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This paper presents and discusses experimental studies of surface phonons and surface-resonance
modes along the line from I to X in the two-dimensional Brillouin zone, for the Ni(100) surface
covered by a c(2&&2) overlayer of oxygen. The data are obtained through use of off-specular
electron-energy-loss spectroscopy. We also discuss data for the p(2&2) and c(2)&2) overlayers,
and beyond the c(2)&2) overlayer where evidence of NiO formation is present. Through these spec-
tra, the criterion for ensuring a clean c (2)&2) structure is discussed. We interpret the surface-mode
dispersion data for the c(2)&2) overlayer successfully within the framework of a simple model

0

which places the overlayer 0.9 A above the surface; we cannot reconcile the data with the low-lying

oxygen model discussed in earlier work. We discuss three types of lateral interactions between ad-
sorbates, and the manner in which they influence the data: indirect interactions between adsorbates
mediated by substrate atoms, direct short-ranged lateral interactions between nearest neighbors, and
long-ranged dipole-dipole coupling.

I. INTRODUCTION

For many years, inelastic neutron scattering has proved
a powerful and versatile means of measuring the bulk-
phonon dispersion curves of crystals; of course, properties
of many other elementary excitations may be studied as
well. It has been recognized for some time that surface-
phonon dispersion curves can provide valuable informa-
tion about the properties of clean and adsorbate-covered
surfaces, but until very recently experimental methods
which provide both the required energy resolution and
sufficient signal have been lacking.

During the past two years, two techniques have been re-
fined to the stage where the direct measurement of
surface-phonon dispersion curves is possible, for a full
range of wave vectors in the two-dimensional Brillouin
zone. One is inelastic atom scattering from surfaces, with
neutral helium atoms used as a probe. We have data in
hand for low-index surfaces of noble metals, ' and for the
alkali halides LiF, NaF, and KC1. Also, inelastic elec-
tron scattering has provided phonon dispersion curves on
the clean Ni(100) surface and on Ni(100) with the
c (2 X 2) oxygen overlayer present. ' Here, the use of
higher electron energies can lead to larger signals well off
the specular direction, as suggested by theoretical analy-
ses, and at the same time one has access to the large-
wave-vector transfers required to reach the boundary of
the two-dimensional Brillouin zone.

In an earlier paper we presented a brief account of the

dispersion-curve data on the Ni(100) surface with the
c(2X2) oxygen overlayer present, along with the results
of theoretical calculations which provide an interpretation
of the data. The present paper is devoted to a full discus-
sion of the theoretical analysis. In addition, we include a
full account of the data, including new results of studies
of coverages intermediate between the p(2X2) overlayer
(25% coverage) and the point where the full c (2 X 2) over-
layer is developed (50% coverage), and extending up in
coverage to the point where the presence of NiO is evi-
denced. Since the oxygen overlayers on Ni(100) have been
the subject of much discussion in the recent literature,
perhaps a summary of our principal conclusions, along
with earlier viewpoints, will prove helpful at this point.

A primary issue has been the determination of the verti-
cal distance between the outermost Ni layer and the oxy-
gen overlayer for the c(2X2) structure. A review of the
earlier history of these discussions may be found in Sec. I
of the recent paper by Tong and Lau. Various analyses
placed the oxygen overlayer 1.5 A above the Ni surface,
0.9 A above it, or discovered it to be possibly coplanar. A
concensus emerged which settled on the 0.9-A vertical dis-
tance, although as Tong and Lau point out, the low-
energy electron-diffraction (LEED) data admit either
the 0.9-A or nearly coplanar geometry with equal reliabili-
ty.

The issue was revived recently when near-specular
electron-energy-loss data (dipole-scattering regime) were
obtained ' on the oxygen-covered Ni(100) surface from
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the p(2X2) to the c(2X2) coverage range. These spec-
tra, which provide information on the restoring force for
coherent vertical motions of the overlayer, showed that
the force constant for this motion was roughly a factor of
2 lower for the c(2X2) structure than for the p(2X2)
structure. At about the same time, on the basis of
ab initio cluster calculations, Upton and Goddard' sug-
gested that the oxygen was pulled down close to the
Ni surface, to a point 0.27 A above it. A theoreti-
cal analysis" of the dipole spectrum based on force con-
stants provided by Upton and Goddard generated an ex-
cellent fit to the electron-energy-loss spectra, with no ad-
justable parameters, provided the p(2X2) overlayer re-
sides 0.9 A above the surface, but the c (2X2) overlayer is
drawn down, as they proposed. This stimulated further
experimental study of the system by other methods
the new data suggest 0.9 A as the vertical distance.

The present analysis, based on a full set of surface-
phonon- and surface-resonance —mode dispersion curves
along the line from I to X in the two-dimensional Bril-
louin zone, also concludes that the 0.9-A vertical distance
is the position most naturally in accord with the data. If
the oxygen-Ni force constant in our nearest-neighbor
central-force model is adjusted to fit the high-frequency
adsorbate surface phonon (0—Ni symmetric stretching
mode) at I for which the oxygen moves normal to the
surface, then the frequency of the mode at I with oxygen
vibrating parallel to the surface (0—Ni antisymmetric
stretching mode) is fitted very well without further adjust-
ment. With central forces only, the low-lying oxygen
model produces an unphysically large value for the
parallel-mode frequency, as noted earlier. " Introduction
of angle-bending interactions reduces this frequency,
through suitable adjustment of parameters, but now we
find the resulting model provides a very poor account of
the dispersion in the two high-frequency modes as one
moves from I to X. In contrast, the model with oxygen
0.9 A above the surface provides a very nice fit when sup-
plemented by modest lateral interactions between nearest-
neighbor adsorbate atoms. Finally, the low-lying oxygen
model fails to provide an adequate description of the
dispersion and broadening of a resonance mode found
near 200 cm

Very recently, Demuth and his colleagues have put for-
ward a new model of the structure of this system. ' On
the basis of extensive new LEED data, these authors con-
clude that the oxygen does not sit on the fourfold site, but
rather is displaced from it along the (100) direction by 0.3
A. If the oxygen were indeed off center, the low-
symmetry configuration would lead to new features in the
electron-energy-loss spectrum not present if the fourfold
site is occupied. For example, at I" there are two high-
frequency surface phonons with oxygen motion parallel to
the surface. These are necessarily degenerate if the oxy-
gen occupies the fourfold site, but they will be split if the
oxygen is shifted off center. We explore the magnitude of
these splittings in the theory presented below, but there is
no evidence for the presence of such a lifting of the degen-
eracy in the data. Furthermore, if the oxygen occupies
the fourfold site, selection rules require the matrix ele-
ment to vanish' for scattering off of certain surface

modes (the S, mode, for example) and for the scattering
geometry employed in the experiments. Displacement of
the oxygen off the fourfold site would lead to a break-
down in this and other selection rules which operate in
our scattering geometry. We also find no evidence for
such selection-rule violations. The electron-energy-loss
data presented here are thus consistent with the occupan-
cy of the fourfold site. '

This paper is organized as follows. In Sec. II we com-
ment on the experimental procedures employed in these
studies. New data are also presented here. The new data
cover the range from the point where the p(2X2) over-
layer is present until there is clear evidence of oxide for-
mation. Then we turn to a discussion of the theoretical
calculations which form the basis of our interpretation of
the data. This is done in Sec. III, while in Sec. IV we
summarize our principal conclusions.

II. EXPERIMENTAL DETAILS

Single crystals of nickel were cleaned by ion bombard-
ment. Neon rather than argon was used for the bombard-
ment because the use of neon permits the titanium-
sublimation pumps to be kept at liquid-nitrogen tempera-
tures during the sputtering, which results in a lower back-
ground pressure during the cleaning process. After
sputtering, the samples were annealed to allow carbon and
sulfur to segregate to the surface. Sputtering and anneal-
ing procedures were repeated until the sample was com-
pletely leached of these impurities. In the initial stages of
cleansing, the impurity level was monitored with a
cylindrical-mirror-analyzer —(CMA-) type Auger spec-
trometer. The final test for cleanness beyond the sensi-
tivity of Auger spectroscopy was with electron-energy-loss
spectroscopy, since sulfur and carbon give rise to charac-
teristic vibrational-loss peaks when present on the surface.

