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Coverage dependence of quantum tunneling diffusion of hydrogen and deuterium on Ni(111)
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We measured the diffusion rate of deuterium on Ni(111) as a function of temperature at atomic cover-
age of 0=0.3 and 0.05. In both cases, the crossovers from classical over-barrier hopping to under-
barrier tunneling occurred at around T=125 K. At T=110 K, we measured the tunneling diffusion
rates D,„„„,&(0) for both deuterium and hydrogen in the coverage range from 0=0.05 to 0.45 and found
that (1) D,„„„,&(8) varied by less than a factor of 3; (2) the overall features of D,„„„,&(0) for the two iso-
topes were similar; (3) D,„„„,&(0) weakly peaked at around 0=0.25 and 0.5. Our results mostly agree
with an early report by Lin and Gomer. Based on these results, we discuss the effect of the hydrogen-
hydrogen interaction on hydrogen tunneling diffusion on Ni(111).

I. INTRODUCTION

Quantum aspects of adsorbate diffusion on metals have
stimulated considerable research interest since the first
observation of quantum tunneling diffusion of hydrogen
on W(110) by Gomer and co-workers. ' One of the intri-
guing observations of these authors is the unusually weak
temperature dependence of the diffusion rate in the tun-
neling regime, a behavior which has not been observed
for interstitial hydrogen and positive muons in metals.
Recently, we reported an optical diffraction study of the
hydrogen diffusion on Ni(100) and Ni(111). ' For hydro-
gen and deuterium on Ni(ill), our preliminary result
confirmed the existence of a weakly temperature-
dependent tunneling following the over-barrier hopping
as reported earlier by Lin and Gomer. There have been
numerous theoretical attempts to explain the observa-
tions of Gomer and co-workers. One of the concern-
ing issues is the effect of the hydrogen-hydrogen interac-
tion on a metal surface. "' So far, all the experiments
were performed at coverage above 5% of a monolayer or
8=0.05 (corresponding to one hydrogen atom for every
twenty metal atoms in the topmost layer). Depending
upon the strength and range, the mutual interaction be-
tween adsorbed hydrogen atoms may significantly alter
the apparent temperature dependence of the diffusion
rate and thus make it more difficult to ascertain the exact
microscopic tunneling mechanisms in the experiments of
Gomer and co-workers and Zhu and co-workers. The na-
ture and the parameters characterizing adsorbate-
adsorbate interactions are usually not known a priori to
sufficient accuracy and in most cases must be extracted
from experimental studies of adsorbate binding-energy
variations with the coverage and of structural phase dia-
grams and phonon spectra of the adsorbates. "' Ensem-
ble averaged rates of adsorbate diffusion by under-barrier
tunneling and by over-barrier hopping are affected by
these parameters. As the under-barrier tunneling of hy-
drogen on metals is expected to be extremely sensitive to
hydrogen-hydrogen interactions, the coverage depen-
dence of a tunneling diffusion rate is a most useful probe
for studying the details of these interactions. In particu-

lar, the choices of phenomenological interaction parame-
ters must be consistent with such a dependence.

In this paper, we report a coverage dependence study
of the tunneling diffusion rates for hydrogen and deuteri-
um on Ni(111). It is the extension of our earlier study to
further investigate the finite coverage effect on the
classical-quantum crosso vers and on the tunneling
diffusion rates D,„„„„(8)below the crossover. Our ob-
servation is in good agreement with an earlier report by
Lin and Gomer. The results enable us to examine more
closely the hydrogen-hydrogen interaction on Ni(ill)
within a lattice-gas description.

