Lawrence Berkeley National Laboratory
Recent Work

Title

NORMAL PHOTOELECTRON DIFFRACTION STUDIES OF SELENIUM AND SULFUR OVERLAYERS
ON Ni(011) AND Ni(111)

Permalink

https://escholarship.org/uc/item/1d58h4rg

Author
Rosenblatt, D.H.

Publication Date
1982-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1d58h4rq
https://escholarship.org
http://www.cdlib.org/

<

LBL-13410

Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

r L]
‘ Materials & Molecular RECEIVE
" r BERKE_
Research Division Y LABORATORy
L3 198p
LI ,
Submitted to Physical Review B DOCU&E?Q;QQ?EON

NORMAL PHOTOELECTRON DIFFRACTION STUDIES OF SELENIUM
AND SULFUR OVERLAYERS ON Ni(011) AND Ni(111)

D.H. Rosenblatt, S.D. Kevan, J.G. Tobin, R.F. Davis,

M.G. Mason, D.R. Denley, D.A. Shirley, Y. Huang,
and S.Y. Tong

March 1982

TWO-WEEK LOAN COPY

This is a Library Circulating Copy )
which may be borrowed for two v;/ee s.
For a personal retention cOpy, cal
Tech. Info. Division, Ext. 6782.

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

~€ "’

Qb= 147



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-13410

NORMAL PHOTOELECTRON DIFFRACTION STUDIES OF SELENIUM
AND SULFUR OVERLAYERS ON Ni(011) and Ni(111)

D. H. Rosenblatt, S. D. Kevan,* J. G. Tobin, R. F. Davis,'
M. G. Masonf D. R. Denley,® D. A. Shirley

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of California
Berkeley, California 94720

Y. Huang® and S. Y. Tong

Department of Physics and Surface Studies Laboratory
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201

March 1982

* Permanent address: Bell Laboratories, Murray Hil1l, NJ 07974.

1'Permanent address: Research Laboratories, Polaroid Corporation,
Waltham, MA 02154.

*Permanent address: Research Laboratories, Eastman Kodak Company,
Rochester, NY 14650

Spermanent address: Westhollow Research Center, Shell Development
Co., Houston, TX 77001

"Permanent address: Chinese Academy of Sciences, Institute of
Physics, Peking, People's Republic of China



ABSTRACT
Normal photoelectron diffraction was used to determine the struc-

ture of ¢(2x2)S and c(2x2)Se on Ni(011) and of four different over-
layers of Se on Ni(111). For c(2x2)Se on Ni(011), Se bonds in the
hollow site, whereas for c(2x2)S on Ni(011), it is difficult to choose
between the hollow and the top sites. For both a low coverage, dis-
ordered Se overlayer and an annealed p(2x2) Se overlayer on Ni(1l1l1),

Se was 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(2x2)Se overlayer on Ni(111), the Se is adsorbed in approximately

equal amounts in the top and hollow sites.



1. Introduction

Normal photoelectron diffraction (NPD) has been shown to be an

1-3 4

accurate method of determining the structure of atomic and molecular
overlayers on single crystal metal surfaces. In an NPD experiment, the
photoemission intensity of an adsorbate core level is measured normal to
the surface as a function of photoelectron kinetic energy. Final-state
diffraction phenomena superimpose modulations on the atomic cross-
section of the core level. These modulations contain structural infor-
mation, which can be obtained imph’cit]y,l'6 by compérison of experi-

mental and calculated NPD curves, or explicit]y,1’7

utilizing the
Fourier transformation in a manner similar to its use in extended x-ray
absorption fine structure (EXAFS). The structural parameter derived
from an NPD experiment is d, , 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 previously studied by any structural
technique--c(2x2)Se on Ni(011) and selenium adsorbed on Ni(11l). Four
different overlayers of Se on Ni(1ll) were studied and theoretical
analyses are presented below. Two of these overlayers exhibit more com-
plex NPD curves than would be expected from a Se atom in a single adsorp-
tion site. Theoretical analysis of one of these cases indicates that
the selenium atom is adsorbed in two different sites. For c(2x2)Se on
Ni(011), our NPD data clearly suggest adsorption of selenium in the hol-

low site with d, = 1.10 A. We also studied the adsorption of c(2x2)S on

Ni(01ll). An excellent theory-experiment fit for the hollow site at



dl = 0.94 A was obtained, in agreement with the earlier low-energy elec-
tron diffraction (LEED) resu]t.8 However, our experimental data range

is too Timited to rule out the top site unambiguously .