The dosing of the sample with oxygen was performed
by a calibrated system. The amount of oxygen to which
the surface was exposed was controlled by measuring the
gas pressure in a small calibrated volume using the
spinning-ball friction gauge which has an absolute accura-
cy of l%%uo.

' The samples were exposed to oxygen by
opening a valve to a tube directed towards the sample
with the sample positioned a few millimeters in front of
the open end of the tube. An open tube rather than a mi-
crochannel plate was used because a much more uniform
exposure across the sample could be achieved in this way.
The ordered overlayers of oxygen were produced by ex-
posing the clean surface at 325 K followed by a 5-min an-
neal to -450 K. The LEED patterns of the p (2X2) and
c (2X2) structures were used as a first check on the struc-
tures thus obtained. In the course of these and earlier ex-
periments we noticed, however, that the observation of a
"sharp" LEED pattern was not sufficient evidence for a
well-ordered overlayer. The final test on the structure
here was again the vibration spectrum itself.

Figures 1(a) and 1(b) display spectra of well-ordered
homogeneous p(2X2) and c(2X2) structures observed in
near specular reflection. The two peaks in Fig. 1(a) corre-
spond to substrate phonon losses (220 cm ') and a loss of
the vertical motion of the oxygen atoms (420 cm '). The
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phonon loss resolves into a doublet with higher resolu-
tion. For the c(2X2) structure only one oxygen mode
appears in the spectrum. The spectra as displayed in Fig.
1 are unsmoothed direct-record traces.

We found that when exposures were performed at
slightly higher sample temperatures with the same
amount of gas, the reduced sticking coefficient would
cause a somewhat lower coverage. Although the LEED
pattern still remains a "sharp" c(2X2) pattern, a mixture
of p (2 X 2) and c (2 X 2) islands was indicated by the pres-
ence of a small extra peak around 420 cm ' (usually
shifted slightly upwards) in the c(2X2) vibration spec-
trum.

Higher exposures than necessary to form the c(2X2)
overlayer resulted in the growth of nickel oxide in the
form of NiO clusters. The vibration spectrum again is a
very sensitive probe to such clusters because they bear
strong Fuchs-Kliewer modes' at 555 cm '. We found
the growth of such clusters to depend on essentially three

ENERGY LOSS (cm )

FIG. 1. Near-specular electron-energy-loss spectra taken for
(a) the p(2X2) ordered oxygen overlayer on Ni(100), (b) a clean
c(2X2) structure, and (c) other "c(2X2) structures" (see text)
which, in fact, involve islands of both p(2X2) and NiO clus-
ters. We also show a spectrum (d) for a surface with large
amounts of NiO present. The absence of a second oxygen mode
in both (a) and (b) indicates the oxygen site in the fourfold hol-
low site; also, the ordered structure is of high quality.

parameters: (i) exposure, (ii) sample temperature during
exposure with a larger tendency towards oxide growth for
lower temperatures, and, most importantly, (iii) the quali-
ty of the sample. Samples which were subjected to the ex-
perimental procedures too often would grow oxides more
easily. We attribute this to the larger number of lattice
defects on these samples which serve as nucleation centers
for oxide growth. The "best" samples we had would not
grow oxides when exposed to oxygen at 325 K even at
very high doses, much larger doses than necessary to pro-
duce the c(2X2) vibration spectrum [as in Fig. 1(b)]. For
deteriorated samples the inverse was true: Oxide clusters
grew even before all islands of p(2X2) were removed.
Such a spectrum is displayed in Fig. 1(c). Despite the
rather messy vibration spectrum, the c (2X2) LEED pat-
tern was very sharp. Even a side-by-side inspection of
LEED photographs of the pattern associated with Figs.
1(b) and l(c) did not reveal a significant difference, al-
though careful LEED-intensity measurements probably
would. Incidentally, even a surface which has large num-
bers of NiO clusters still displays a c(2X2) pattern [Fig.
1(d)].

We have attended to the issue of sample quality at
length here partly because of a recent LEED investiga-
tion' of the c(2X2) structure where it was concluded
that the oxygen assumes a position shifted by 0.3 A side-
ways from the fourfold hollow site. We return to this is-
sue later. However, in the context of the description of
our experiment, it seems noteworthy to mention that ac-
cording to Ref. 14 the LEED analysis was performed
with a "c(2X2)" structure which had an extra vibration
peak near 450 cm '. We suggest that it may be
worthwhile to repeat the LEED measurements on surfaces
which display a vibration spectrum such as in Fig. 1(b).

This discussion then outlines our procedure for ensur-
ing that we have a well-developed c(2X2) overlayer of
oxygen, free of both a remnant of the p (2 X 2) structure
and NiO. With samples prepared and characterized as
outlined, we have carried out a sequence of off-specular
energy-loss studies and have constructed dispersion curves
for the various surface-phonon branches as well as a
surface-resonance mode discussed below. Sample loss
spectra, along with a discussion of this aspect of the ex-
perimental investigation, are given elsewhere. ' We next
turn to the theoretical analysis upon which our interpreta-
tion of the data is based.

III. LATTICE DYNAMICS OF THE c(2X2)
OVERLAYER ON THE Ni(100) SURFACE

The c(2X2) overlayer on the (100) surface of a fcc
crystal is shown in Fig. 2(a) for the case where the adsor-
bate is assumed to occupy the fourfold hollow site. The
two-dimensional Brillouin zone for the same structure is
reproduced in Fig. 2(b). The two-dimensional unit cell in
this case consists of two substrate atoms (denoted by ~= 1

and 2) and one adatom. The equilibrium position of each
atom is specified by the vector Ro(1~~,1„'~),where l~~

gives the position of the unit cell in the plane parallel to
the surface, l, labels the layer in which the atom resides,
and ~ denotes the different atoms inside a unit cell.
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FIG. 2. (a) Illustration of the c(2&&2) overlayer on the (100)
surface of a fcc crystal with adsorbate atoms (marked by a
cross) in the fourfold hollow site. The surface unit cell, marked

by dashed lines, contains two substrate atoms in the first layer
of the host atoms, with one adsorbate atom in the overlayer. (b)

Two-dimensional Brillouin zone in the presence of the c(2&(2)
overlayer is marked with solid lines, while that for the clean

(100) surface is marked by the dashed lines.

In the past" we have used a lattice-dynamical Hamil-
tonian with two-body interactions to describe the displace-
ments of the atoms. Here, we will also include angle-
bending forces (which are formally three-body interac-
tions), which become important when the oxygen atoms
occupy a low-lying position above the Ni surface.
Without the angle-bending forces the frequency of vibra-
tion of the oxygen atoms parallel to the surface, for such
low-lying overlayers, becomes unreasonably high. " The
Hamiltonian is thus H =T + V, + Vzz+ VDD, where T is
the kinetic energy, V, is the central-force contribution to
the lattice-dynamical Hamiltonian, and Vzz and VDD are
the angle-bending and dipole-dipole terms. The latter two
require a brief discussion.