II. EXPERIMENTAL PROCEDURES

The measurement was performed in an ultrahigh vacu-
um (UHV) chamber on the same Ni(111) disk which was
used in our preliminary study. The sample cleaning and
characterization procedures have been described in our
previous reports. The UHV system operates at a base
pressure below 1X10 ' torr. It is equipped with a UTI
100C quadrupole mass spectrometer which we used
for temperature-programmed-desorption measurements
(TPD). In TPD measurements, we record hydrogen par-
tial pressures and the sample temperature in real time
with a computer-aided data-acquisition system. From
the integrated mass yields, we deduce the relative hydro-
gen coverage. Christmann and co-workers studied in de-
tail the adsorption kinetics and the overlayer structure of
hydrogen on Ni(111) by carefully analyzing low electron
energy diffraction, isosteric heat and thermal-desorption
measurements. "' They concluded that at T~150 K
hydrogen dissociatively adsorb at threefold hollow sites
up to one-half of a monolayer 8=0.5 (one hydrogen atom
for every two top-layer Ni atoms). These hydrogen
atoms desorb at the highest temperature and form
the P2 peak in the thermal-desorption spectra. With
significantly prolonged dosing, the hydrogen coverage in-
creases beyond 0=0.5 with the additional hydrogen go-
ing onto sites with smaller binding energies and forming
the P, peak in thermal-desorption spectra. The exact lo-
cation of these additional hydrogen atoms remains un-
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resolved. We have, thus, chosen to limit our diffusion
measurement to coverages below 8=0.5 so that the ex-
perimental findings can be analyzed and compared to the
results of other studies. We use the thermal desorption
yield corresponding to the saturated P2 peak as the abso-
lute measure of 0=0.5. This procedure yielded a relative
coverage error of +10%.

To form hydrogen coverage gratings, we use a laser-
induced thermal-desorption method with two interfering
optical pulses. The details have been described else-
where. ' The mean coverage is determined by a calibrat-
ed ellipsometry probe which we will describe shortly.
The initial coverage modulations are kept close to
50=0.015—0.02 by controlling the modulation depth of
the heating laser intensity pattern. The decays of the
coverage gratings as monitored with the first-order
diffraction of a two milliwatt He-Ne laser probe. From
the decay constants and Fick's law, we extract the chemi-
cal diffusion rate.

To probe the in situ hydrogen coverage where the
laser-induced desorption takes place, we use an optical el-
lipsometry method similar to the scheme used by Xiao,
Xie, and Shen. ' In this scheme, the differential
reflectance of p-polarized and s-polarized lights is mea-
sured and calibrated against the coverage using thermal-
desorption mass yields. The change of the differential
reAectance R —R, with hydrogen coverage measures the
change of the dynamic dipole response in the surface re-
gion and is, in principle, similar to a work function
probe. "' In our ellipsometry setup as shown in Fig. 1,
we use a combination of a polarized He-Ne laser and a
Hinds PEM-90 photoelastic modulator to alternate the
incident polarization from s- to p-polarization at 50 kHz.
We use a photodiode to detect the 100 kHz component of
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FIG. 2. Differential reflectance change A(R, —R~ ) from
Ni(111) versus hydrogen coverage 0.

III. RESULTS

the reAected light intensity. The latter can be shown to
be proportional to R —R, . In Fig. 2, we display the
differential reflectance R —R, from Ni(1 1 1) versus the
hydrogen coverage. The coverage is deduced from the
thermal-desorption measurements. The measured
R —R, varies almost linearly with the hydrogen cover-
age up to 0=0.7. The absolute change in R —R, at
0=0.5 is 2.8X10 . The linear dependence of R —R,
with the coverage corresponds well to the linear change
of the work function in the same coverage range. '

In the diffusion measurement, we monitor R —R, be-
fore and after the laser-induced desorption and deduce
the in situ coverage from the calibration shown in Fig. 2.

cular
ection

In Fig. 3, we display the measured diffusion rates of
deuterium on Ni(111) from 108 to 150 K at two cover-
ages: 0=0.05 and 0.3. The result for 0=0.3 has been re-
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FIG. 1. Optical ellipsometry setup for monitoring the adsor-
bate coverage on Ni(111) and laser-induced desorption setup for
creating adsorbate coverage gratings. PL: polarizer. PEM:
PEM-90 photoelastic modulator (from Hinds Instrument).
QW: quartz parallel window for compensating the initial
reflectance difference between s-polarized and p-polarized light
from a bare Ni(111) surface. BS: beam splitter. M: reflector.
WP: wave plate for rotating the polarization of one of the in-
terfering beams. PD: photodiode detector.
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FIG. 3. Diffusion rate of deuterium on Ni(111) versus tem-
perature. Solid squares: 8=0.05. Crosses: 0=0.30. The solid
lines are fits to the high-temperature rates with Arrhenius func-
tions which yield the over-barrier activation energies:
E, =3.8+0.2 kcal/mol for 0=0.30, E, =5.2+0.4 kcal/mol for
8=0.05.
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FICr. 4. Tunneling diffusion rate of deuterium on Ni(111}
versus coverage 9 measured at T= 110K.

