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ABSTRACT., A description is provided of experimental data for tunneling
diffusion of atoms on single crystal planes as obtained using field
emission-fluctuation spectroscopy. A focus is made upon the
significantly weaker than anticipated isotope effect for H/W(110)
tunneling diffusion and on the coverage dependence which suggests an
influence of the nuclear statistics on the diffusion. A unified
analysis of both the tunneling and thermally activated regions provides
insight into the nature of the interactions between the adsorbed
hydrogen atom and the tungsten lattice, and these interactions, in
turn, provide an explanation of the observed anomolous isotope effect
for diffusion of H/W(110).

INTRODUCTION

This paper presents some experimental results of tunneling
diffusion of light adsorbates on metal surfaces as measured by the
fluctuation method. We then discuss the implications of these results,
particularly the smallness of the observed isotope effect and present
theoretical approaches to understanding the experiments.

FLUCTUATION METHOD

The experimental method [1] requires a brief description. 6It
takes advantage of the very high linear magnification (10° - 10°) of
the field emission microscope in which an electron emission map of a
hemispherical single crystal surface is projected onto a fluorescent
screen [2]. The projected surface consists of regions of varying
orientation and some well developed flats, corresponding to low index
planes. Emission is exponentially dependent on work function and the
latter in turn on adsorbate coverage.

By cutting a small hole in the screen it is possible to examine
emission from a region of 50-100 R in linear dimension, involving a
single crystal plane. If the emitter is uniformly covered with
adsorbate and then kept at a temperature where diffusion occurs, small
fluctuations in emission current from the probed region can be
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observed, corresponding to fluctuations in the number of adsorbed atoms
diffusing into and out of the probed region. Measurements may be made
of the time autocorrelation function f. of the current fluctuations
which are simply related to the fluctudtion in the number sn(t) of
adsorbed atoms in the probed region. For a circular probed region of
radius L and area A a natural time scale is provided by

2
T, = ro/MD. (1

The number autocorrelation function fn is given by

2 > 2 12
<(6n)> 2>, 2+ exp[-|r-r'|“/4Dt] (2)
—_— fAd rf,dr’ E L

A

£.(t) = <sn(0)én(t). =

and can easily be expressed in units of t/ro. This is equally true of

the actually measured quantity f.(t) = <61(0)61(t)>/<i>2 with 6i(t) the
tunneling current, so that a com%arison of the experimental function
with the theoretical one yields t_ and thus, to the accuracy of the
experiment, in the determination of r_and D. The experiments can then
be repeated at different temperatures and coverages.

If the probed region has the form of a long narrow rectangular
slit of dimensions 2a x 2b with b >> a and if the slit is aligned along
the principal axes of the diffusion tensor (say, with the 2a dimension
parallel to the x direction), it can be shown [3] that the correlation
function decomposes into a product of two one-dimensional ones

f(t/Tx)f(t/Ty), each with its own relaxation time given by

2 .
T, =a /Dy (3a)

2
=b /D (3b
T, = b7/Dy, 3b)
where Dxx is the component of the diffusion tensor along the x
direction. Unless Dyy >>DXX, the decay of the function f(t/rx) is so

much faster than that of f(t/ry), and consequently only DXX is
measured. Rotation of the slit by 90o then allows measurement of Dyy.

The resolution of the field emission microscope is x = 30-40R [2]:
which can be comparable to the narrow dimension of a rectangular probe.
However, this complication can be handled straightforwardly. In
essence, the result is an increase in the effective probe dimensions by
an additive amount ~0.75x [U].

The fluctuation method requires for its implementation fields of
the order of 0.3-0.5 voit/R. Adsorbates with high polarizability o
and/or high dipole moment u have their activation energies (or barrier
heights) at these fields differ from those at zero field by

AE = (1/2)a(F§ - Fi) + ﬁ-(ﬁs - Eo), ()
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where Fs and F_ are the fields experienced by the ad-particle at saddle
points &nd staBle binding sites respectively. The effects for
adsorbates like H, 0 and CO are essentially negligible, particularly on
close packed planes where FS/FOAJ1. It can also be demonstrated

experimentally that the field emission current seems to have no effect
on diffusion over at least two orders of magnitude, the experimentally

accessible range [5].