First, consider the form of Vzz. Suppose we have
atoms i and k in layer /„which are nearest neighbors of
atom j in the layer above, such that 0 is the angle between
the hne between i and j and that between i and k, at
equilibrium. The angular displacement 60 from equi-

librium, to lowest order in the relative displacement u,
&

between atom i and atom j, can then be written as

0 —+ 0
o o (R~i uki+Rkj "V)

R;JR'
(3.1)

0&'&(i,i)= o [n (k,j)—n (i,j)cos8]
(R;J) sin 8

X [n&(k,j) n&(i,j—)cos8], (3.2)

with a similar form for 4&'~(k, k), where n~(k, j) is the
ath Cartesian component of the unit vector from atom k
to atom j, while when i &k,

4'p(i, k) =
o o [n~(k,j)—n (i,j)cos8]

R;-Rk.sm 9

X [n&(i,j) n&(k,j—)cos8] . (3.3)

One may also readily work out the form of the remaining
contributions from the expressions given above.

%e now turn to the 1ast term in the Hamiltonian,
namely VDD, which represents a dipole-dipole interaction
between the oxygen adatoms. The vibrations of oxygen
and nickel atoms (first layer) perpendicular to the surface
give rise to charge fluctuations which produce dynamic
dipole moments. The f'orm of the model potential may be
written in terms of the relative displacement of the oxygen
and nickel atoms perpendicular to the surface. As the
c(2)&2) overlayer has one oxygen and two nickel atoms

per unit cell, displacement of the oxygen atom relative to
the nickel ones is given as fo11ows:

u,'( 1 II) =u, ( 1 II, O;1)——,[u, ( 1 II, 1;1)+u,( 1 II, 1;2)], &3.4)

where the z direction is perpendicular to the crystal sur-

face and 1II gives the position of the oxygen atom, i.e.,
1II ao(nx+——my), n and m being integers and ao the lat-
tice constant. VVe assume the dynamic dipole moment as-

sociated with a given unit cell is proportional to u,'(1 II);
the transverse dipole moment generated by oxygen motion
parallel to the surface is assumed to be cancelled by the
image dipole to first approximation. Then we write VD~
as

S Su, ( 1 „)u,'( 1

II II

(3.5)

where R; =Ro(/) —Ro(j) is the equilibrium separation be-

tween atoms i and j, and again u;J ——u(i) —u(j) is the
departure from equilibrium. We have V~~ ———,'y(b, 8),
with y the angle-bending force constant, and after some
algebra one may write V~s in the form

g g 4'&(/, /')u~(/)up(/'),
I

where the terms 4~~(/, /') arising from angle-bending in-

teractions have the following explicit forms:
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u (1((,1,;v)=
2M(l, }ai,(Q~~ }N,

1/2

e~ (Q~~', l»i~)(s)

Qe Q~~. Rp(1
//

lz" (3.6)

where s denotes a particular eigenmode associated with

the wave vector Q~~, which lies within the two-
dimensional Brillouin zone of the surface with the over-

layer. Then ai, (Q~~) is its frequency and N, the number of
unit cells in the surface layer. As in earlier papers, " we
construct the Green's functions for the atomic displace-
ments from the eigenvectors below

where e' is the effective charge, R(1
~~

—1 I~} is the posi-
tion vector between oxygen atoms at 1~I and that at 1 jI,
the factor of —,

' ensures that no pair is counted twice, and

the prime over the summation excludes the case 1~~
——1 ~~.

We now proceed with a quick survey of our procedure
for calculating the dynamic displacements of the atoms.
We invoke transitional symmetry in the direction parallel
to the surface to express the atomic displacements in
terms of the eigenvectors e, and write the displacement
u ( 1

~~, l„~)associated with a given mode as

No'r 1 4o'i

M, 1+rr (M~M, )'~ 1+rr

(3 9)

and

8+b 001
01 ——

M, (1+re )

4+b 001

(M, M, }'~ (1+re )

(3.10)

(3.11)

where ab is the ratio of the strength of the angle-bending
interaction to the direct mechanical (spring) coupling be-
tween the atoms.

The quantities doo and doi arise from the dipole in-
teractions discussed earlier and have the following forms,
with Q„=g»=(ir/ao)g:

4 4 2

(3.12)

The quantities Oi and O2 in the above equation come from
angle-bending interactions between the oxygen atoms and
the nearest-neighbor nickel atoms and are given by the
following expressions:

~ e~ (Q~('iz ~}ep (Q~~'I
ap& z~+i z ~+ iQ((&ai

co —co, (Q~~)
2 2

(3.7)
where

s(p, (3.13)

where ai, (Q~~) is the frequency associated with the mode s.
From these, we may examine the frequency spectrum of
selected atomic motions in the surface through construc-
tion of the appropriate spectral densities.

In this section we will mainly focus on the evaluation of
the particular Green's functions that enter the energy-loss
spectrum of the c(2X2) oxygen overlayer on the Ni(100)
surface as one moves along the I —X direction of the Bril-
louin zone, i.e., the line for which Q~ =gr.

As an example, we calculate the Green's function corre-
sponding to the motion of oxygen atoms perpendicular to
the surface, i.e., along the z axis with the x-y plane being
parallel to the crystal surface. Then, with a=P=z,
l, =I,' =0, and v=~'=1 by proceeding as earlier, " we
find, replacing these values of l„~;I,', x' by the short-hand
symbol 0, 1 for brevity,

(4koor j +Oi+doo —a~ ) U~(0, 1;Q~~)

+irr sin(agr )(2koi +O2) U~j (1;Q~)

[(2kolr J +O2}cos(agy }—doi ]U ( 1'Q~~ }= 1

Here, rz ——Rz /0, with Rz the vertical height at which ox-
ygen is taken to sit in the fourfold hollow site above the
Ni(100) surface and a =ao/2 and koo and koi are effec-
tive force constants such that, with adsorbate mass M„
substrate mass M„and Po'i, the second derivative of the
pair potential between oxygen and nickel atoms can be
written as follows:

S(g)= g g ~
n+ —,'g~ cos(rrlg)

l=1 n = —op

X [~
~

n + —,
'

g ~

Ko(2~l
~

n + —,
'

g ~
)

+1 'Ei(2rrl
~
n+ —,g ~

)] . (3.14)

U() (1;Q(()= U~(1,2;Q(()+ Ui„(1,1;Q((),

U (1;Q(()= U~(1, 1;Q(()+U~(1,2;Q(() .

(3.15)

(3.16)

The nickel atoms thus respond to vertical motion of the
oxygen atoms perpendicular to the surface. Note that
we have abbreviated the Green's functions
U p(l„a;l,',a';Q~~, ai) to U p(l„i~;Q~~) in the interest of
brevity. For all functions displayed, we have l,' =0,
a'= l.

The displacements of the first-layer nickel atoms, in
turn, couple to particular motions of the atoms in the
layer above and below them, as seen in the equation for

The two-dimensional dipole sums have been converted to
rapidly converging series, following earlier work by Ben-
son and Mills.

The functions U~~ (1;Q~~) and U (1;Q~~) are combina-
tions of Green's functions for the displacements of the
first-layer nickel atoms, and are defined as follows:



RAHMAN, MILLS, BLACK, SZEFTEL, LEH%'ALD, AND IBACH 30

[2kpo+2k 1 1 [1+sin {aQ» )]+ki2+83ri [1—cos(2aQ» }]—pi I Ull (1'Qll }

2koi ag»)UII(0, 1;Qll) —2i(2koi+82)raisin(ag»)U (0, 1;Qll) —2kiicos ag»)U

+2ic i2sin(ag» ) U (2,2;Qll)+i8&ri sin(ag» ) U (1;Qll) —k i2cos(ag» ) Ull(2, 2;Qll) =0, (3.17}

and also in the equation for U (1;Qll) for the displacement of the first-layer nickel atoms perpendicular to the surface,

t2k'i2+2kppri +83[1+2cos(ag»)]+dii —co I U (I Qll Zikpiri sin(ag»)U

i83r—&sin(ag»)UI~ (1;Qll 2[(2koiri+8z)cos(ag») —doi]U (0, 1 Qll}+' i2 ' Q» UII(2, 1;Q

+ic i2sin(ag» ) Ull(2, 2;Qll) —2k i2cos(ag» ) U~(2, 1;Qll) —2k'i2cos(ag» )U~(2, 2;Qll) =0 . (3.18)

In the above equations the following combinations of the
Green's function have been used:

2czbOO')
03 ——

(1+re )M,
(3.25)

Ull(0, 1;Qll)—:U~(0, 1;Qll)+ U~(0, 1;Qll),

Ull (1;Qll) =—U~(1, 1;Qll)+ U», (1,2;Qll),

Ull(2, a.;Qll) = ~(, ;Qll)+», (, ,Qll) .

