were prepared by exposing the clean
Ni(011) crystal to 10—15 L of H2S and H2Se,
respectively, with the crystal at 300 K.' A
p(2 X 2) Se overlayer (taken to be 0.25 monolayer)
on Ni (111)with a sharp LEED pattern was ob-
tained by cooling the sample to 120 K, exposing it
to about 2 L of H2Se, and then annealing the sam-

ple to 500 K.' A p (2X2) LEED pattern was also
obtained by exposing Ni(111}to H2Se with the
sample at 120 K and not allowing it to warm up. "
The quality of the latter LEED pattern was poorer,
however. The (v 3 Xv 3)R30' Se overlayer (0.5
monolayer) was prepared by increasing the expo-
sure to 5 L of HzSe. The (V 3Xv 3)R30' LEED
spots were weak and there was a substantial diffuse

background. Finally, a low-coverage (0.1-mono-

layer) overlayer of Se on Ni(111) was produced
with a 1-L exposure. This overlayer gave a LEED
pattern indicative of a disordered overlayer (only
LEED spots due to the substrate were present).
The coverage of the latter two overlayers was
determined by comparing their Se 3d photoemis-
sion intensity (normalized by Ni 3p intensity) to
that of the p(2 X2) overlayer (assumed to be 0.25
monolayer).

The experiments were performed on Beam Line
I-1 at the Stanford Synchrotron Radiation Labora-
tory (SSRL). Low-resolution ARP spectra were

'taken of the Se 3d and S 2@ levels, which have

binding energies of 62 and 170 eV below the vacu-

um level, respectively. Spectra were taken at pho-
ton energy intervals of 3 eV. The angle-resolved

relative intensities of these levels were computed by
calculating the area of the core-level peaks (after
background subtraction) and adjusting for photon
flux and analyzer transmission. The kinetic-energy

range of the resulting NPD curves was generally
20—200 eV for the Se 3d studies and was 20—150
eV for the one S 2p system discussed below. Ex-
perimental geometries are indicated in the figures.

III. THEORV

We used a Green's-function multiple-scattering
method to calculate the NPD intensity versus en-

ergy (IE) spectra. Wave functions for Se3d and
S 2p were generated from self-consistent Xa
scattered-wave calculations of Ni5Se and Ni5S clus-
ters. Inputs to the multiple-scattering calculation

include Ni phase shifts from the self-consistent po-
tential of Wakoh, ' and Se or S phase shifts from
the same Xa scattered-wave calculations that gen-
erated the initial-state wave functions. The inner

potentials used were V0= 11.2 eV for Se and

Vo ——9.95 eV for S overlayers.
Calculations were done with the overlayer placed

at high-symmetry sites, i.e., the top, hollow, and
bridge sites. At each site, 8 to 12 interlayer spac-
ings (dz) between the overlayer and the top sub-

strate layer were tried. Calculations were carried
0

out with increments in dj of 0.02 A for S and Se
on Ni(011) and 0.05 A for Se on Ni(111). In Figs.
3—7, calculated curves are shown only at selected

dg values.

IV. RESULTS AND DISCUSSION

A. Selenium overlayers on Ni(111)

In this section we present NPD results for four
different overlayers of selenium adsorbed on
Ni(111). The lowest coverage studied was a disor-
dered overlayer. We also studied the two ordered
overlayers for which LEED patterns have been

previously observed; i.e., the p(2X 2) and
(v 3 Xv 3)R 30' structures. The selenium on
Ni(111) system is of special interest both because
there has been no structural determination by
LEED intensity analysis or any other technique to
date and because of the possibility that multiple
adsorption sites might be present at certain seleni-

um coverages. Structural studies of adsorbates on
fcc (111)surfaces are also of interest because of the
existence of two types of threefold hollow sites.
Half of the threefold hollow sites on a Ni(111) sur-

face layer have substrate atoms directly below
them in the second layer, while the other half have
vacancies in the second layer. In this section we
show that NPD is sensitive to these two types of
threefold hollow sites for selenium adsorbed on

Ni(111).
The experimental geometry for all the NPD

measurements of the Se-Ni(111) system is shown in

Fig. 1. Figure 1(a) shows that the photon vector
potential (A) and the direction of emission (e ) lie
in the plane defined by the [111]and [211]direc-
tions. The orientation of the atoms on the Ni(111)
face is shown in Fig. 1(b). The positions of the
four possible high-symmetry adsorption sites for Se
on Ni(111}are shown with respect to the first two
layers of substrate atoms in Fig. 1(c). Using hard-
sphere radii to determine the expected values of the
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FIG. 1. (a) Experimental arrangement for all Se-
Ni(111) studies, showing the orientation of the incident
photon beam {A.v), the photon vector potential (A), and

the outgoing photoelectron direction (e ). (b) View of
the Ni{111)crystal face showing the orientation of the
first layer of atoms. (c) Positions of the four possible
high-symmetry adsorption sites with respect to the first
and second layer of substrate atoms.

