VOLUME 32, NUMBER 21

PHYSICAL REVIEW LETTERS

27 MaAy 1974

Crystallographic Dependence of Chemisorption Bonding
for Sulfur on (001), (110), and (111) Nickel
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IBM Thomas J. Watson Reseavch Center, Yorktown Heights, New Yovk 10598
(Received 25 February 1974)

The degree to which the surface atomic arrangement influences the bonding geometry
of sulfur atoms on (001), (110), and (111) Ni surfaces is investigated by an analysis of
experimental low-energy electron diffraction data. For all surfaces, the sulfur atoms
reside in high-coordination sites—the atomic hollows of the surface; all nearest-neigh-
bor Ni-S bond lengths are less than those of stable bulk compounds.

In several previous studies'™® the applicability
of low-energy electron-diffraction (LEED) inten-
sity-energy calculations to determine the struc-
ture of clean nickel surfaces and chemisorbed
atoms on the (001) nickel surface has been dem-
onstrated. Knowledge of the bond lengths and
bond sites for crystallographically different sur-
faces is basic to an understanding of surface
chemical bonding. Ion-neutralization spectros-
copy’ and LEED/radiotracer® studies have at-
tempted to determine the geometric structure
of chemisorbed sulfur overlayers on Ni(001),
Ni(110), and Ni(111), but have obtained only qual-
itative information.

We report here a structural analysis for chem-
isorbed sulfur overlayers on (110) and (111)
nickel surfaces which, together with our previous
analysis on the (001) surface,®>"® allows for the
first time the crystallographic dependence of
chemisorption bond sites and bond lengths to be
examined. We also demonstrate that the LEED
analysis which was successful for c(2x 2) chal-
cogen structures on the (001) surface of nickel*
is also applicable to ¢(2X 2) and p(2x 2) sulfur
overlayers on the (110) and (111) surfaces of
nickel, respectively. A general conclusion is
that the Ni-S bond lengths found on all surfaces
are smaller than those occurring in stable Ni-S
bulk compounds, but are comparable to the bond
length which occurs in the metastable y phase
of NiS (millerite).

The application of the layer-KKR (Korringa-
Kohn-Rostoker) method to the calculation of
LEED intensity-energy spectra is identical to
that previously discussed.>*>° Using the sym-
metries observed from the LEED pattern to fix
the translational periodicity of the overlayer
atoms, we then model the particular overlayer
mesh on the surface for different registries with
the substrate (bonding sites) and for a large num-
ber of vertical displacements d, from the sub-
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strate. As previously described,*> when the
calculations are carried out over a sufficiently
large energy range, the model geometry is the
dominating factor in the theoretical spectra and
the fit to experiment—in contrast to the effects
of small variations in the atomic scattering po-
tentials, in the degree of damping of the elec-
trons, or in the Debye temperature of surface
atoms. Hence, it is possible to make a clearcut
discrimination between bonding geometries de-
spite the uncertainties in the scattering potential
and the surface boundary conditions, and despite
the approximations in the theory (e.g., use of
muffin-tin potentials and isotropic thermal mo-
tion).

In the model calculations, the self-consistent
Hartree-Fock-Slater potential for Ni constructed
by Wakoh'® and a superposition potential for sul-
fur constructed by overlapping atomic charge
densities were used. The S potential used for all
calculations here was that found to describe best
the experimental data from the (001) surface.>®
The Debye temperature in the adsorbed layer
was set equal to that used for bulk nickel (6p
=420°K), while electron damping in the over-
layer was provided for by a 3-eV imaginary com-
ponent in the potential. The inner potentials
were obtained by adding the (small) measured
change in work function'! to the 11-eV inner po-
tential determined previously? for the clean sur-
face. For the p(2Xx2) structure the number of
diffraction beams considered was doubled to 116
from the 58 beams used for the c(2x2) struc-
tures, since twice as many diffraction beams
occur for this structure. As a consequence of
this large number of beams necessary for the
p(2x 2) structure, the number of phase shifts
used to describe the scattering from the atoms
has been reduced to seven from eight.