(3.19a)

(3.19b)

(3.19c}

The effective force constants that enter the equations are
of three types: those for interaction between the oxygen
and nickel atoms given by

4'o'i 1

Ms 1+r2l
(3.20)

those that couple the atoms within the top substrate layer
defined by

(3.21)

6"2 . ,
k]2 ——2 sin 0&2,

M,
(3.22)

4i'2
k ~2

——2 cos 6&2, (3.23)

where Pi'i is the corresponding potential derivative, and,
finally, those that correspond to interlayer coupling be-

tween the first and second layer, with Pi'2 the second
derivative of the pair potential. These are given by

Like the terms dao and do& which entered the earlier
equations through dipolar interactions between the ad-
atoms, we now have, in addition, d», which is given by

2

3a M,
(3.26)

Note that, the motion of oxygen atoms parallel to the
surface [ Ull(0, 1;Qll)] appears directly in the equations for
the displacements of the first-layer nickel atoms as one
moves away from the I point (Qll

——0) of the two-
dimensional Brillouin zone. The symmetric and asym-
metric stretching motion of the oxygen —nickel bond are
thus coupled, away from the I point. It is easy to see that
these two motions are again decoupled at the high-
symmetry point X of the two-dimensional Brillouin zone.
In fact, at X the perpendicular motion of oxygen couples
only to the parallel motion of nickel atoms and the paral-
lel motion of oxygen only to perpendicular ones of nickel.
In Fig. 3 we illustrate the pattern of motions at X for a
mode in which the oxygens move parallel to the surface.

The displacement of the oxygen atoms parallel to the
surface are represented by the Green's function

Ull(0, 1;Qll), and this, in turn, is connected to the displace-
ment patterns of the nickel surface-layer atoms as shown
in the following equation:

and

Pi2 .
c~q =2 sin0&2cosO&2 .

M,
(3.24)

Here, 8&2 is the angle that the unit vector between a nickel
atom in the second layer and its nearest-neighbor nickel
atom in the top layer makes with the z axis (perpendicular
to the surface). In the absence of relaxation, 8i2 is 45', P&'z

attains the bulk value P", and ki2, k'i2, and ci2 all reduce
to the bulk force constant k =P"/M, . The quantity 8i,
like 0~ and 82, comes from angle-bending interactions and
is defined as

FICr. 3. Side view of motion of atoms when the parallel
motion of the oxygen overlayer is excited at X in the two-
dimensional Brillouin zone. At X the atomic motions associated
with the S4 surface phonon have this symmetry.
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I2koo+21oo[1 —cos(2aQ~) —co ]IUII (0, 1;Qll) —2koicos(aQ~)UI~ (1;Qll)+2ikoirzsin(aQ~)U (1;Qll)=0, (3.27)

where loo is the force constant for the lateral interaction between oxygen adatoms which we write as Po'o/M, . Since the
value of Po'o is not known to us, loo will be chosen so to fit the frequency of a certain high-frequency surface phonon at
X, as described below.

The Green's-function hierarchy continues to grow as we write the equations for Ull (1;Qll) and those corresponding to
the displacements of the second-layer nickel atoms. Thus,

t2k»[1+sin (aQi, )]+ki2 —co j Ull (1;Qll) —2k»cos (aQ~)UI~ (1;Qll)

—kipcos(aQ)')UII(2, 1;Qll)+2ici&sin(agz)U (2, 1 QII)=0, (3.28)

while the equation of motion for U (2, 1;Qll), the vertical displacement of the v = 1 atom in the second nickel layer, is

(2k'i2+2k —co )U (2, 1;Qll) —ici2sin(aQ~)UI~ (1;Qll)

k» os(aQ~)U~(1 Qll')+ik s'n( Q~)UI+l(3'Qll) —k o'( Qx U~(3'Qll)=0 3 29)

The related equation for U (2,2;Qll) is

(2k i2+2k —co )U~(2, 2;Qll) —ic i2sin(aQi, ) Ull (1;Qll)

—ki2cos(aQ )U (1;Qll)+ik sin(aQ„)UII (3;Qll) —kcos(aQ„)U (3;Qll)=0, (3.30)

and those for Ull(2, 1;Qll) and Ull(2, 2;Q I) are

(kiq+ 3k —co ) Ull(2, 1;Qll) —kiicos(aQy) Ull (1;Qll) —ici2sin(aQy) U (1;Qll)

—2kcos(2aQ )Ull(2, 2;Qll) —kcos(aQ )Ull (3;Qll) ik sin(a—Q )U (3;Qll)=0 (3.31)

(ki2+3k —u ) Ull(2, 2;Qll) —ki2cos(aQ„)Ulj (1;Qll) ici2sin—(aQ~) U (1;Qll)

—2k cos(aQ~)UII(2, 1;Qll) —k cos(aQ&)UII (3;Qll)+ik sin(aQi, )U (3;Qll)=0 . (3.32)

The above nine equations, two for the displacement of oxygen atoms [Eqs. (3.8) and (3.27)], three for the displacement of
first-layer nickel atoms [Eqs. (3.17), (3.18), and (3.28)), and four for the displacement of the second-layer nickel atoms,
when supplemented by three equations for the displacement of third-layer nickel atoms, form a closed hierarchy consid-
erably more complex in detail than, but similar in mathematical structure, to those described earlier. " We solve the
hierarchy exactly by a suitable extension of our earlier procedures. Note that we have set the calculation up so the force
constant between the first- and second-layer nickel atoms may differ from the bulk value. Before we can set up the solu-
tions of the hierarchy of equations, we require those for the motions of the third and the fourth layers of nickel atoms; at
this point we are deep enough in the bulk for their structure to be uninfluenced by the surface. In notation similar to
that used above,

(4k —co )U (3;Qll) —ik sin(aQ )[Ull(2, 1;Qll)+ Ull(2, 2 Qll) Ull(4, 1;Qll) —Ull(4, 2;Qll)]

—2kcos(aQy)[U (2, 1;Qll)+U (2,2;Qll)+U (4, 1;Qll)+U (4,2;Qll)]=0, (3.33)

[4k+2k sin (aQ ) —~ ]Ull (3;Qll) —k cos(aQ )[Ull(2, 1;Qll)+ Ull(4, 1;Qll)]

—2k cos (aQ&)Ulj(3'Qll) —2ik sin(aQ&)U~(2 1'Qll)+2ik sin(aQ&)U~(4 1'Qll)=0 (3.34)

and, finally,

[4k+2k sin (aQi, ) —co ]Ulj(3;Qll) —k cos(aQi, )[UII(2,2;Qll)+ Ull(4, 2;Qll)]

—2kcos (aQ&)UI~ (3;Qll) —2iksin(aQ&)U (2,2;Qll)+2ik sin(aQ~)U (4,2;Qll) . (3.35)

The above twelve coupled equations, supplemented by
those associated with layers deep in the bulk, are solved
using standard methods, as earlier, to give us the required
Grreen's functions. We note that we then have a closed-
form solution for a semi-infinite Ni(100) crystal with a
c (2 X 2) overlayer imposed.