structural parameter dz, one obtains dz ——1.85 A
for both hollow sites, dq ——2.00 A for the bridge
site, and d~ =2.30 A for the top site. Because of
the close-packed arrangement of atoms on the
Ni(111) surface, the dj values for the three sites, as
predicted by a hard-sphere model, are much closer
to one another than for the Ni(001) and Ni(011)
surf aces.

In Fig. 2, all four experimental NPD curves for
Se-Ni(111) are plotted. The lowest coverage stud-
ied, shown at the bottom, was a disordered seleni-
um overlayer, estimated to be O.I monolayer. The
second curve from the bottom in Fig. 2 was ob-
tained from a p(2X2) overlayer (0.25 monolayer).
Both of these overlayers had been heated to 500 K
after the H2Se exposure and then cooled to 120 K
during NPD data acquisition. Because the p(2X2)
overlayer was heated (resulting in an improvement
of the p(2X2) LEED pattern), we refer to it as the
"annealed" p(2 X 2) overlayer. Just as in a previ-
ous study of Se on Ni(001) carried out in our labo-
ratory, ' the NPD data for the low-coverage and
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FIG. 3. Experimental NPD curve for the annealed
p(2&(2) Se-Ni(111) system compared with calculated
curves.

annealed p(2X2) overlayers of Se on Ni(111) are
quite similar. Slight differences are seen in the
peak at 65-eV kinetic energy, which are possibly
the result of the experimental difficulties involved
with lower coverages and the presence of a nickel
Auger peak in that energy region.

In Fig. 3, the experimental results from the an-
nealed p(2X 2) Se'-Ni(111) surface are compared to
theoretical calculations for the four possible high-
symmetry adsorption sites. Excellent agreement is
found for hollow site 1 (with a vacancy below) and
dz ——1.80 A. This value is slightly smaller (0.05 A)
than the dz value obtained by using hard-sphere
radii derived from the c (2X2) Se-Ni(001) surface.
The only experimental peak which shows a
mismatch with theory is the first peak (-50-eV ki-
netic energy), and previous NPD work has indicat-
ed that there are substantial problems with both
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theory and experiment in this energy region. '

Fair but definitely inferior agreement is also found
for hollow site 2 (atom below) and di ——1.80 A.
Poor agreement is found for the top site and the
bridge site (the curve shown is an average over
nonequivalent bridge-site curves). The main differ-
ence between the theoretical curves for the two
hollow sites is found in the structure of the peak
around 90 eV. Just as in the experimental curve,
there is a single peak in the curve for hollow site 1

whereas that peak is split into two peaks separated
by 12 eV in the case of hollow site 2. The other
regions of the hollow-site 1 curve also agree slight-

ly better with experiment than the hollow-site 2
curve does. Unfortunately, the differences between
the two hollow-site calculated curves are not as
great at dq ——1.80 A as they are at other values of
dz. To demonstrate this point, the theoretical
hollow-site NPD curves for di =1.60 A and 2.00
A are shown in Fig. 4. The differences between
sites 1 and 2 are significant at many energies for
both cases. Certain peaks are shifted by 5 —10 eV
from one hollow site to the other. The accuracy of
the dz value was determined with a procedure out-
lined earlier. ' We find di =1.80+0.04 A for this
case. If one assumes the bulk structure for the
surface layer of nickel atoms, the Se—Ni bond
length is 2.31+0.03 A.

%e have presented a case in which NPD has
been able to differentiate between a selenium atom
in two different sites at the same dj. By contrast,
surface EXAFS' would not be particularly valu-
able for this case if only the first-nearest-neighbor
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FIG. 4. Comparison of calculated curves for a
p(2X2) Se-Ni(111) overlayer situated in hollow site 1 and
in hollow site 2 at two different d& spacings.