ported previously and is displayed here for comparison.
The diffusion rate at 0=0.05 can be partitioned into an
activated part at temperatures above 133 K and a weakly
temperature-dependent part below 133 K. Following the
same analysis given in Ref. 4, we attribute the first part to
a classical over-barrier hopping with an activation ener-

gy E, =5.2+0.4 kcal/mol. This energy barrier is larger
than the value of 3.8+0.2 kcal/mol for 0=0.3. We attri-
bute the second part to an under-barrier tunneling. The
crossover occurred between T= 117 and 133 K. This nar-
row transition region overlaps with the transition region
for 0=0.3. This indicates that the hydrogen-hydrogen
interactions at 0=0.3 have a weak effect on the onset of
the tunneling diffusion. This aspect is consistent with the
fact that at T=108 K the tunneling diffusion rates are
only different by a factor of 2 for the two very different
coverages.

At T= 110 K which is below the transition region, we
measured the tunneling diffusion rates versus the cover-
age for deuterium and hydrogen. The results are
displayed in Figs. 4 and 5. Our results are in qualitative
agreement with the observation by Lin and Gomer. We
have extended the measurement closer to 0=0.5. There
are three important features. The first is that the tunnel-
ing diffusion rates D,„„„„(8)for both isotopes did not
change by more than a factor of 3 when the coverage is
varied from 0=0.03 to 0.45. This indicates that the
effect of the hydrogen-hydrogen interaction is weak on
the tunneling diffusion rate. The second is that the
diffusion rate weakly peaks at around 0=0.25 and 0.5.
We will argue in the next section that these peaks may be
associated with the ordered overlayer structures at these
two coverages and that the weakness of these peaks may
be used to estimate the strength and the range of the
hydrogen-hydrogen interaction on Ni(111). The third
feature is that the coverage dependence of the tunneling
rates for both isotopes are essentially the same up to
0=0.45. It means that the distinct quantum statistics as-
sociated with the two nuclei does not have a profound
effect in this coverage range. In the next section, we dis-
cuss the significance of these results.
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FIG. 5. Tunneling diffusion rate of hydrogen on Ni(111}
versus coverage 0 measured at T=110K.

IV. DISCUSSION

We first discuss qualitatively the direct consequence of
our experimental findings. It is helpful to review what is
known of hydrogen on Ni(111) from other studies. "'
Hydrogen atoms occupy fcc and hcp threefold hollow
sites up to 0=0.5. The binding-energy difference at these
two sites is suggested to be 0.02 eV by a density function-
al calculation. ' Compared to the heat of desorption
Ed„—1 eV —23 kcal/mol, this difference is small and
would be difficult to distinguish in a thermal-desorption
measurement. "' It is also small compared to the exper-
imentally observed diffusion energy barrier of Ed;&-0.2
eV-4 kcal/mol in the classical hopping region. By
comparing with the theoretical calculations by Nord-
lander, Holloway, and Norskov, such a barrier is con-
sistent with a picture of hopping between a fcc site and a
hcp site over a short bridge site. ' In the absence of
hydrogen-hydrogen interaction, the experimentally mea-
sured energy barrier should be an average of those from
fcc sites to hcp sites and vice versa. We should remark
that the binding-energy difference at the two threefold
hollow sites may not be small when under-barrier tunnel-
ing is considered and it is possible that a tunneling transi-
tion occurs effectively between fcc sites or between hcp
sites. Christmann and co-workers found that hydrogen-
hydrogen interactions on Ni(111) are primarily repulsive
up to the second nearest neighbors. The fact that the
maximum coverage of hydrogen on Ni(111) does not
exceed 0=1.0 even with a prolonged dosing (-4000 L)
at 150 K indicates that the interaction between two hy-
drogen atoms occupying two-nearest-neighboring sites is
repulsive and has the magnitude over J&=11 kcal/mol.
Within a lattice-gas description involving only two-body
interactions, the overlayer phase diagram of hydrogen
which Christman et al. obtained from the LEED
measurement yields a second-neighbor repulsion of
J~~ =1.6k~ T, =0.86 kcal/mol. "' ' From the width of
the phase diagram, these authors were led to suggest that
the third-neighbor interaction may be attractive. "' '
Our Monte Carlo simulation shows that the magnitude of
the attractive third-neighbor interaction would have to be
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D(T, 8)
D'(T, 8)