The equations for the bulk atoms are obtained from the
equations for the second- and third-layer nickel atoms by
substituting bulk values for all the effective force con-
stants. Note that each odd-numbered layer contributes
three equations and the even-numbered layer contributes
four equations. These are thus seven bulk equations. We
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then proceed as follows. For each of the seven functions
we invoke an exponential ansatz such that

(3.36a)

(3.36b)

etc., for the remaining members of the set. The decay
constants P; are then obtained by substituting Eqs. (3.36)
into the bulk equations. For our model, we may obtain
closed-form expressions for the P; (three in number), then

join the solutions of the bulk equations given in Eqs.
(3.36) onto the set which describes them as vicinity of the
surface.

In this section we have outlined the ingredients in the
model used in our analysis of the data, and also described
the method of constructing the Green's function. As in

earlier work by us, the method produces an exact solution
for the semi-infinite crystal; from the Green's function
described above, we may form the spectral densities which

describe, at a particular wave vector Qt~ along the line
from I to X, the frequency spectrum of motions in the
adsorbate layer, and also in the first nickel layers. The
method for forming the spectral densities is the same as
we have discussed earlier. " We now turn to a discussion
of our results.

IV. RESULTS OF CALCULATIONS:
COMPARISON %'ITH EXPERIMENT

We now turn to the results of our spectral-density cal-
culations based on the formalism outlined in Sec. III. The
purpose of this section is to compare the predictions of
theory with experiment, and to discuss the sensitivity of
various features in the phonon spectrum to the parameters
which enter the theoretical model. Our philosophy is the
following. We have tried to minimize the number of pa-
rameters by including only those which play a crucial role

by controlling specific features in the spectrum. In the
end, we find what we believe to be quite a good fit to the
data with rather few parameters; we could elaborate on
this basic model and improve the fit further, but before
this can be done in a meaningful fashion, a larger quantity
of data will be required, to ensure that the new coupling
constants introduced to "fine tune" the fit along the I —X
line produces a phonon spectrum that is reasonable else-

where in the two-dimensional Brillouin zone.
In Sec. I we mentioned that the suggestion' that the

c(2X2) oxygen overlayer is pulled closer to the surface
than the p(2X2) structure has been advanced in the re-
cent literature. Our earlier work, based on data taken
only at I, suggested that this model provides an explana-
tion for the rather small restoring force for vertical
motion found for the c(2X2) structure; the frequency of
the high-frequency oxygen vibration normal to the surface
drops from 440 to near 300 cm ' as one moves from the
p(2X2) structure to the c(2X2) structure. We find here,
however, that a model which places the oxygen 0.9 A into
the c(2X2) structure [the same distance above the sub-
strate assumed appropriate for the p (2X2) structure] pro-
vides an excellent fit to the entire phonon spectrum along

the line from I to X, while a more elaborate model of the
low-lying oxygen overlayer fails badly. Of course, this
model requires an 0—Ni force constant that is smaller in
value for the c (2X2) than for the p (2X2) structure. Re-
call that earlier we found that use of the same force con-
stant for the p(2X2) and c(2X2) structures produced a
substantial softening of the mode at I', but this softening
is insufficient to explain the data on the c(2X2) struc-
ture.

Thus, our conclusion is that the new data support the
view that the c(2X2) overlayer and the p(2X2) overlayer
are roughly the same distance above the surface, but the
0—Ni force constant $0'i in the high-density structure is
smaller than that in the p (2 X 2) overlayer by a factor of
0.55. Presently, we have no clear idea why the force con-
stant is reduced by this amount as one passes from the
c(2X2). Allan ' has stressed that one important differ-
ence between the two structures is that in the c(2X2)
overlayer the oxygen always bonds to a Ni atom also
bonded to a second oxygen adsorbate, while in the low-

density p (2X 2) structure each Ni is bonded to only one

oxygen. There is thus a substantial difference in electron-
ic structure in the two cases; it is perhaps then surprising
that the 0—Ni distance is very nearly the same in both
cases. We note that the value of P&0 we find for the
c (2 X 2) structure is not anomalously small. It lies rough-

ly halfway between the value appropriate to the linear
NiO molecule and crystalline nickel oxide.

We shall begin by presenting a detailed description of
our analysis of the phonon-dispersion data, under the as-
sumption that the c(2X2) layer lies 0.9 A above the sur-
face. Then we turn to a brief account of our unsuccessful
attempt to bring the data into accord with the low-lying
oxygen model. We have also considered the effect of
moving the oxygen off the fourfold site, and we conclude
with a discussion of these calculations.

0
A. c (2X2) overlayer 0.9 A above the surface

We begin by ignoring all angle-bending contributions to
the 0—Ni interactions and also the dipole-dipole interac-
tions. We shall include the latter at a subsequent point in
the discussion; they have a clear and distinct "signature"
in the data as we shall appreciate. Thus, our basic model
is one in which each oxygen adsorbate is coupled to its
four nearest-neighbor Ni atoms via central-force interac-
tions, and one in which we have nearest-neighbor interac-
tions of central-force character between nearest-neighbor
oxygen adsorbates, and between nearest-neighbor Ni
atoms in the substrate. We may adjust the strength of the
intraplanar interactions between Ni atoms in the outer-
most substrate layer if desired, along with the coupling
between Ni atoms in the outermost substrate layer, and
the second substrate layer.

We begin by focusing our attention on the frequencies
of the two high-frequency surface phonons at I, since the
oxygen-oxygen coupling fails to inAuence their frequency, '

their frequency is also relatively insensitive to the strength
of the Ni-Ni coupling in the substrate. Thus, for a start,
we suppose that all Ni-Ni coupling s have the same
strength as realized in the bulk crystal.
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Near I, the mode at 310 cm ' involves coherent
motion of the oxygen overlayer in the vertical direction.
This is the same mode which appeared in earlier near-
specular studies of the c (2)&2) overlayer. ' lf we fit this
mode, we find P~'o ——9.05&(10 dyncm, a value smaller
than that appropriate to the p (2)& 2) structure
(P jo——16.29)& 10 dyn cm ) by a factor of 0.55, as
remarked earlier. Without further introduction of param-
eters, we then find 450 cm ' for the frequency of the oxy-
gen surface phonon near I, for which the oxygen motion
is parallel to the surface. This value is in excellent accord
with the data.

At this point, it is clear that the low-lying oxygen
model is in trouble. For the oxygen at 0.9 A above the
surface, the simple central-force model accounts quantita-
tively for a key frequency ratio at I . Our earlier work"
shows that the same model applied to the low-lying oxy-
gen layer predicts a very large frequency (1440 cm ') for
the parallel mode, with PI'o chosen as given by Upton and
Goddard (their value provides a close fit to the frequency
of the perpendicular mode"). This is a gross disagree-
ment between theory and experiment; we have proposed"
that angle-bending contributions to the dynamical matrix
element generated from the Ni —0—Ni bonds offer a way
out of the difficulty at the expense of introducing a new
parameter which adjusted to generate the correct parallel
frequencies. From our earlier calculations, one sees that a
very substantial angle-bending contribution is required to
achieve a fit. We shall return to this point later when
we turn our attention to the low-lying oxygen model, but
for now we return to the model which places the oxygen
0.9 A above the surface.

%'ith the above parameters, we may generate the disper-
sion curves from I to X for the two modes just described.
For the scattering geometry employed in the experiments,
it is the parallel mode with displacement parallel to the
wave vector that is allowed to scatter the electron, accord-
ing to the selection rules for nondipole scattering. ' (The
high-frequency surface modes have oxygen motion strictly
parallel or perpendicular to the surface only at I' and at
X. At a general point from I to X they are mixed, but we
shall see they always remain predominantly perpendicular
or parallel. ) When the entire dispersion curve is swept
out, the perpendicular mode displays the very large
dispersion evident in the data. The physical origin of this
dispersion is thus indirect coupling between oxygen adsor-
bates through the intermediary of the Ni atoms in the
substrate.