Section Il contains experimental information. In Section III we .. . _.

briefly describe the multiple scattering calculations used to fit the
experimental data. In Section IV we present the NPD data and a discus-
sion of the surface structures which are derived, and in Section V a few
conc1usjons about this work are given.

II. Experimental

A11 data reported here were obtained with an angle-resolved photo-
emission (ARP) spectrometer described e1sewhere.9 The spectrometer has
LEED and Auger electron spectroscopy capabilities, as well as an‘adsorb-
ate introduction system which allows for effusive beam dosing. The base

o-10

pressure of the vacuum chamber was 2 x 1 torr during all measure-

ments. The pressure rose to as high as 5 x 10'9 torr during effusive
beam dosing. The Ni(011) and Ni(111l) crystals were oriented to within

~ 1° of the appropriate crystal faces. Both crystals were cleaned by hot
(1025K) and room temperature cycles of argon-ion spuftering followed by
annealing to 875K, resulting in surfaces essentially free of impurities
with sharp (1x1) LEED patterns. The c(2x2)S and Se overlayers on Ni(01l1)
were prepared by exposing the clean Ni(011l) crystal to 10-15 L of HZS

10

and HZSe, respectively, with the crystal at 300K. A p(2x2)Se over-

layer (taken to be 0.25 monolayer) on Ni(11l) with a sharp LEED pattern

was obtained by cooling the sample to 120K, exposing to about 2L of

10

H,Se and then annealing the sample to 500K. A p(2x2) LEED pattern

2
was also obtained by exposing Ni(11l1l) to HZSe with the sample at 120K



and not allowing it to wam up.11

The quality of the latter LEED
pattern was poorer, however. The (v/3x/3)R30° Se overlayer (0.5 mono-
layer) was prepared by increasing the exposure to 5 L of HZSe. The
(/3x/3)R30° LEED spots were weak and there was a substantial diffuse
background. Finally, a low coverage (0.1 monolayer) 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 over-
layers was determined by comparing their Se(3d) photoemission intensity
(normalized by Ni(3p) intensity) to that of the p(2x2) overlayer
(assumed to be 0.25 monolayer).

Theé experiments were performed on Beam Line I-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL). Low resolution ARP spectra
were taken of the Se(3d) and S(2p) levels, which have binding energies
of 62 eV and 170 eV below the vacuum level, respectively. Spectka were
taken at photon 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. Experimental
geometries are indicated in the fiqures.

III. Theory

We used a Green's function multiple scattering method5 to calcu-
late the NPD intensity versus energy (IE) spectra. Wavefunctions for

Se(3d) and S(2p) were generated from self-consistent Xa scattered wave



calculations of NiSSe and NiSS clusters. Inputs to the multiple
scattering calculation include Ni phase shifts from the self-consistent
potential of ydakoh,12 and Se or S phase shifts from the same Xa
scattered-wave calculations that generated the initial state wave-
functions. The inner potentials used were Vo = 11.2 eV for Se and
V0 = 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 spacings (dl) between the overlayer and the top substrate
layer were tried. Calculations were carried out with increments in dl
of 0.0ZvA for S and Se on Ni(011) and 0.05 A for Se on Ni(111). In
Figs. 3 through 7, calculated curves are shown only at selected d

values.

IV. Results and Discussion

A. Selenium Overlayers on Ni(11ll)

In this section we present NPD results for four different over-
layers of selenium adsorbed on Ni(111). The lowest coverage studied
was a disordered overlayer. We also studied the two ordered overlayers
for which LEED patterns have been previously observed; i.e., the p(2x2)
and (v¥3xv3)R30° structures. The selenium on Ni(1ll) system is of
special interest both because there has been no structural determina-
tion by LEED intensity analysis or any other technique to date and
because of the possibility that multiple adsorption sites might be
present at certain selenium coverages. Structural studies of adsorb-
ates on fcc(11l) surfaces are also of interest because of the exis-

tence of two types of threefold hollow sites. Half of the threefold



hollow sites on a Ni(11ll) surface 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 (K) and the direction of emission (e”) lie in
the plane defined by the [111] and [211] directions. 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(1l11)
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 structural parameter dl, one obtains dl = 1.85 A for both hol-
low sites, d,.= 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 d, 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) surfaces.