B(p/ks T)
0 lnO

where p is the chemical potential of the particle ensem-
ble. Recently, Uebing and Gomer observed in their
Monte Carlo simulation that Eq. (1) (known as the Dark-
en equation) seems to be satisfied for their model inter-
acting adsorbate systems. The insensitivity of the
classical-quantum crossover with respect to hydrogen
coverage change and the weak variation of D (T,8) from
0=0.03 to 0.45 at T= 110 K is quite significant. It seems
to be incompatible with the large magnitude of attractive
third-neighbor interaction deduced from the overlayer
phase diagram and with the fact that at coverage close to
9=0.5, most hydrogen atoms participate in the forma-

J»z= —0.43 kcal/mol, close to one-half of the second-
neighbor interaction. The relation Jz& =1.6k~ T& in-
cludes the effect of J»~ = —0.43 kcal/mol. '

In the over-barrier hopping region, our results show
that the activation energy barrier varies from 3.8+0.2
kcal/mol at 0=0.3 to 5.2+0.4 kcal/mol at 0=0.05.
Compared with an effective-medium theory calculation
by Puska and Holloway of hydrogen binding energy on
Ni(111), these values are consistent with the picture that
the over-barrier hopping takes place between two three-
fold hollow sites by crossing a short bridge site. ' The
variation of the activation energies is the result of
hydrogen-hydrogen interaction. The magnitude of the
variation agrees with the findings of Lin and Gomer. It
also compares favorably with the energy scales of
J» =0.86 kcal/mol and J»& = —0.43 kcal/mol de-
duced from the measurements of Christmann et al. We
notice, however, that the trend of the activation energy
variation with coverage observed is opposite to what Lin
and Gomer observed. They found that the activation en-
ergy barrier at 0=0.3 was larger rather than smaller.
Lin and Gomer also observed a large oscillatory change
in the activation energy in the coverage range between
0=0.2 and 0.35. Thus at the present time, we do not be-
lieve that this discrepancy is very significant given the un-
certainties in absolute coverage and in difFusion energy
barriers in our measurement.

In the tunneling diffusion region, our observations are
in good agreement with the report of Lin and Gomer.
This is very significant since the results of Lin and Gomer
were obtained with a field-emission fluctuation method.
So far, this is the first case where two different measure-
ment techniques were applied to the quantum tunneling
diffusion of hydrogen on a metal and yield essentially the
same results.

It is well-known that a particle density modulation de-
cay yields a chemical diffusion rate D ( T, 8), which is
defined by the Fick's law. Mazenko, Banavar, and Go-
mer pointed out that D (T,8) is not simply related to the
tracer diffusion rate D*(T,8) in general. It is the latter
that is directly related to the microscopic diffusion mech-
anisms. ' ' However if the motions of adsorbates are un-
correlated with each other, Mazenko, Gomer, and others
showed that D (T,8) is approximately related to D*(T,8)
by a thermodynamic factor

tion of c(2X2) structure. Consequently, it appears that
either the third-neighbor interaction is much weaker than
0.43 kcal/mol and the width of the overlayer phase dia-
gram is the result of weak but longer-range interactions
or there exist a compensatory effect between the thermo-
dynamic factor and D*(T,8). ' The presence of
longer-range interactions is consistent with the weak
peak at close to 0=0.25 as we will discuss next. The
second possibility was first pointed out by Gomer and
co-workers. ' Since we cannot obtain direct experimen-
tal information on the behavior of the thermodynamic
factor from the optical technique, we will discuss the
second possibility later with the help of a lattice-gas mod-
el.