The parallel polarized high-frequency surface phonon
(450 cm ' at I ) also shows substantial dispersion for this
model, in contrast to the data. Its frequency decreases as
one moves from I, to drop 43 cm ' below the experimen-
tal data at X. If we add direct lateral interactions between
nearest-neighbor oxygens of central-force character on
physical grounds, it is clear that their role will be to stif-
fen the parallel mode at X, while the frequency of the per-
pendicular mode at X is unaffected) Also, the frequency
of both modes is necessarily unaffected at I'. Thus, we
argue that this provides evidence for the presence of direct
lateral interactions of short-range character between the
adsorbates (we discuss the role of dipolar interactions

later). We introduce this direct lateral interaction as
described in Sec. III, and adjust its strength so that the
parallel frequency at X is fitted. This requires us to
choose the parameter loo introduced in Sec. III to equal
0.1koo.

These parameters provide quite a good fit to the high-
frequency surface-phonon dispersion curves, although the
perpendicular mode at X lies about 13 cm ' below the ex-
perimental value. We could remedy this by adding a
small noncentral component to the oxygen-oxygen in-
teraction. We have not done this because the fit we obtain
is quite a good one, and it may be possible to envision oth-
er small refinements of the model with similar conse-
quences. There can be a lack of uniqueness to conclusions
reached from lattice-dynamical models applied in detail to
a limited set of data, and so we prefer to concentrate on
the important qualitative features in the data.

If we stop here we are left with one serious discrepancy
between theory and experiment. When the c(2&&2) over-
layer is present in the surface, the data show that, at X,
the frequency of the S4 surface phonon shifts down from
the value of 135 cm ' appropriate to the clean surface to
the remarkably low frequency of 80 cm '. The model
described in the preceding paragraphs provides the value
of 122 cm ' for the frequency of this mode. In our view,
this suggests that there is a substantial softening of the
force constants near the Ni surface when the high-density
overlayer is present. Possibly, such a softening is a conse-
quence of an outward relaxation of the outermost layer of
Ni atoms when the oxygen is present. We note that
Frenken et al. ' have studied clean Ni(100), as well as
Ni(100) covered with a c(2&&2) oxygen overlayer, by
means of Rutherford baekscattering. The data are inter-
preted to suggest that, on the clean surface, there is a
3.2% contraction between the first and second layers,
while a 5.2&o expansion is present with the c(2)&2) over-
layer present. The difference in interplanar spacing,
8.4%%uo, is substantial, and should lead to substantial
changes in force constant, although a precise quantitative
connection is difficult to establish for our phenomenologi-
cal model.

In Fig. 3 we show a side view of a slice of the crystal
with the directions of the various atomic motions illus-
trated when the S4 mode is excited at X. In our nearest-
neighbor central-force model, the frequency is indepen-
dent of the coupling constant k~~ which couples two Ni
atoms within the outermost layer of Ni atoms. Clearly,
softening of the force constant between the first and
second layers will lead to a decrease in the frequency of
the mode. This force constant is defined as k~2 in Sec.
III, and if we alter only the value of this one force con-
stant, we must choose k~2 ——0.3k (with k being the bulk
Ni —Ni force constant) to bring the S4 mode down to 80
cm '. While more complex models may be able to fit this
frequency with a less dramatic alteration of any one force
constant, it is our view that so drastic a decrease in k&2
will be a feature of any model brought into accord with
the data. This softening of k~2 has little influence on the
parameters required to fit the high-frequency surface-
phonon branches discussed earlier.

There is one more feature in the data which provides us



RAHMAN, MILLS, BLACK, SZEFTEL, LEH%ALD, AND IBACH

with a check on thc above model. This is a peak in the

d.t., f- qii near I-, in the»cinity of 210.m-'. The pa
rameters outlined above provide such a feature in the
spectral density associated with paralle/ motions of the

oxygen atoms. We note that a similar feature appears in

earlier theoretical calculations. " This feature is a
surface-resonance mode similar to those discussed previ-

ously, cxccpt that lt ls associated with pal allcl I'Rthcr

than perpendicular motion of the adsorbate layer. In the

data the resonance mode persists only over a portion of
the line from I to X; by the time one has moved 70% of
the way from I to X, the feature is no longer evident in

the data. It behaves in a similar way in the theory. Final-

ly, near X, the theory predicts a structuIe near 165 cm
There is a clear shoulder in the data in this frequency re-

giIDC; this ls 8 I'cson8ncc mode, again Rssoclatcd with

parallel motions of the Ni atom (but now, near X, the ad-

sorbate layer vibrated vertically), and the frequency of this
feature is, in the theory, sensitive to the interplanar force
constant between Ni atoms in the outermost layer. %C
have not attempted an optimal fit to the data since this

structure, while evident in the data, is not fully resolved.

The reader shall appreciate the behavior of these reso-

nance modes shortly, when we show the results of our

spectral-density calculations.
In Fig. 4 we display the data, and the predictions of the

theory Rlc 111UstI'atcd by solid llncs. %hen wc coQsldcI'

that our model is quite a simple one, we believe that the
fit is quite good. The dashed lines show our attempt to fit
the data with the low-lying oxygen model. We briefly dis-

cuss these calculations below. Figure 4 is the same as that
presented in Ref. 5, incidentally. We reproduce the figure
here for completeness. We note that once the parameters
are chosen via the fitting procedure described above, they
are "fine tuned" slightly in order to obtain the best overall
fit, judged simply by the eye.

In Fig. 4 dipole-dipole interactions are ignored. In fact,
if one examines the behavior of the high-frequency sur-
face phonon produced by pcrpcndlcUlar motion of thc ox-
ygen overlayer~ ln thc near vlclnlty of I, thcI'c ls 8 vcly
clear and distinct upturn in frequency, as one moves in to-
ward I . This is, in fact, produced by the dipole-dipole in-
teractions between the vibrating oxygen atoms. In Fig. 5
wc show Qcw dlspcf sion cUI vcs calculated with thc 1n-

clusion of dipole-dipole interactions, treated as described
in Sec III.. The dynamic effective charge parameter e*
has been chosen equal to 0.4e, a value also consistent with
a rough estimate of the intensity of the 320-cm ' feature
very near the specular direction, where dipole scattering
dominates [see, for example, Fig. 2(a) of Ref. 5]. We see a
clcRl upturn in thc theory near I, vcly similar to that
present in the data. Wc note that Anderson and Persson
have studied the dispersion of the Co stretching vibration
near I in order to find similar behavior produced by
dipole-dipole couphng within the CQ overlayer. The data
here, which extend all the way from I to X, show that the
dipolar interactions introduce a clear structure in the
dispersion curves, one distinct from that produced by
short-ranged lateral interactions. The absence of such
behavior in the parRHcl mode is consistent with the notion
that parallel dipole Inoments are screened strongly by the

5OO— Ni (IOO) c(2x2) 0

g g QgQ Q ct-~~ m cp

CLEAN SURFACE

FIG. 4. Fit between the data, the model which places the ox-

ygen overlayer 0.9 A above the surface (solid lines), and that
which places it 0.26 A above thc surface (dashed lines). For thc
case where the oxygen is 0.9 A above the surface, the following
parameters are used (see Sec. III): P"=3.79)&10~ dyn/cm,

PIO
——9.5&&10~ dyn/cm, k~2 ——0.3k, and 100 ——O. 1koo. No dipole-

dipole interactions are incorporated at this point. For the low-

lying oxygen model, the angle-bending parameter ab has been
chosen to be equal to 0.12. Solid circles show the dispersion re-
lation measured for the S4, mode on the clean surface.

substrate; a selection rule ' requires that the intensity of
thc pRI'allcl mode vanlshcs as I ls approached, so lt ls, in
fact, impossible to follow this feature all the way to I".