RELATION OF D TO MICROSCOPIC QUANTITIES

The diffusion coefficient D, which is measured by the fluctuation
method, is the Fick's law, or "chemical", rather than the single atom

displacement or tracer diffusion coefficient D*, D and D* differ from
each other except at zero coverage, and the relation between them is
not analytically accessible except for the simplest kind of
interaction, i.e., delta function repulsion which produces site
exclusion, Direct and substrate mediated adsorbated-adsorbate
interactions enter in a complicated way into the determination of the

s s * Py : .
tracer coefficient D and in even more complicated ways into D.

*
Both D and D are often forced into the form
D = 82\)P, (5)

where a is a mean jump length and vP an effective jump frequency; v can
be thought of as an attempt frequency and P an effective jump
probability. In thermally activated diffusion P is a Boltzmann average
which is complicated because the actual activation energies for a given
Jump vary with local adsorbate configuration because of ad-ad
interactions. (Incidentally, the same seems to be true of v as well as
for hydrogen on W(110).) 1In tunneling diffusion P is a similarly
weighted tunneling probability. Thus the connection between an overall

D and individual atomic events is not as direct as might be hoped. (D*
cannot be measured presently, except on the computer.) An important aid
in interpretation is provided by computer simulations, even at the
Monte Carlo level, where P and v can be assigned values based on local
ad-ad configurations and interaction energies both in activated and
tunneling diffusion. By working backward and experimenting with
various interactions in the simulation or by calculating microscopic
jump rates theoretically, a fit to experiment can then be attempted.

A simple but quite useful example of this approach is provided by

* *
diffusion anisotropy. Ratios of Dxx/Dyy can be calculated for any

surface structure if the actual jump directions are known and if all
ad-ad interactions leave the surface symmetry intact. It then turns
out, both from Monte Carlo simulations and from quasi-analytical theory

(6] that
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* * .
D = 6
Xx/Dyy DXX/Dyy, (6)
so that a measurement of anisotropy can often be interpreted
straightforwardly

TUNNELING DIFFUSION

We now present experimental results for the diffusion of hydrogen
and its isotopes (mH,m = 1,2,3) on the W(110) plane of tungsten [5].
Figure 1 shows plots of log D vs. 1/T for 1H. Similar sets of curves
are found for 2H and 3H. The data exhibit two markedly different
temperature regimes, a thermally activated region above 140K and a
rather temperature independent one between 27K and 140K with a rather
sharp crossover between them. Analysis of the data in the thermally
activated regime produces activation energies of 5-6 Kcal/mole,
depending on coverage and very slightly on mass. This section
concentrates on the temperature independent regime, while the following
one considers some aspects of the thermally activated range in order to
provide an explanation of the low coverage data (6£0.1) for both
regions using the same model of the hydrogen-tungsten lattice
interactions and their effects on the diffusive processes.

The temperature independent regimes cover a wide range of T in
which D is also sensitively to coverage. Figure 2 shows log D vs.
coverage 6 for all three isotopes at 27K. 6 is deduced from work
function measurements and assumes the change in work function A¢ to
vary linearly with 6. It is also believed that & = 1 corresponds to a
ratio H/W = 1; this is based on relative saturation coverages on the
(110) and (100) planes and absolute measurements on (100) [7].

The most striking feature of the temperature independent diffusion
data is the relatively small isotope effect seen in tunneling. If we
assume that D is approximately given by

D = a?up, (1)
; ; -8 12 13 -1
with the typical values a~2 x 10 ~“ em, v = 10 © - 10 ° sec  and the
conventional tunneling probability

2 (8)

X
P = exp[-Z(ZmH/ﬁ )1/2fx2(V-E)1/2 dx]
1

= expl- 2(2mH/ﬁ 2)1/2V8/22],

where V0 is barrier height, m, is the hydrogen mass and % an effective

H
barrier length which can be adjusted according to the barrier shape, we
are immediately faced with a dilemma, even allowing for the fact that P
is an average value (since V_ depends on ad-ad interactions and hence
on the local environment of ghe tunneling atom): If the smallness of
the isotope effect is to be explained on the basis of the ratio

1/2

m,: m3 =1:2:3, Vo % must be extremely small, so small in fact

m1;\
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1) Log D vs.1/T for 'H diffusion on W(110). Relative‘coverages marked
on figure. The dips in the otherwise temperature independent parts
result from a first order phase transition (from Ref. 5).
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2) Log D vs. 6 for 1H, %y and 3H at 27K (from Ref. 5).
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that D with this prédicted isotope effect would be some 106 times

larger than observed unless 82v were smaller 'c}'xan'v10-3cm2sec-1 by a

factor ofrv106. If V_ is approximately given by the activation energy

of thermally activate8 diffusion, i.e., 5-6 Kcal/mole, there is another
problem: & would then have to be a small fraction of an Angstrom,
which seems physically unreasonable on the basis of the surface
structure discussed below. We are, therefore, forced to assume that
there is a contribution which enters in the form of mass
renormalization, involving additive mass corrections which arise from
lattice distortion by the adsorbate. This distortion accompanies the
tunneling H atom and thus leads to increased effective mass. This idea
was first suggested in this context by Muttalib and Sethna [8l.