For both hydrogen and deuterium, the tunneling
diffusion rates D,„„„„(8)initially dip as the coverage in-
creases from 0=0.03 and then peak at around 0=0.25.
As the coverage varies from 8=0.25 to 0.45, D,„„„„(8)
decreases again and finally weakly rises up again at close
to 8=0.5 The overall variation in D,„„„d(8)is less than
a factor of 3. It is clear that up to 8=0.5, D,„„„,&(8) has
no significant dependence on the quantum statistics of the
nuclear spins. Since the majority of adsorbed hydrogen
atoms on Ni(111) form the c(2X2) structure at close to
0=0.5, it is reasonable to attribute the rise of the tunnel-
ing diffusion rate near 0=0.5 to the approaching of such
an ordering. If this is true, we should also expect some
form of overlayer ordering to cause an equally weak peak
at around 0=0.25. As Lin and Gomer did not observe
any significant change in D,„„„,&(8) from T= 100 to 70 K,
this peak may not be caused by having the order-disorder
phase boundary accidentally at 0=0.25 at T=110 K.
One of the interesting possibilities is the formation of a
p(2X2) structure where the hydrogen atoms only occupy
the fcc threefold hollow sites with a primitive cell four
times as large as the topmost Ni layer. This possibility
was tentatively suggested by Christmann and co-
workers. " It will require the hydrogen-hydrogen interac-
tion to persist up to fifth or sixth-nearest neighbors as the
p(2X2) structure cannot be stabilized by having the
hydrogen-hydrogen interaction only up to the third-
nearest neighbor. This point is also supported by our
Monte Carlo simulation which will be shown shortly.

As to whether a small-polaron phonon mechanism or a
nonadiabatic electron mechanism predominates the tun-
neling diffusion below the classical-quantum crossover,
there have been numerous speculations. It appears to
us that both a modified phonon model which includes
quadratic hydrogen-phonon coupling and the conduction
electron model with a large hydrogen-electron coupling
constant ~=0.4 are plausible candidates given that the
experimental observation was over a relative narrow tem-
perature range below the crossover. ' We are currently
extending the measurement from T=108 K down to
T=30 K to hopefully resolve this issue.

In the second part of our discussion, we apply a
lattice-gas model to further explore the implication of the
experimental results and if possible, we examine the per-
formance of the model itself in the case of hydrogen on
Ni(111). We consider the interactions terms up to third-
nearest neighbors whose magnitudes were determined by
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fitting to the results of the low-energy electron diffraction
measurement by Christmann and co-workers: J&=11
kcal/mol, Jzz =0.86 kcal/mol, and J»& = —0.43
kcal/mol. It is reasonable that the sign of the
hydrogen-hydrogen interaction alternates from positive
to negative as the distance increases. This oscillatory
behavior of pair interaction with distance has been ob-
served for other adatoms on metals and the physical ori-
gin has been explored by Einstein and Schriefer within a
tight-binding model calculation. ' ' In Fig. 6, we sketch
the topmost atomic layer of Ni(111) and indicate up to
the sixth neighbors of a threefold hollow site. Such a
lattice-gas model parametrizes the otherwise complex
hydrogen-hydrogen interactions. The empirically deter-
mined parameters can then be used to calculate the ther-
modynamic factor [B(iM/k~ T)/8 ln8] and the probability
distribution of the ground-state energy detuning caused
by hydrogen mutual interactions. The latter is crucial
for the evaluation of the ensemble average of the
tracer diffusion rate (D*(T)). The chemical diffusion
rate can then be obtained from the expression
(D(T) ) = [8(iM/k~ T)/B ln8](D'(T) ) and should be
compared with the rate determined experimentally. '

The simulation is performed on a honeycomb lattice
representing stable sites for hydrogen on Ni(111) with
1600 substrate atoms with periodic boundary conditions
as shown in Fig. 6. We have assumed that fcc sites and
hcp sites have the same ground-state energies in the ab-
sence of hydrogen-hydrogen interaction. A Sun
SPARCstation 10 (Model 30) is used for the simulation.
The thermal equilibrium in the grand canonical ensemble
is obtained with 10000 Monte Carlo steps. In each step,
we fix itt/k~ T and interrogate all 3200 sites sequentially.