The conclusions outlined above follow from study of
the spectral-density functions constructed from the
Green's functions described in Sec. III; the spectral densi-
ties are formed as in earlier work and provide a physical
picture of the atomic motions associated with the various
features. We next turn to a discussion of the structures
present in these spectral-density functions. The informa-
tion is summarized in Figs. 6—10. Each figure presents
four spectral-density functions, each of which describes
the frequency spectrum of the contribution of a particular
atomic motion to the displacements from equilibrium as-
sociated with a particular wave vector along the line from
I to X. Along this line, we have Q„=Q„=(m/ao)g,
where g ranges from 0 to 1. Part (a) of each figure de-
scribes thc frequency spcctlum of oxygen vlbI'atlons Rsso-
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FIG. 6. Spectral-density functions, calculated from the
Green's functions in Eq. (3.10), for (a) perpendicular and paral-
lel motion of the atoms in the oxygen adlayer (solid and dashed
lines, respectively), and (b) perpendicular and parallel motions of
atoms in the first Ni layer (solid and dashed lines, respectively).
The calculations are for /=0. 1, where along the line from I' to
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0.5

(i )

FIG. 5. Calculations of the dispersion relations of the various
features in the energy-loss spectrum, with inclusion of dipole-
dipole interactions modeled as described in Sec. III. We have
chosen e*=0.4e, and other parameters have been slightly al-
tered from those employed in Fig. 4. Thus, P"=3.74X10~
dyn/cm (as before), pIp

——9.25X10 dyn/cm, kI2 ——0.3k {as be-
fore), and lao ——0.1koo.

ciated with the value of g indicated on the figure, while
each part (b) describes motions of the Ni atoms in the first
substrate layer. In all cases, the solid line gives the fre-
quency spectrum of motions normal to the surface, while
the dashed line gives that of motions parallel to the sur-
face (and also parallel to the line from I to X).

Figure 6 describes /=0. 1, a wave vector very close to
I . We see the two high-frequency surface phonons near
I, one near 300 cm ' and one at 450 cm '. Each of
these modes involves principally motion of the oxygen ad-
layer. Strictly speaking, such true surface modes generate
Dirac 5 functions in the spectral densities. These have
been broadened out artificially, as earlier. Note that all
spectral-density functions displayed here are formed from
Green's functions as defined in Eq. (3.10). If the contri-
bution of a given peak to the actual physical mean-square
displacement is to be assessed, then the oxygen spectral
densities should be multiplied by (1/Mo), with Mo the
mass of an oxygen atom, while the Ni spectral densities
should be multiplied by (1/MN; ). Also evident in Fig. 6 is
the resonance mode near 200 cm '. As remarked earlier,
this is a structure embedded within the bulk-phonon
bands of the substrate, so while it generates a very clear
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FIG. 7. Same as Fig. 6, except /=0. 3.

and distinct peak in the spectral density, the peak does not
describe an eigenmode of the system, but instead describes
a resonance of the surface region, with finite lifetime in
the harmonic approximation. Properties of such reso-
nance modes have been discussed earlier. " We see from
the figure that the resonance mode is here a roughly equal
admixture of oxygen and nickel motion, each parallel to
the surface (recall the earlier remark about the relation of
these plots to the contribution of a feature to the actual
mean-square displacement).

In Fig. 7 we move to /=0. 3. Clearly, the two high-
frequency surface phonons now each contain an admix-
ture of motion parallel and perpendicular to the surface,
although each remains quite close in character to the po-
larization at I. The S4 mode appears as a prominent
peak near 50 cm ' in the Ni spectral density for motion
normal to the surface, and in this portion of the Brillouin
zone, the oxygen atoms are only weakly excited into a
motion parallel to the surface. The feature near 100 cm
is also a surface-resonance mode that will show appreci-
able dispersion to persist all the way to X. This resonance
mode is not evident in the data this close to X, although
there is clear evidence for its presence in the loss spectrum
associated with larger values of Q1~. As we move out into
the zone, the 200-cm ' feature weakens in intensity, while
the low-frequency resonance mode in the Ni parallel spec-
tral density increases in strength, and moves to higher fre-
quencies. This is evident in Fig. 8 for /=0. 5.
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By the time /=0. 7 (Fig. 9), the feature near 200 cm
is very weak and it has indeed vanished from the data as

well. %'e now have a prominent structure near 160 cm
this feature, the resonance mode mentioned earlier, is as-

sociated with perpendicular motions of the oxygen atoms,
and parallel motions of the Ni atoms in the first substrate

layer. There is clear evidence for a feature in the data in

this spectral regime as we have seen, although it does not

appear as a fully resolved loss peak. For example, if one
examines Fig. 2(c) of Ref. 7, which corresponds to a value

of g not far from 0.7, there is a clearly defined shoulder

which emerges from the shoulder of 75-cm ' loss peak
(the S4 mode) and extends to 190 cm ', but it is unfor-

tunately not resolved.
Finally, Fig. 10 shows the spectral densities at /=0. 9.

The resonance mode in the 165-cm ' region remains

strong in the theory, and ihe shoulder discussed in the
preceding paragraph remains evident in the data taken at
X [Fig. 2(d) of Ref. 5]. Since this resonance mode has

motion of the first-Ni-layer atoms parallel to the surface
associated with it, its frequency will be sensitive to the in-

traplanar Ni force constants, within the first layer, as
remarked earlier.

This completes our discussion of the c(2X2) overlayer

of oxygen on Ni(100) when the layer is assumed to lie 0.9
A above the Ni substrate. We obtain quite a good fit to
all features of the data within a rather simple model.
Indeed, each prominent structure in our spectral-density
functions clearly appears in the data. At the time of this
writing we cannot make meaningful statements about the
relative intensities of the various features. Our spectral-
density functions, weighted by suitable prefactors, provide
a measure of the contribution of a given feature to the
mean-square displacement of the relevant atoms. Howev-

er, the electron-energy-loss spectrum is given by this

mean-square displacement, multiplied by a matrix element
which must be calculated by a rather complex microscop-
ic theory, for experiments such as this where off-specular
losses are studied. It is clear from the expected densities

displayed above that both oxygen and Ni atoms contribute
to the inelastic scattering amplitude. Throughout the
zone, the high-frequency surface phonons primarily in-

volve motion of the oxygen atoms, while the S4 mode has
its largest amplitude in the first Ni layer, as one sees from
Fig. 10, for example. Under these circumstances, one can
say rather little about the relative intensities of the various
features in the absence of a full microscopic calculation.
Such studies are underway for this system and will be re-

ported elsewhere.
%'e summarize the discussion just presented by noting

that the data provide direct evidence for lateral interac-
tions between adsorbates with three distinctly different
physical origins. These are the following.

(i) Indirect interactions between oxygen adsorbates via
the substrate motions: %'e have seen that the very large
dispersion of the high-frequency surface phonon with ox-

ygen motion is dominated by lateral interactions of this

type. The short-ranged interactions of central-force char-
acter included in our model leave the frequency of this
mode at I (320 cm ') and also the frequency at X unaf-
fected, and so the very large dispersion evident in the
theory and in the data has its origin in indirect interac-
tions via the motion of substrate atoms. Such interactions
will play a minor role in the p (2 X 2) structure, since, as
discussed earlier, ' such couplings are most pronounced
when two oxygens share a common bond to the same
atom in the first substrate layer.

(ii) Direct, short-ranged lateral interactions between ox-

ygen adsorbates: In our analysis of the high-frequency
surface phonon with oxygen motion parallel to the sur-

face, such interactions are required to explain the very flat
character of the dispersion curve. In essence, in our
analysis, such couplings stiffen the response of the adsor-
bate layer progressively as one moves from I to X, to act
in opposition to the indirect interactions through the sub-
strate [item (i) above], which produces negative dispersion
in the high-frequency parallel polarized mode.

(iii) Long-ranged dipole-dipole interactions: As dis-

cussed above, these produce an upturn in the dispersion
relation of the high-frequency perpendicularly polarized
surface phonon as one moves toward I from X. The
behavior we find is very similar to that observed earlier
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in electron-energy-loss studies of the dispersion of the
C—0 stretching vibration.