The room-temperature experimental results
for the sulfur structures on nickel that we ana-
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FIG. 1. Comparison of the calculated spectra with the experimental data of Demuth and Rhodin (Ref. 11) for
(@) c(2x2), () c(2x2), and (c) p(2 *x2) sulfur overlayers on (110), (001), and (111) nickel, respectively.

lyze have been reported by Demuth and Rhodin. !
The sulfur overlayer formed on (110) Ni had a
translational periodicity characteristic of a c(2
x 2) structure similar to that formed in the (001)
Ni surface. The translational periodicity for the
sulfur overlayer on (111) Ni was characteristic
of a p(2x 2) structure. Interestingly, although
the ¢(2X 2) structure on (110) was formed by
thermal diffusion of bulk sulfur contaminants to
the surface in contrast to the method of decompo
sition of H,S on the (001) and (111) surfaces, we
determine surface geometries and bonding dis-
placements similar to those found for the over-
layers on the (001) and (111) surfaces. These
two different methods of preparation also appear
to give the same structure for c(2X 2) sulfur
overlayers on Ni(001).® Thus, it would appear
that a nonreconstructed surface structure is
favored by either of the experimental procedures
used, as opposed to the forming of a bulk sulfide
or a two-dimensional nickel sulfide phase.®
Representative comparisons showing the agree-
ment achieved between theory and experiment for
these sulfur structures on (110), (001), and (111)
nickel surfaces are presented in Fig. 1 for sev-
eral diffraction beams. Similar agreement has
been achieved for the present-existing experi-
mental data base which consists of the 33, 01,
10, 11, and 00 beam spectra on (110) and (001)
surfaces and the 30 and - 30 and 00 beam spectra
for the (111) surface. For the (110) and (001)
surfaces we can easily select the bonding site

and displacement which best agree with exper-
iment. For the (111) surface the comparison
shows two threefold “hollow” sites for sulfur:
The first has another threefold hollow site di-
rectly beneath it in the second nickel layer (gite
1) and the second has a nickel atom directly be-
neath it in the second nickel layer (site 2). Al-
though the distinction between these two three-
fold hollow sites in the calculated spectra is not
as dramatic as was found for a V3 X V3 struc-
ture of I on Ag(111) by Forstman, Berndt, and
Buttner,12 the first threefold hollow site (site

1) is favored by the present experimental data
base. This bonding position is similar to that
found by Forstman, Berndt, and Buttner,? and
also to that observed by Graham and Ehrlich®®
for W adatoms on W(111). For all surfaces the
present small limitations in agreement between
theory and experiment suggest further consider-
ation of such factors as modifications in the ad-
sorbate scattering potential due to differences in
substrate crystallography as well as small dis-
tortions of surface atoms from their normal po-
sitions (in addition to the other factors previous-
ly mentioned). Additional considerations for the
p(2x 2) structure might include other small dis-
tortions of substrate atoms forbidden by symme-
try in the c(2 x 2) structures.

The determined atomic locations for the sulfur
atoms in these overlayer structures are illu-
strated in Fig. 2. The chemisorbed sulfur atoms
reside in fourfold coordinated sites on the (110)
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(a) TOP VIEW

FIG. 2. Schematic diagram showing the determined atomic bonding sites of the sulfur atoms in the ¢(2 X2), ¢ (2
x2), and p(2 X2) structures on the (110), (001), and (111) nickel surfaces, respectively, as viewed from (a) above
the surface (top view) or (b) from a cut-away section along the horizontal direction (side view). The preferred ad-
sorption site on the (111) surface is the threefold hollow site which does not have another nickel atom below (site
1). The filled and open arrows represent ¢; and ¢;; molecular orbitals of the substrate, respectively.