Analysis of Figure 2 suggests that even with this approach some
difficulties remain, namely the corrections themselves must be glightly
mass deBendent. Figure 3 plots the product of effective mass M in amu
times % in (K) vs. 6, assuming no change in V_. The latter is
probably an incorrect assumption, but the approXimation serves to give
a feeling for the magnitude of the corrections involved. The
experimental data provide effective masses of all three isotopes as
roughly 10-12 amu {depending on the value of % <0.8 R cnosen for a
triangular barrier). The next section of this paper provides attempts
to explain this behavior.

The second point of note involves the coverage dependence, namely
the minimum near 8 = 0.1 and the maximum near § = 0.3, as well as the

fact that D increases again for 2H at 6 > 0.6, The initial minimum is
not well understood. It may have to do with the asymmetry of forces at
low 0 which leads to extra mass renormalization., Before describing
attempts to $xplain the maximum near 8 = 0.3 _and the differences at 6>
0.6 between 'H and “H, on the one hand, and "H, on the other, some
anisotropy results [7] must be presented and analyzed.

Figure 4 shows a picture of the W(110) plane. If the actual jump
directions are along the (111) directions labelled x,I and X, in Figure

* * *
4, it can readily be seen that D110/D100 (i.e., Dyy/Dxx) = 2. Monte
Carlo calculations [6] confirm that this is so for Dyy/DXX for any set

of interactions. 2This result ig in fact observed for oxygen on W(110)
[7]. For 'H and “H, however, (°H was not available in this apparatus)
it is found that D11O/D Oﬂ:l, even in the tunneling regime at

essentially all coveragég, although D__/D increases slightly at 6 <
0.1 [7]. (See Fig. 5.) Yy oxx -

Figure 6 again shows the (110) surface with various positions

labelled. It seems reasonable that 1 or 5 represent the binding sites
of H with probably shallow intervening maxima at locations like 4 and
the main diffusion barriers at locations like 2, 6, etc. In order to

explain the observed D11O/D1oo ratio, it is therefore necessary to

postulate that jumps like 1+7 occur in tunneling diffusion with
appreciable probability relative to "ordinary" jumps like 1-5. This
suggests that most of the barrier opacity comes from the large

P
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M ¢ a.m.u.-(l‘i)2
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. *
3) Effective mass M (in amu) times (barrier length in K)Z, assuming

constant barrier height, as function of & for
tunneling regime (from Ref. 5).

H,

H in the

4) Schematic diagram of a (110) plane of a bec metal. y corresponds to

the (110) direction in the plane, x to the (100) direction.
X, and x. correspond to (111) directions and are assumed to

1 2

represent the actual jump directions in the surface diffusion.
indicated are the nearest neighbor interaction J1 and the linear

triplet interaction Jt‘

Also
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2
5) Dyy/DXX for 'H at 8 = 0.15 as function of temperature (from Ref. 7).

6) Schematic diagram of the (110) plane indicating possible ad-sites
and diffusion barriers,



TUNNELING IN SURFACE DIFFUSION 289

effective mass and that the contributions from integrals over phonon
coordinates from events like 17 and 1+5 may not be too different.

A possible reason why such events occur for H diffusion is
provided by the observation of Estrup [9] that hydrogen adsorption on
W(110) shifts the entire top layer of W atoms along the (110) (y in
Fig. 4) direction, thus removing the degeneracy of the two ends of the
hour-glasses in Figs. 4 and 6 and making sites like say 1, 5 and 7
binding but 3,9, etc., non-binding. This would give a tunneling or
thermally activated atom a choice on "reaching" position 3 whether to
go to 5 or 7.