In Fig. 2, all four experimental NPD curves for Se-Ni(11ll) are
plotted. The lowest coverage studied, shown at the bottom, was a
disordered selenium overlayer, estimated to be 0.1 monolayer. The
second curve from the bottom in Fig. 2 was obtained from a p(2x2) over-
layer (0.25 monolayer). Both of these overlayers had been heated to

500K after the H.Se exposure and then cooled to 120K during NPD data

2
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(2x2) overlayer. Just as in a previous study of Se on

13 the NPD data for the low

Ni(001) carried out in our laboratory,
coverage and annealed p(2x2) overlayers of Se on Ni(1lll) 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 annealed
p(2x2)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 d, =1.80 A.
This value is slightly smaller (0.05 A) than the d, value obtained by
using hard-sphere radii derived from the c(2x2)Se-Ni(001) surface.2
The on1y experimental peak which shows a mismatch with theory is the
first peak (~50 eV kinetic energy), and previous NPD work has indicated
that there are substantial problems with both theory and experiment in
this energy region.1 Fair but definitely inferior agreement is also
found for hollow site 2 (atom below) and d; = 1.80 A. Poor agreement
is found for the top site and the bridge site (the curve shown is an
average over non-equivalent bridge site curves). The main difference
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 fhe 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 slightly 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 d, = 1.80 A as they are at other
values of dl. To demonstrate this point, the theoretical hollow site
NPD curves for d, = 1.60 A and 2.00 A are shown in Fig. 4. The dif-
ferences 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 dl value was determined with a pro-

cedure outlined earh‘er.1

We find d, = 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.

We have presented a case in which NPD has been able to differen-
tiate between a selenium atom in two different sites at the same dl.

By contrast, surface EXAFS14 would not be particularly valuable for

“this case if only the first nearest neighbor distance were obtained,

because that distaﬁce is essentially the same for the two hollow sites.
Polarization dependent surface EXAFS15 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

16 would

hollow sites. Second and third nearest neighbor distances
have to be obtained to determine the site unambiguously with surface
EXAFS. Azimuthal photoelectron diffraction (APD), on the other hand,
could be applied successfully to this problem because of its sensitiv-
ity to the orientation of the substrate atoms relative to the adsorbate
atoms. This was demonstrated in a recent APD study of the iodine on

17,18 ,.18

Ag(111) system, 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°. Comparison of these theoretical curves to the experi-
menta]ldata of Farrell et a1.17 led to the conclusion that the iodine
atoms occupy both hollow sites at low coverages. Unfortunately, APD
was not particularly sensitive to the~dl spacing in that experiment,
and in general APD has difficulty in determining dl if the adsorbate is
located substantially above the surface.19
The determination of hollow site 1 with dl = 1.80 A as the geometry
of the annealed p(2x2)Se overlayer on Ni(111l) also, in effect, provides
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 demonstrates that NPD can deal

2 It is not surprising that the small number

with disordered systems.
of selenium atoms on the surface in the low coverage regime (0.1 mono-
‘layer) find the same site to be'energetica11y favorable as in the one-
quarter monolayer coverage. In both cases, there is some distance
‘between the selenium atoms and consequently adatom-adatom interactions
should be fairly small. For this disordered Se overlayer on Ni(1l1l),
the selenium is situated in hollow site 1 (vacancy below) with

d =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(2x2)Se-Ni(111) system. y
The annealed p(2x2)Se overlayer for which an NPD curve is shown in
Fig. 2 was prepared by heating the surface to 500K after the HZSe

exposures. A second p(2x2) overlayer, which will be referred to as

the frozen surface, was prepared at 120K and held at that temperature:



before and during the NPD study. Both samples gave good p(2x2) LEED
patterns, although that of the annealed surface 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 as those observed from the annealed p(2x2) surface, but
there is an additional peak in the frozen surface 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 hypothesis that
the Se can be frozen into multiple binding sites by performing expo-
sures at low temperatures, and that by heating the surface, the pre-
ferred site becomes populated exclusively.

The above interpretation is borne out by the theoretical calcula-
tions. If the calculated NPD curves for p(2x2)Se-Ni(111l) from Fig. 3
are compared to the frozen p(2x2) data, no single theoretical curve is
able to account for all the features in the experimental curve. Conse-
quently, a combination of two or more theoretical curves is required to
produce a good theory-experiment fit. Inspection of these curves indi-
cated that several of the peaks in the hollow 1, hollow 2, and top site
curves correspond fairly closely with peaks in the experimental curve.
This led to a more quantitative attempt to determine the structure by'
adding together the three curves with different weightings. Due 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
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are normalized (by photoemission intensity per selenium atom) and added
together with equal weighting, the resulting NPD curve ("Average of Top
and Hollow") shows'very good agreement with experiment, as indicated in
Fig. 5. This curve actually contains the following contributions