distance were obtained, because that distance is
essentially the same for the two hollow sites.
Polarization-dependent surface EXAFS' can
determine the surface-atom coordination number,
allowing one to distinguish between top, bridge,
and hollow sites, but not between the two different
types of threefold hollow sites. Second- and third-
nearest-neighbor distances' would have to be ob-
tained to determine the site unambiguously with
surface EXAFS. Azimuthal photoelectron diffrac-
tion (APD), on the other hand, could be applied
successfuHy to this problem because of its sensitivi-
ty to the orientation of the substrate atoms relative
to the adsorbate atoms. This was demonstrated in
a recent APD study of the iodine on Ag(111) sys-
tem, '7' in which theoretical APD curves by Kang
et a/. ' for the two threefold hollow sites were
similar in structure but out of phase by 60. Com-
parison of these theoretical curves to the experi-
mental data of Farrell et a/. ' led to the conclusion
that the iodine atoms occupy both hollow sites at
low coverages. Unfortunately, APD was not par-
ticularly sensitive to the dz spacing in that experi-
ment, and in general APD has difficulty in deter-
mining dz if the adsorbate is located substantially
above the surface. '

The determination of hollow site 1 with

dj ——1.80 A as the geometry of the annealed
p(2X2) Se overlayer on Ni(111) also, in effect, pro-
vides a structural determination of the low-
coverage, disordered overlayer shown in Fig. 2, as
the two experimental curves are almost identical.
This is an important result, as it again demon-
strates that NPD can deal with disordered sys-
tems. It is not surprising that the small number
of selenium atoms on the surface in the low-
coverage regime (0.1 monolayer) find the same site
to be energetically favorable as in the 0.25-moIio-
layer coverage. In both cases, there is some dis-
tance between the selenium atoms and consequent-
ly adatom-adatom interactions should be fairly
small. For this disordered Se overlayer on Ni(111),
the selenium is situated in hollow site 1 (vacancy
below) with di ——1.80+0.05 A. The Se—Ni bond
length is 2.31+0.04 A.

Evidence for the presence of multiple adsorption
sites was obtained from a temperature dependence
study of the p(2)&2) Se-Ni(111) system. The an-
nealed p(2&& 2) Se overlayer for which an NPD
curve is shown in Fig. 2 was prepared by heating
the surface to 500 K after the H2Se exposures. A
second p(2)& 2) overlayer, which will be referred to
as the frozen surface, was prepared at 120 K and
held at that temperature before and during the
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NPD study. Both samples gave good p(2X2)
LEED patterns, although that of the annealed sur-
face exhibited sharper spots. The NPD result for
the frozen-surface is also shown in Fig. 2. Both
the annealed and the frozen-surface results were
reproducible on three separate surface preparations.
The frozen surface gave peaks within a few eV of
those observed from the annealed p(2 X2) surface,
but there is an additional peak in the frozen-sur-
face NPD curve at 102-eV kinetic energy which is
located in a valley of the annealed-surface curve.
Visual inspection of the curves leads to the hy-
pothesis that the Se can be frozen into multiple
binding sites by performing exposures at low tem-
peratures, and that by heating the surface, the pre-
ferred site becomes populated exclusively.

The above interpretation is borne out by the
theoretical calculations. If the calculated NPD
curves for p(2 X2) Se-Ni(111) from Fig. 3 are com-
pared to the frozen p(2X2) data, no single theoreti-
cal curve is able to account for all the features in
the experimental curve. Consequently, a combina-
tion of two or more theoretical curves is required
to produce a good theory-experiment fit. Inspec-
tion of these curves indicated that several of the
peaks in the hollow-site 1, hollow-site 2, and top-
site curves correspond fairly closely with peaks in
the experimental curve. This led to a more quanti-
tative attempt to determine the structure by adding
together the three curves with different weightings.
Owing to the relative closeness of the two hollow-
site curves in comparison to the top-site curve, an
average of the two hollow-site curves was taken.
This average (called "hollow" ) is shown in Fig. 5,
along with the top-site curve (reproduced from Fig.
3). If the hollow- and top-site curves are normal-
ized (by photoemission intensity per selenium
atom) and added together with equal weighting,
the resulting NPD curve ("average of top and hol-
low") shows very good agreement with experiment,
as indicated in Fig. 5. This curve actually contains
the following contributions (after normalization):
50% top site (dj ——2.30 A), 25% hollow site 1

(d j =1.80 A), and 25% hollow site 2 (dI =1.80 A).
Note that the extra peak in the frozen p(2 X 2)
curve at 102 eV is reproduced, as well as the ener-

gy difference between the two large peaks at 81
and 132 eV (51 eV). The difference between those
same peaks in the averaged hollow-site data is only
43 eV, so the top-site contribution is important in
establishing a good fit for those two peaks as well.
It is reasonable to expect that both hollom site 2
and the top site will be occupied under these condi-
tions, because at 120 K, atoms can be frozen into
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FIG. 5. Experimental NPD curve for the frozen
p(2X2) Se-Ni(111) surface compared with calculated
curves.

sites which are not as energetically favored as hol-
low site 1. We conclude that there are roughly an
equal number of top- and hollow-bonded selenium
atoms on the surface. This is the first evidence
from NPD for multiple-site behavior.