We consider next the behavior of 2H at & > 0.6. We hypothesize
that the difference between “H and the other isotopes at high 8 has to
do with nuclear spin in the following sense., If the motion of bonding
electrons is much faster than that of hydrogen nuclei, the exchange of
two H atoms involves only the nuclear statistics., Then adsorbed

1H and 3H must be regarded as spin 1/2 fermions, 2H as a spin 1 boson.
Since the spin functions are randomly oriented at and above the lowest
temperature 27K used, the symmetric spin triplet has a weight of 3/4,
and the antisymmetric singlet a weight of 1/4 for 1H and “H. Thus the
space part of the wave function is antisymmetric in 3 out of 4
encounters on average in order to obey Fermi statistics. For “H, on
the other hand, similar reasoning shows that the space part of the wave
function is symmetric in 2 out of 3 encounters. Thus two 'H or two °H
atoms can Spproaoh each other closely only in 1 out of U4 encounters,
while two "H atoms can do so in 2 out of 3 cases. We now assume that
tunneling from 1 to 7 is possible if site 5 is occupied, but that there
is sufficient amplitude at 3 from the atom at 5 to affect the tunneling
probability of an atom originally at 1. This 'modulation is assumed to
take the form of allowing a 17 event only 1 out of 4 times for

3H, but 2 out of 3 times for 2H.

In order to prevent DlO /D1 from exceeding unity when 1+7 events
are allowed, it is additiona?ly %gcessary to postulate that concerted
double tunneling events occur with finite probability. Such events are
assumed to consist of an initial configuration with sites 1 and 5
filled going to a final one with sites 1 empty and 5 and 10 (or 12)
filled. The probability of these events is assumed to be finite
relative to single tunneling events because the overall distortions
involved in the double jump may be much less than that for two non-
concerted events. The effect of the statistics postulated for 1-7
jumps is assumed to hold also for concerted double tunneling, i.e., it

1H or

is allowed 1 out of 4 times for 'H and 3H and 2 out of 3 times for “H.

We return now to the maximum in D at 8 = 0.3. As indicated by
Fig. 3, this could simply be the result of small changes in effective
mass, but it seems unlikely that these would lead to maxima for all
three isotopes at the same value of 8. It is much more likely that the
variation in D with 6 is due to variations in barrier height, resulting
from the opposing effect of attractive and repulsive H-H interactions.

Monte Carlo simulations have been performed in which the local
tunneling probability P is a function of such interactions and in which
the postulated quantum statistical effects as well as jumps like 1+7
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and 1»12 are included. These simulations are, in fact, able to
reproduce at1least gualitatively the observed behavior, namely a single
maximum for 'H and “H and an upturn in D for “H at & > 0.6 [6]. The
interactions are chosen also to reproduce the observed Dyy/DXX in the

activated and tunneling regimes and to consist of repulsive nearest
neighbor J, and attractive triplet interactions J_. If J, = 1.6
Kcal/mole and J_ = -2.4 Kcal/mole, the results shown in Flg. 7 are
found. These hdve qualitative rather than quantitative significance;
they do not quite reproduce the trend in Dyy/Dxx’ and they lead to a

p(1x1) ground state; the latter, however, may not be in accord with the
phase diagram of H/W(110) which is very incompletely known [6]. If
slightly different values of J, and J, are used, a different phase
?iagram results, the anisotropy can b& matched better, the peak for

H and “H at & = 0.3 can be retained, but the primary maximum for "H is
shifted to 6 = 0.6. Thus a quantitative fit to experiment is not
possible with the simple models used, but the qualitative agreement
suggests that both the 1+7 and double tunneling events as well as the
invoked quantum statistical effects seem to be pointing in the right

direction.

LATTICE-HYDROGEN INTERACTIONS AND MODELS OF TUNNELING DIFFUSION

The same interactions between the adsorbed hydrogen atom and the
substrate tungsten lattice must govern the diffusion dynamics in both
the tunneling and thermally activated regions. A consistent theory
should, therefore, explain the data in both the tunneling and thermally
activated regions. We confine attention to the limit of vanishing
coverage where complications due to adatom-adatom interactions and
statistics are not present. Our discussion begins with a
semiquantitative explanation of some of the striking aspects of the
observed data in the thermally activated regime as this provides
important constraints on the new interpretation of the tunneling data
which follows thereafter.