T = 110K
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The occupation state of an interrogated site is changed
with a probability Pf;-exp[ (—Ef E—;+p, )/k~T]. E;
and Ef are the energies of the lattice gas before and after
the intended change. The plus (minus) sign applies when
the state changes from being occupied (unoccupied) to
being unoccupied (occupied). The thermal equilibrium is
verified by monitoring the total energy of the lattice gas.
We then perform additional 10000 Monte Carlo steps to
obtain the average coverage 8. In Fig. 7(a), we display
the isotherms (chemical potential p versus 8) thus ob-
tained. In Fig. 7(b), we show the thermodynamic factor
[B(itt /kz T) /8 ln8] at T = 110 K by numerically
differentiating the isotherm shown in Fig. 7(a). One of
the striking features is the large variation of the thermo-
dynamic factor in the coverage range from 0=0 to 0.45.
It becomes very small over a wide region where the ad-
sorbed atoms are in a gas-solid coexistence phase. It only
increases rapidly near 0=0.5. Even when the calculated
curve is convoluted with a +10%%uo relative coverage un-
certainty, the resultant [B(p/k~T)/Bln8] still varies by
more than a factor of 10. Such a large variation has been
observed experimentally by Lin and Gomer for hydrogen
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FIG. 6. Sketch of the topmost layer (large open circles) of
Ni(111) surface. Solid circles: hydrogen atoms at hcp threefold
hollow sites. Shaded circles: hydrogen atoms at fcc threefold
hollow sites. The ensemble of either solid circles or shaded cir-
cles form a p(2X 2) structure. The ensemble of solid circles and
shaded circles form a c{2X 2) structure. J&, J», J~», J»&~,
J»»&, J»»» indicate up to sixth-neighbor interactions.
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FIG. 7. (a) Calculated isotherm p/k&T versus 0 at T=110K
from a lattice-gas model of hydrogen-hydrogen interactions on
Ni(111) with J~ = 11 kcal/mol, J» =0.86 kcal/mol, and

J»z = —0.43 kcal/mol. (b) Thermodynamic factor
[B(plks Ti/t) 1nO] at T= 110 K calculated from the isotherm
shown in (a).
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and the one dominated by small-polaron phonon mecha-
nism D*„,„(T, E) is by '
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on Ni(111) with a field-emission current fluctuation
method. However, these authors observed that the dip in
[B(lM Ik~ T) Ir) 1n0] near 8=0.25 did not vary with
temperature while the dip of our calculated
[B(elks T)IB ln8] does change with temperature and is
not centered at around 0=0.25. This is understandable
as we do not expect stable ordering to occur at 0=0.25
with only up to the third-neighbor interactions. In the
simulation, we also calculate the probability distribution
of the energy detuning as a result of the hydrogen-
hydrogen interactions. After the lattice gas reaches the
thermal equilibrium, we perform 30000 Monte Carlo
steps. In each step, we interrogate each atom by allowing
it to attempt a move to the three-nearest-neighbor sites if
unoccupied. We count the occurrence frequency for a
given differential energy or energy detuning Ef —E, The
probability for such an energy detuning is given by divid-
ing this frequency by the total number of adatoms and by
3, which is the number of possible moves for each atom.
This probability is averaged over the 30000 Monte Carlo
steps. From this distribution, we calculate the ensemble
averaged tracer diffusion rate in quantum tunneling
region. We consider two cases: a nonadiabatic
conduction-electron dominated tunneling and a small-
polaron phonon dominated tunneling. If we define
the energy difference between the final site and the initial
site due to hydrogen-hydrogen interaction as c=Ef—E;,
it is easily shown that the tracer diffusion rate dominated
by a conduction-electron mechanism D,"l(T,E) is given
b 23 24