(after normalization): 50% top site (d 2.30 &), 25% hollow site 1

1
(dl = 1.80 A), and 25% hollow site 2 (dl = 1.80 A). Note that the

extra peak in the frozen p(2x2) curve at 102 eV is reproduced, as well
as the energy difference between the two large peaks at 81 and‘132 eV

(51 eV). The difference between those same peaks in the ayeraged hol-
Tow 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 reason-

;able to expect that both hollow site 2 and the top site will be occu-

pied under these conditions, because at 120K, atoms can be frozen into
sites which are not as energetically favored as hollow 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 (v3xv/3)R30° Se on Ni(1ll) system was
also studied. The LEED patterns were observed were not as sharp as

11 probably because the coverage of 0.5

those seen by other workers,
monolayer is considerably greater than the 0.33 monolayer coverage for
a perfect (/3x/3)R30° overlayer. Unfortunately, no coverage between
0.25 and 0.5 monolayers was studjed. As shown in Fig. 2, the
(/3x/3)R30° overlayer showed a smaller NPD effect than the other

overlayers studied. The size of the modulations is so small in this
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case that it is very difficult to make an accurate structural deter-
mination. It appears 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 (/3x/3)R30° overlayer were carried out, but no successful fit
with the experimental data was obtained by assuming either a single
high symmetry adsorption site or a combination of two such sites.

B. The c(2x2) Selenium and Sulfur Overlayers on Ni(011)

In this subsection we report the results of the first NPD studies
of adsorption on a (011) surface. The adsorbates Se and S were chosen
in part because of the ease in which the c(2x2) overlayers can be pre-
pared on Ni(011l) and the relatively large photoemission cross-sections
of the Se(3d) and S(2p) levels.

A LEED pattern for the c(2x2)Se overlayer on Ni(011) has been
observed10 but no intensity analysis has been published. The experi-
mental NPD curve for this system is presented in Fig. 6, along with

calculated curves for selenium in the hollow site (dl = 1.10 A), the

long bridge site (d 1.54 A), the short bridge site (d, = 2.00 A),

1
and the top site (d, = 2.30 A). The experimental geometry is indicated

1
in the figure. Excellent agreement is found for the hollow site, with
poor agreement for all other sites. Thus, NPD produces a clear pref-
erence for selenium in the hollow site with dl = 1.10 A, with an un-
certainty 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 determination

of a selenium overlayer on Ni(011l).
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The structure of the c(2x2)S overlayer on Ni(0l1l) has been studied
previously by LEED intensity analysis. The sulfur was found to bond in
the hollow site above the (011) surface with dl = 0.93 A.S The experi-
mental NPD curve for the system is shown in Fig. 7. Above the experi-
mental data, theoretical curves for the hollow site.(dl = 0.94 A), the
long bridge site (d, = 1.30 A), the short bridge site‘(dl =1.80 A), and
the top site (dl = 2.20 A) are plotted. Excellent agfeement is found for
both the hollow site and the top site, because the theoretical curves
for those tWo siteé are very simf1ar in the energy range studied; i.e;,
20-150 eV. Extending the curve to higher kinetic energies would have
allowed us to choose between hollow and top sites, as the theoretical
curves do show differences above 150 eV. This case provides an example
of an accidehta] coincidence between two theory curves over a short
enerqgy range,20 and shows the need to take as wide a data range as
possible. 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 distinguish
between the hollow and the top site. The accidental coincidence could
also be obviated by taking photoelectron diffraction curves at off-
normal emission ang]es.21

V. Conclusions

In this paper, we have reported the results of a series of experi-
ments designed to further assess the'value of NPD as a surface struc-
ture sensitive technique. Some conclusions are given below:

1. NPD has been used successfully to study systems that have not

yet been studied by any other:accurate structural technique.
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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.

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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Experimental arrangement for all Se-Ni(11ll) studies,

showing the orientation of the incident photon beam (hv),

the photon vector potential (K), 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.

Experimental NPD results for the four overlayers of Se on

Ni(111l) studied.

Experimental NPD curve for the annealed p(2x2)Se-Ni(111)

system compared with calculated curves.

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 dl'spacings.

Experimental NPD curve for the frozen p(2x2)Se-Ni(111)

surface compared with calculated curves.

Experimental NPD results for c(2x2)Se-Ni(011) compared with

calculated curves for the experimental arrangement shown.

Experimental NPD curve for c(2x2)S-Ni(011) compared with

calculated curves.

as in Fig. 6.

The experimental arrangement is the same
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Figure 7
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