The thermally activated diffusion constant is in agreement with

the Arrhenius form
D(T) = A(m)exp(-V/T), V = 185 + 15meV, (9

wherem = 1, 2 or 3 for ™§ and where V is only slightly isotope
dependent in a fashion consistent with small zero point energy
differences. However, the prefactor A exhibits unusual exponential
mass dependence which is shown in Fig. 8 to vary rather roughly as

A(m)ﬁ-exp(—30m'1/2) (10)

and which leads to the enormous inverse isotope effect wherein A(3) is
approximately five orders of magnitude larger than A(1). Clearly, such
a huge isotope effect must have quantum mechanical origins. [10]
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designed to guide approximate fit to (11) (from Ref. 10).
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An analysis has been made of the dynamics of this thermally
activated diffusion by treating the activation process involved in the
diffusion as occuring by a series of incoherent jumps between
consecutive vibron levels for hydrogen motion in a single well [10].
This model describes a single jump as arising when energy is transfered
from a highly excited local phonon mode of frequency w, to the hydrogen
adatom which is thereby promoted by a vibronic qqgﬂ&ym of energy

A wH»ﬁ we with mH having the frequency Wy = wym . The great

disparity between w, and w, leads naturally to the use of an adiabatic
approximation where the hy&rogen motion occurs adiabatically as a
function of fixed substrate lattice position q. The vibron energy
E_(q) provides a contribution to the potential energy determining the
slower lattice dynamics, The characteristic timescale for an
activation step between the nth and n+ist vibron levels depends on the
matrix element of the nonadiabatic hydrogen-tungsten coupling and on a
lattice overlap factor for the local phonon mode. )

This type of model calculation yields [10]

“y,3/2 -1/2 “H w72 ey (11)
—)-" “exp{-X,,-m (—) (In[ (—=)1-1)1,
wy 01 wl X01 wQ,

f 2
A @ wyl (

where § is the intersite distancerJZK, m is the isotope mass in amu,
and the parameter XO is discussed below. (We neglect the weak m
dependence in the prefactor.) The ratio wH/w equals the number of
phonons needed to promote the hydrogen to a h%gher vibronic state, and
the ratio is also measure of the degree of adiabaticty or separation of
time-scales which underlies this analysis.

It is natural to assume that the vibron and local phonon motions
have effective masses which are, respectively, proportional to that of

hydrogen (mH) and tungsten (mw). Since values of wH/w2 deduced by

comparing (11) with the experimental data yield values yyéch are within
an order of magnitude of the reduced mass ratio (m_ /m ) = 13.5, this
strongly suggests that pairwise W-W and H-W force con8tants of the
local and vibron modes, respectively, are of similar orders of
magnitudes.

The parameter X in (11) provides a measure of the quantum nature
of the hydrogen-lattice forces, and it is given by [10]

Xoy = (mw, /2 ) (@) - 3(0)2 (12)

where E(n) is the position of the minimum of the adiabatic potential
for the local mode with the vibron in the nth state. If the vibron
contribution to this potential is [n + (1/2)JA wy, then X . is

proportional tom ' [10]., Comparison of (11) with experimental data

provides the rough estimate that X01 0(1). The fact that xo1 is non-

zero allows us to anticipate that the adiabatic My-w local mode
potentials are isotope dependent! This same kind of isotope dependence

appears also to be required in order to explain the low temperature
data.

“
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The low temperature diffusion coefficient is dominated by
intersite quantum tunneling. The lowest temperature of 27K js still
very high compared to the measured inverse hopping time (D/%°), The

energy associated with this hopping time is A D2_3a10_9ev, making it
appear impossible to justify a coherent band description, such as that
for electrons in metals, for the motion of the hydrogens. Thus, we are
led to assume that low energy inelastic processes of energy A<<27K
destroy the phase coherence between consecutive hops. Such processes
are easily explained in terms of a coupling of the hydrogen motion to
electron-hole excitation of the metals and to low lying acoustical
phonons.

This model of the hydrogen tunneling implies that D is therefore
described by the small polaron hopping rate. A detailed calculation by
Flynn and Stoneham [11] using Holstein's treatment [12] gives in this
case

D = 2252/ 1 , (13)
where J is the transition matrix element which in a semiclassical
approximation is [13]

2mH‘*’H)1/2

oy /2 (14)
2
mh lT

exp[—m1 Sy - Sw].