As remarked in Sec. I, one may inquire if the low-lying
oxygen layer can provide a fit to the data. Next, we turn
to a brief account of our attempts to account for the data
with this model.

0
B. c (2X2) overlayer 0.26 A above the surface

Next, we describe our attempts to fit the data with the
oxygen layer drawn close to the surface, as discussed in
earlier papers. ' '"

If we begin by placing the oxygen in this position, then
choose Pi'0 to fit the frequency of the perpendicular mode
at I', as noted earlier, the parallel-mode frequency at I is
far higher than observed. As suggested before, " the addi-
tion of angle-bending terms in the potential energy pro-
vide a means of softening Pi'0 and thus lowering the
parallel-mode frequency at I, while the perpendicular-
mode frequency is left relatively unaffected. It is clear on
physical grounds that the angle-bending terins "stiffen"
the perpendicular response substantially and affect the
paraHel mode.

If we accept this means of fitting the mode at I, then
use the model to sweep out the dispersion curves from I
to X, the results differ very substantially from the data.
The results are given as dashed lines in Fig. 4. There is
surprisingly little dispersion in the perpendicular branch;
as we have seen, nearest-neighbor central-force interac-
tions between adsorbates leave the perpendicular-mode
frequency at X unaffected, so the discrepancy cannot be
resolved in this fashion. A very substantial modification
of the basic force-constant model will be required to bring
the theory into accord with the data; we have not exam-
ined this question further, since the very straightforward
and simple picture discussed in the preceding subsection
allows us to come quite close to fitting the data, as we
have seen. Note also that the low-lying oxygen model
leads to very substantial dispersion in the 210-cm ' reso-
nance mode at I, and that this feature now persists all the
way from I' to X in the theory.

The earlier suggestion that the oxygen was pulled close
to the surface was based, in essence, on a single data point
in Fig. 4. It is not possible to bring this picture into ac-
cord with the full set of data displayed in the figure, as
far as we can see.

C. Oxygen displaced off the fourfold site

As remarked in Sec. I, a recent I.EED study' has led
to the proposal that the oxygen does not, in fact, occupy
the fourfold hollow site, as assumed in the analyses
presented above, but is instead displaced off the fourfold
site by 0.3 A in the (100) direction. If such a displace-
ment is indeed present, in principle there are several ways
in which the electron-energy-loss spectrum would be in-
fluenced. For example, the two parallel polarized high-
frequency surface phonons would no longer be degenerate
as they are when the oxygen resides in the fourfold site,
but they would be split. Furthermore, there will be a
breakdown of the selection rule which forbids the scatter-

ing from the parallel mode polarized normal to the line
from I to X, so the feature near 450 cm ' will appear as
a doublet. Also, the breakdown of symmetry means that,
even at high-symmetry points of the Brillouin zone, the
normal modes will have mixed character, consisting of
motions perpendicular as well as parallel to the surface.
Thus, the parallel modes near 450 cm ' will become di-
pole active near I, and one will see a dramatic increase in
intensity associated with dipole scattering as one ap-
proaches I from X.

In the data we see no evidence for features in the
energy-loss spectrum such as those described above, and
thus the data are consistent with occupancy of the high-
symmetry fourfold site. Of course, one must inquire if
the proposed displacement off the fourfold site, 0.3 A,
will actually produce splittings or selection-rule violations
sufficiently large to be resolved in the experimental spec-
tra. To explore this question, we have carried out studies
of the dispersion relations of the high-frequency surface-
phonon branches, and their polarization properties, along
the line from I" to X, for a model of the c(2)&2) oxygen
overlayer 0.9 A above the surface, but displaced 0.3A
along the (100) direction. The periodic cluster method
described by one of us was employed. The results are
summarized in Table I.

In the table, the ratio F is the ratio of the force constant
associated with the short 0—Ni bond to that associated
with the long bonds (the term force constant here refers to
the value of P", the second derivative of the appropriate
pair potential). Since we have no a priori means of es-

timating this ratio, we have explored various properties as
a function of F, with F varied from 1 to 5.

The first two rows in Table I describe calculations for
undisplaced oxygen; the column labeled D indicates the
horizontal displacement off the oxygen off the fourfold
site. The two first rows in the table provide an indication
of the accuracy of the periodic cluster method. The first
row, for our choice of parameters, are the frequencies at I
and X provided by the Green's-function method, which
constitutes an exact solution of our model of the semi-
infinite nickel crystal with a c(2X2) overlayer. The
second row gives the frequencies provided by the periodic
cluster method, which is an approximation scheme. The
frequencies provided by this approximate scheme are in
error from 1% to 3%, but, of course, the degeneracies are
given properly.

The last four rows of Table I give the frequencies of the
various modes as the oxygen is displaced by 0.3 A for
various values of F Even when. F= 1, the fact that bond
angles change as the oxygen is displaced alters the dynam-
ical matrix d~~( 1

~~,l„a;1 ~~, l,',~') [see, for example, Eq.
(4.15) of Ref. 15. In the present calculation, the terms in
P' are ignored since they are typically small in magni-
tude], and the calculated frequencies are thus influenced
by the displacement off the high-symmet site.

In Table I the modes are labeled vi, v~~', and vI~
' even

though, as discussed above, the modes are no longer polar-
ized strictly parallel or perpendicular to the surface with
the oxygen off center. The mode vi is the mode which at
I is strictly normal to the surface with the oxygen in the
fourfold site, v~I is the frequency of the parallel mode po-
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TABLE I. Results of the study of surface-phonon frequencies and eigenvectors with oxygen displaced off the fourfold site in the
(100) direction by the distance D. We have I', the ratio of the force constant associated with the short 0—Ni bond to that of the long

bond, and we write Q„=Q»=(n/a. o)g T.he subscripts on the various modes refer to the polarization of the oxygen motion at I', with

D=O. Then (for D=O}, vll" is the mode with displacement parallel to the surface and normal to the line from I to X while vll
' is the

parallel mode with displacement parallel to the line from I to X. Finally, R is the ratio of the normal to the parallel component of
displacement for the mode vll ', when the oxygen is displaced as indicated.
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larized normal to the I —X line for this case (this is a pure
parallel mode all the way from I to X), while vt~

' is the
frequency of the parallel mode with displacement parallel
to the I —X line when the oxygen is on the fourfold site.

In the calculations the force-constant ratio has been ad-

justed to provide the value of F indicated, and their abso-
lute values are then adjusted so vz always equals 301
cm ' at I . The calculated splittings are remarkably
small, even for the largest value of F considered. These
splittings are small compared to the resolution of the ex-
periment and could not have been resolved.

The factor R displayed in the table is the ratio of the
normal component of displacement associated with the
mode vI~

' to the component parallel to the surface and
also to the line from I to X. Near I, even for modest

values of the force-constant ratio I', the ratio R is remark-
ably large. For F=2, a value we suspect to be smaller
than the force-constant change associated with such a
large displacement off the fourfold site, we have R=0.43
at I . The parallel mode should thus become dipole active
near I as a consequence of its mixed character; if we as-
sume the dynamic effective charge e'=0.4e used earlier
in this section, the dipole activity induced by the shift of
the oxygen off the fourfold site should be evident in the
data. Figure 1(a) of Ref. 5 shows no evidence for a dipole
signal from the high-frequency parallel mode; the
electron-energy-loss data thus suggest that it is the four-
fold site which is occupied. From Sec. II, we see that it is
possible to prepare samples which show a sharp c(2X2)
LEED pattern and also produce a feature in the dipole
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near 450 cm '. However, as we argue there, such spectra
are associated with surfaces which contain islands of the

p (2X2) structure co-existing with the c(2X2) overlayer,
and there is no evidence of a feature in this frequency re-

gime in the near-specular e1ectron-energy-loss spectrum
taken on the samples employed in the present work.
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