I (Ir+isl2mk~T)
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tor of 100. In particular, there are no additional features
either around 0=0.25 or in the region where the thermo-
dynamic factor diminishes. For (D h „(T, E) ), the result
does not change significantly with the choice of E, except
for the absolute values. From the results shown in Figs. 7
and 8, we calculate the chemical diffusion rate using the
expression (D( T) ) =

I t)(plk~ T) Ir)inO] (D *(T) ). The
result is shown in Fig. 9. Qualitatively, the model repro-
duces two features which are observed experimenta11y:
the initial decrease of the diffusion rate at low coverage
and the final increase of the diffusion rate as the coverage
approaches 0=0.5. However because there is no feature
in the ensemble averaged tracer diffusion rate in the mid-
dle of the coverage range, the resultant chemical diffusion
rate drops by orders of magnitude in the region where the
thermodynamic factor becomes vanishingly small. This
feature is not seen experimentally. In fact the experimen-
tal diffusion rate weakly peaked at around 0=0.25 and

coverage e

FIG. 8. Calculated ensemble average of tracer tunneling
diffusion rates versus coverage t9 at T= 110 K using a lattice-gas
model of hydrogen-hydrogen interactions on Ni(111) with

J~ = 11 kcal/mol, J~~ =0.86 kcal/mol, and J~~~ = —0.43
kcal/mol. (D,*~ (T, O) ) denote electron dominated tunneling
rates. (D *z( T, O) ) denote phonon dominated tunneling rates.

(3)

Here, ~ is the hydrogen-electron coupling constant and is
estimated to be 0.4 from the effective-medium theory.
E, is the small-polaron activation energy arising from the
hydrogen-phonon coupling. In the calculation, we have
taken E, to be 0.1 kcal/mol, 0.5 kcal/mol, and 1.0
kcal/mol. We note that these rates maintain the detailed
balance. In the present model, we have assumed that the
tunneling matrix element remains unchanged and the
effect of hydrogen mutual interaction on the tracer
diffusion rate comes in only through the ground-state en-
ergy detuning e or the multiplicative factors in Eqs. (2)
and (3). In Fig. 8, we show the ensemble average
(D,*&( cT, ) ) and (D*h „(T,e) ). The temperature T is
taken to be 110 K where the experiment was performed.
Both (D,*&(T, )) sand (D*h,„(T,E)) decrease monotoni-
cally with the increase of coverage. From 0=0.025 to
0.45, both (D,*l(T,E)) and (D*„,„(T,E)) drops by a fac-
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according to the report of Lin and Gomer, the position of
the peak is stable as the temperature is varied from 100 to
70 K. Quantitatively, the calculated diffusion rate has a
much stronger coverage dependence than what were ex-
perimentally observed for hydrogen on Ni(111), regard-
less whether it is dominated by the electron effect or the
small-polaron phonon effect. We can draw a number of
important conclusions from this result. First, the present
lattice-gas model does not lead to a large compensatory
feature in the tracer diffusion rate to offset the large cov-
erage dependence of the thermodynamic factor. In fact,
as the phase-transition sets in, the ensemble averaged
tracer diffusion rate does not change nearly as dramatic
as the thermodynamic factor does. If this result is gen-
eral and model independent, it raises an interesting ques-
tion as to whether there actually exist effective compensa-
tory effects for any lattice-gas model. Second, by fitting
only up to third-neighbor interaction terms to the over-
layer phase diagram, this lattice-gas model is clearly
inadequate to reproduce the weak and yet stable peak in
D,„„„,i(8) at 9=0.25. It will take repulsive fourth- and
fifth-neighbor interactions and/or attractive sixth-
neighbor interactions, if not beyond, to produce any
stable feature at around 0=0.25. Attempts to estimate
the necessary magnitudes of these longer-distance in-
teractions are beyond the objective of this paper. Third,
the large variation and the dip in the calculated diffusion
rate are the results of the large attractive third-neighbor
interaction energy. Thus, any serious improvement of
the lattice-gas model in order to explain the hydrogen
tunneling diffusion on Ni(111) must substantially reduce
the magnitude of the third-neighbor interaction while
reproducing the overlayer phase diagram. It is
noteworthy that the inclusion of the longer-range interac-
tions will, in part, achieve this goal. It is unclear howev-
er whether it will yield a sufBciently weak coverage
dependence to be comparable to the experimental result.