J = m1/’4

Here S, is the classical "action" for the hydrogen tunneling a distance
QT under the potential barrier VH(x),

Apr2 ' (15)

5, = gL i [2mHvH(x)J1/2 dx,

-RT/Z

and S, is the overlap factor, discussed below in (19), which is
assoc?ated with the motion that the tungsten atoms undergo due to the
lattice distortion (polaron) that accompanies the hydrogen tunneling.
Using a smooth potential of the form

V(%) V[(zx/zT)2 -17° (16)

with Yalues of V as in (9) and &, of order 0.5 - 0.8 A, the magnitude
of D('H) in the limit of zero coverage (Fig. 3) is fitted by the set of
parameters in the range

Sy = 3.7 £0.6 , S = 14 22, a7

A wy = 100meV , and A = 0.1-2.0 meV,
where the large range for A leads to the quoted uncertainty in the

value of S which is fit to experiment. However the smaller than
expected isotope effect cannot be explained by the polaron model (14)
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unless Sw is allowed to vary with m, so as to partially compensate for

the large isotopic variations of m1/2SH. The required mass variation

is roughly given by

3S,,(m)
W (18)
T = -1.,5+0.3 .

Two important conclusions emerge from (17) and (18). The first is
that the lattice participation in the tunneling is very large because
S »S... This has earlier been described by Muttalib and Sethna [8] as
a large "mass renormalization" effect, but our analysis here suggests a
~ separation of timescales which leads to a different interpretation.

Secondly, the local mode H-W force constants, which determine Sw, are
influenced by the quantum motion of the hydrogen. This influence,
manifested by the mass dependence of these force constants, is a
natural consequence of the adiabatic approximation for the more rapid
hydrogen motion.

A qualitative estimate of the magnitude of X 1 in (12) can be made
by using a model with a single linearly coupled phonon-hydrogen
potential, Such a model yields

Sy = (mgu b 2307, (19)
where E(O) is the polaron distortion of the lattice mode which
minimizes the sum of W-W and H-H osential energies. Equation (12)
contains the lattice distortion q ") gefined for each adiabatic vibron
potential. We assume here that E(n) depends solely on the harmonic
vibron state, and this provides a relation between the isotope and n-
dependence which is given by

=(n) - 1 -1/2 5
a "’ =ql(n+ A om0, (20)
(A specific example of such an interaction has been given by Emin
[14].) Thus, combining (12), (19) and (20) leads to the estimate of

3y 2 (21)

= S X ., /Um,

Sy w01

which in turn gives X,, ~ 0.5-2. The latter is in accord with the
estimates provided on %he basis of the thermally activated diffusion
data. Although (21) depends on a simplified two-dimensional model for
the H-W potential, the agreement of the estimates for X 1 from the
activated and thermal data verifies the consistency of 8ur approach and
assures that the relation (20) is approximately valid.

In summary, our analysis of the data suggests a sizeable isotope
dependence of the adiabatic H-W local mode potentials as well as a
large participation of the lattice in the diffusion process in both the
low and high temperature regimes.

We are grateful to D. Emin for a useful discussion. This research
is supported by MRL(NSF) facilities at the University of Chicago.

W\



TUNNELING IN SURFACE DIFFUSION 295
References

(1] R. Gomer, Surf. Sci. 38, (1973) 373; G. Mazenko, J.R. Banavar, and
R. Gomer, Surf. Sci. 107, (1981) 459,

(2] R. Gomer, Field Emission and Field Ionization, Harvard University
Press (1960).

{31 D.R. Bowman, R. Gomer, K. Muttalib and M. Tringides, Surf. Sci.
138, (1984) 581.

[4] R. Gomer and A, Auerbach, Surf. Sci., in press.

[5] S.C. Wang and R. Gomer, J. Chem. Phys. 83, (1985) 4193.

[6] M. Tringides and R. Gomer, Surf. Sci. 166, (1986) 419; M. Tringides
and R. Gomer, Surf. Sci. 166, (1986) 4u0.

[7] M. Tringides and R. Gomer, Surf. Sci. 155, (1985) 254.

[8] K. Muttalib and J. Sethna, Phys. Rev. B32, (1985) 3462.

(9] P, Estrup, Phys. Rev. Lett., in press.

(10] K.F. Freed, J. Chem. Phys. 82, (1985) 5264,

[(11] C.P. Flynn, A.M. Stoneham, Phys. Rev. B10, (1970) 3966.

(12] T. Holstein, Ann. Phys. 8, (1959) 343,

[13] A. Auerbach and S. Kivelson, Nucl. Phys. B257, [F514] (1985) 799.

[14] D. Emin, private communication.