Finally, the higher-coverage (W3 Xv 3)R 30' Se
on Ni(111) system was also studied. The LEED
patterns that were observed were not as sharp as
those seen by other workers, "probably because the
coverage of 0.5 monolayer is considerably greater
than the 0.33-monolayer coverage for a perfect
(v 3Xv 3)R 30' overlayer. Unfortunately, no cov-
erage between 0.25 and. 0.5 monolayers was stud-
ied. As shown in Fig. 2, the (v 3Xv 3)R 30' over-
layer showed a smaller NPD effect than the other
overlayers studied. The size of the modulations is
so small in this case that it is very difficult to
make an accurate structural determination. It ap-
pears that either three or more high-symmetry sites
are significantly occupied, or that the coverage is
so high that the selenium atoms are occupying
low-symmetry sites as well. Calculations for the
(v 3 X~3)R 30' overlayer were carried out, but no
successful fit with the experimental data was ob-
tained by assuming either a single high-symmetry
adsorption site or a combination of two such sites.

B. The c(2&2) selenium and sulfur overlayers
on Ni(011)

In this section we report the results of the first
NPD studies of adsorption on a (011) surface. The
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adsorbates Se and S were chosen in part because of
the ease in which the c(2 X 2) overlayers can be
prepared on Ni(011) and the relatively large photo-
emission cross sections of the Se 3d and S 2p levels.

A LEED pattern for the c(2X2) Se overlayer on
Ni(011) has been observed' but no intensity
analysis has been published. The experimental
NPD curve for this system is presented in Fig. 6,
along with calculated curves for selenium in the
hollow site (dz ——1.10 A), the long-bridge site
(d~ = 1.54 A), the short-bridge site (d j

——2.00 A),
and the top site (dz ——2.30 A). The experimental
geometry is indicated in the figure. Excellent
agreement is found for the hollow site, with poor
agreement for all other sites. Thus, NPD produces
a clear preference for selenium in the hollow site
with dq ——1.10 A, with an uncertainty of +0.04 A.
The Se—Ni bond length is 2.42+0.02 A. It should
be emphasized that this is the first structural deter-
mination of a selenium overlayer on Ni(011).

The structure of the c(2X2) S overlayer on
Ni(011) has been studied previously by LEED in-

tensity analysis. The sulfur was found to bond in
the hollow site above the (011) surface with

dz ——0.93 A. - The experimental NPD curve for the
system is shown in Fig. 7. Above the experimental
data, theoretical curves for the hollow site
(d j ——0.94 A), the long-bridge site (dz ——1.30 A), the
short-bridge site (d j

——1.80 A), and the top site
(d~=2.20 A) are plotted. Excellent agreement is
found for both the hollow site and the top site, be-
cause the theoretical curves for those two sites are
very similar in the energy range studied, i.e.,
20—150 eV. Extending the curve to higher kinetic
energies would have allowed us to choose between
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FIG. 7. Experimental NPD curve for c(2X2) S
Ni(011) compared with calculated curves. The experi-
mental arrangement is the same as in Fig. 6.

hollow and top sites, as the theoretical curves do
show differences above 150 eV. This case provides
an example of an accidental coincidence between
two theory curves over a short energy range, and
shows the need to take as wide a data range as pos-
sible. This work therefore only partially confirms
the LEED result in the sense of excluding both
bridge sites, but a unique structure would require a
longer data range, with more NPD peaks, to dis-

tinguish between the hollow and the top site. The
accidental coincidence could also be obviated by
taking photoelectron diffraction curves at off-
normal emission angles. '
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FIG. 6. Experimental NPD results for c(2&& 2) Se-
Ni(011) compared with calculated curves for the experi-
mental arrangement shown.

V. CONCLUSIONS

In this paper we have reported the results of a
series of experiments designed to further assess the
value of NPD as a surface-structure-sensitive tech-

nique. Some conclusions are given below:

(1) NPD has been used successfully to study

systems that have not yet been studied by any oth-

er accurate structural technique.
(2) NPD seems to be particularly well suited for

studying disordered adsorbate systems and systems
which have two-dimensional order but contain
domains of two adsorption sites.

(3) NPD has the potential to select between sites
which have the same geometry with respect to the
first substrate layer but have a different geometry
with respect to the second layer.
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(4) The importance of taking an extended range
of data has been demonstrated by the inability of
NPD to select between two different sites which
have similar theoretical curves over a short energy
range.
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