and (001) surfaces and in the threefold coordi-
nated site (site 1) on the (111) surface. These
sites correspond to the positions which nickel
atoms would occupy if an additional layer of
nickel atoms were added. These sites also cor-
respond to the directions in which d-electron
molecular orbitals (eg and lag symmetry) of the
substrate point. These directions are indicated
in Fig. 2 by the filled and open arrows, respec-
tively. For the (110) surface, unlike the closer
packed (001) and (111) surfaces, the sulfur atoms
fit so deeply into the hollows that they are closer
to the nickel atoms in the second substrate layer
than to the nickel atoms in the first substrate
layer. Note also that the sulfur atom lies closest
to the surface plane of the (110) surface (as de-
fined by the centers of the ion cores of the first
atomic layer) and farthest from the surface plane
of the (111) surface. However, the shortest Ni-
S bond distance occurs on the (111) surface as
compared to either the (001) or (110) surfaces
(see Table I). This reduction of Ni-S bond length
on the (111) surface can be associated with the
reduction of the number of nearest-neighbor Ni
atoms to the adsorbed sulfur atom, thereby in-
creasing the bond energy and reducing the Ni-S
bond length relative to the (001) or (110) sur-
faces.™
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For all surfaces our determined Ni-S bond
lengths are smaller than stable bulk-compound
lengths of 2.28, 2.34, and 2.38 A for Ni,S,, NiS,,
and a-NiS, respectively.*® However, a meta-
stable y-NiS bulk phase known as millerite!®
exists which is structurally similar to our deter-
mined sulfur structures on Ni(001) and Ni(110).
This y phase of NiS occurs in nature and has a
nearest-neighbor Ni-S bond length of ~2.18A with
sulfur atoms nearest four nickel neighbors.

The authors would like to express their appre-
ciation to Professor T. N. Rhodin for use of ex-

TABLE I. Summary of bond distances (in A) where
d, is the displacement of the center of the adsorbed sul-
fur atom from the surface plane of Ni and dy, and dy,
refer to nearest- and next-nearest-neighbor Ni-S bond
distances. The number of nearest and next-nearest Ni
neighbors per sulfur atom is given in parentheses. In-
terlayer spacings for the clean (110), (001), and (111)
Ni surfaces are 1.24, 1.76, and 2.03 &, respectively.

Ni-S (110) (001) (111)

d, 0.93%0.1 1.30+0.1 1.40+0.1

dm 2.17+0.1 (1) 2.18+0.06 (4) 2.0220.06 (3)
dn 2.35+0.04 (4) 3.060.1 (1) 2.93+0.04 (3)
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perimental data prior to publication and to Pro-
fessor F. Jelinek for several helpful comments
regarding bulk Ni-S compounds.
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Direct Evidence of Pretransformation Lattice Instabilities
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Urbana-Champaign, Urbana, Ilinois 61801
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Observations on lattice instability are demonstrated by transmission and diffraction
electron microscopy together with an electron multiplier. The latter displays the coupled
atomic fluctuations on an oscilloscope screen. The WKB method has been used to calcu-
late a single-atom transition time. The results indicate that fluctuations should be pre-
sent and that quantum mechanical considerations are important in the nucleation of solid-
state phase transformation. A standing-wave model is suggested for the pretransition
lattice instabilities and is experimentally supported.

A number of alloys undergoing phase transi-
tions apparently exhibit soft phonon modes when
cooled to a temperature approaching the critical
temperature for the structural transition. Of re-
cent interest have been the alloys V,Si and Nb,Sn.!
At high temperatures, these materials possess
the B-tungsten structure, but at lower tempera-
tures they undergo a cubic-to-tetragonal marten-
sitic transition. These alloys are reported to ex-
hibit the superconducting state a few degrees be-
low the martensite start temperatures (M, =22
and 43°K, respectively, for V,Si and Nb,Sn). In
addition, the elastic anisotropy factor A=2C,,/
(C,, - C,;) is large for these materials near the
transition temperature, which indirectly indi-
cates a lattice softening behavior. The observed
lattice instability has been viewed as a band Jahn-
Teller effect.”? However, it should be noted that
Au-Cd,?® Au-Cu-Zn,* and In-TIl alloys® also under-
go martensitic transformations and show a large

elastic anisotropy near the M, temperature. It
has been noted especially that C,, - C,,~0as T
~M, for B-Au-Cu-Zn alloys.* Since not all of
these alloys are based on transition elements
and none exhibits the B-tungsten structure, the
universal importance of the Jahn-Teller interpre-
tation can be questioned. However, certain com-
mon characteristics apply to the previous alloys:
All undergo structural phase transitions without
compositional change, and as the transformation
proceeds, the product phase is “connected” to
the parent in a highly coherent manner, typical
of thermoelastic martensitic transformations.
Since Cu-Zn,® Ag-Cd,” Ni-Ti,® Fe-Pt,° Cu-Au,'°
Fe-Ni,' and other alloys have the same common
characteristics, lattice instabilities in these cas-
es might also be expected.

The direct observation of lattice instabilities
can be made by studying the in situ transforma-
tion process and kinetics with a controllable heat-
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