We now comment on the effect of hydrogen mutual in-
teraction on the temperature dependence of the experi-
mental diffusion rate, an issue which we raised in the In-
troduction section. Such an effect comes in through the
thermodynamic factor and the ground-state energy de-
tuning distribution. ' ' From our earlier discussion and
the fact that the experimentally observed rate varies
weakly with coverage, it is reasonable to conclude that in
the coverage range from 0=0.05 to 0.45, adsorbed hy-
drogen on Ni(111) should only experience weak first-
order or second-order phase transitions at above T= 110
or 70 K. Otherwise, the chemical diffusion rate would
vanish with the thermodynamic factor. Moreover, re-
gardless of which theoretical model of the hydrogen-
hydrogen interactions on Ni(111) may be appropriate, the
effect of the interaction on the temperature dependence
of the chemical diffusion rate should be equally weak as it
is on the coverage dependence at temperatures above
T=70 K and coverage below t9=0.45. This conclusion
should also be independent of whether the nonadiabatic
conduction-electron effect or the small-polaron phonon
effect dominates in the under-barrier tunneling region.

Our Monte Carlo simulation shows that the latter may
be resolved as we extend the experiment down to 30 K
and at coverage no more than 2 —5 % of a monolayer,
where the chemical diffusion rate approaches the tracer
diffusion rate.

V. CONCLUSION

We have investigated the coverage dependence of the
under-barrier tunneling diffusion rates of hydrogen on
Ni(111) using an optical diffraction technique. Together
with the field-emission fluctuation study of the same sys-
tern by Lin and Gomer, we have established that the
quantum tunneling diffusion of hydrogen is very weakly
affected by the hydrogen-hydrogen interaction at ternper-
atures above T=70 K over a wide coverage range from
5% to 45% of a monolayer. Qualitatively, the tunneling
diffusion rates for both isotopes behave similarly, indica-
tive of weak effects of quantum statistics associated with
the nuclear spins. We attribute the soft peaks at around
8=0.5 and 0.25 to the formations of c(2X2) and possi-
bly p(2X2), respectively. The weak effect of hydrogen-
hydrogen interaction on the coverage dependence
reasonably implies an equally weak effect on the tempera-
ture dependence of the chemical diffusion rate so that the
latter maybe more closely approaches the tracer diffusion
rate. By applying a lattice-gas model of hydrogen-
hydrogen interaction on Ni(111), we find that the inverse
of the thermodynamic factor or the compressibility of ad-
sorbed hydrogen diverges in the gas-solid coexistence re-
gion and such a divergence is not compensated for by the
ensemble averaged tracer diffusion rate. The weak effect
of the hydrogen mutual interactions further suggests that
the third-neighbor attractive interactions should be much
weaker than the estimated 0.43 kcal/mol in order to
avoid strong first-order overlayer phase transition. Con-
sequently, the width of the overlayer phase diagram of
hydrogen on Ni(111) should be strongly affected by
longer-range interaction such as fifth- and sixth-neighbor
interactions. This point is also consistent with the obser-
vation of a soft peak at around 0=0.25 Our Monte Car-
lo simulation raises an interesting theoretical question as
to whether a more realistic model of hydrogen-hydrogen
interaction on Ni(111) will yield sufficient compensatory
effect to explain the weak coverage-dependent diffusion
rate and large variation of the thermodynamic factor as
observed by Lin and Gomer. Due to the limited tempera-
ture range where the quantum tunneling diffusion is ob-
served, we cannot ascertain the predominant microscopic
tunneling mechanisms between 70 to 110 K.
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