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Coverage dependence of the microscopic diffusion of Na atoms on the Cu„001… surface:
A combined helium atom scattering experiment and molecular dynamics study
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Previous quasielastic helium atom scattering studies of the low-coverage diffusion of sodium (QNa<0.05)
on the Cu~001! surface have been extended up to coverages ofQNa50.18. These measurements, at surface
temperatures betweenTs5180 and 390 K and parallel wave vector transfers up toDK53.34 Å21, are com-
pared with molecular dynamics simulations that include the dipole-dipole interactions between the Na atoms.
Whereas the simulations can explain the increase in the observed activation energy and the change in the shape
of the peak width with momentum transfer, they fail to reproduce the marked overall increases in peak widths
observed as the coverage is increased. Several possible explanations are discussed and are shown to be unable
to explain the results.
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I. INTRODUCTION

The diffusion of adsorbates on single-crystal surface
an important elementary microscopic step governing the
namics of many processes occurring at surfaces suc
chemical reactions~catalysis! and epitaxial growth.1 A large
range of experimental techniques have been developed
the years for the study of diffusion at surfaces.1 Of these the
method of field ion microscopy2 ~FIM! provides perhaps the
most detailed information on the elementary microsco
processes, but is limited largely to refractory metal atoms
a refractory metal surface. Recently, several other techniq
such as laser-induced desorption~LID !,3 linear optical
diffraction,4 second-harmonic generation~SHG!,5,6 scanning
tunneling microscopy~STM!,7 and quasielastic helium atom
scattering~QHAS!,8 which is the surface analog of quasiela
tic neutron scattering,9 have been successfully implemente
Experimental methods such as LID and SHG are sensitiv
adsorbate diffusion over length scales of the order of sev
micrometers and are therefore sensitive to the chemical
fusion coefficient. In the microscopic techniques FIM a
STM, snapshots are made at successive times of the a
positions of the atoms on the surface. The other microsco
technique, QHAS, is sensitive only to the actual motion
the individual adsorbates. At present the QHAS techniqu
limited by the instrumental resolution to fast diffusion with
diffusion coefficient D>1026 cm2/sec,10–15 whereas STM
and FIM are restricted to slow diffusion withD
<10214cm2/sec.7

Previously, the QHAS method has been applied to m
than five different metal/metal and nine adsorbate/m
systems.14,15 Of these, the diffusion of sodium adatoms o
the Cu~001! surface has been the most extensiv
studied.13,16–18 In the most recent investigation both th
quasielastic peak broadening and the frustrated translati
vibration mode were studied over a wide range of tempe
tures ~150–390 K! and wave vector transfers for bot
Cu~001! azimuthal high-symmetry directions.16 Since this
study was restricted to low coverages,QNa,0.05 monolayer
0163-1829/2001/63~19!/195408~9!/$20.00 63 1954
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@QNa51 corresponds to one sodium atom per Cu~001! sub-
strate atom orn51.5331019atoms/cm2# the interaction be-
tween sodium atoms could be safely neglected and the
sults were compared with a full simulation based on
Langevin equations for single sodium atoms with a fricti
coefficient to account for the dynamical coupling to substr
degrees of freedom. From the best fit of all the data a
tailed potential energy surface governing the lateral mot
of the individual atoms was determined.16

In the present study these experiments have been
tended to higher coverages up toQNa50.18 where it is
known from a companion structural study19 at Ts550 K that
there are strong repulsive interactions between the sod
atoms which lead to well-defined adsorbate lattices.

Other inelastic helium atom scattering20 experiments have
also shown an effect of the Na-Na interaction on the fr
trated translation mode~T mode! at the coverages studie
here. To establish the role of the direct dipole-dipole rep
sion interactions the present QHAS diffusion experime
are compared with detailed molecular dynamics~MD! simu-
lations based on the Langevin dynamics method. These
tensive comparisons show that many of the features of
experiment can be well reproduced by introduction of t
dipole-dipole repulsion, which was calculated by Lau a
Kohn21 to be twice the repulsion between two free dipole
where the sodium dipole moment is determined from wo
function measurements.22,23 With increasing coverage, how
ever, the experimental QHAS peak widths are found to
come increasingly larger than predicted. By changing
strength of the adsorbate-adsorbate interaction it is not p
sible to explain both the absolute magnitude of the obser
widths and the other experimental features. Other poss
explanations for this discrepancy are also examined, and
not able to explain the differences.

Recently Cucchetti and Ying23 reported a comparison
based on a similar theory with some of the experimental d
reported here. The present publication contains a final an
sis of the full set of experimental data, which differ in som
respects from those presented in Ref. 23. Moreover, it
©2001 The American Physical Society08-1
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FIG. 1. A series of inelastic helium scattering TOF spectra in the vicinity of the QE peak converted to an energy transfer scale fo
temperatures of a Cu~001! surface withQNa5~a! 0.028 and~b! 0.18 adsorbed sodium. The inset to~a! shows an extended TOF spectrum f
a temperature ofTs5180 K with the inelastic peaks from the parallel frustrated translational mode~T! and the surface Rayleigh wave~RW!.
The inset to~b! shows an extended TOF spectrum for the clean surface. The TOF spectra were obtained with an 11.2 meV heliu
scattered in the@100# surface direction with a wave vector transfer ofDK50.68 Å21. The open circles show the experimental data poin
while the dashed lines show the response function of the helium scattering apparatus under the same conditions. The solid line t
data points is a convolution of the instrument response function with a best-fit Lorentzian peak shape, which is used to ex
quasielastic broadening of the peak.
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dresses the important issue of why the measuredDK depen-
dence of the QHAS peak widths is significantly larger th
in the theoretical simulations.

The paper is organized in the following way. In Sec. II t
experimental details are described, followed, in Sec. III,
the QHAS experimental results. In Sec. IV the details of
MD simulations are discussed and subsequently a comp
son between the experimental and MD results is made
Sec. V. In Sec. VI the results are discussed and the p
closes with a summary of the main conclusions in Sec. V

II. EXPERIMENTAL PROCEDURE

The HUGO II high-resolution helium atom scatterin
apparatus24,25 used here has a supersonic atomic heli
beam source ofDv/v;1% and a time-of-flight arm of 1.4 m
length at a fixed angle ofuSD595.8° to the incident beam
The parallel wave vector transfer (DK) at the crystal was
varied by changing the incident angle of the beam to
surface and for elastic scattering is given by

DK5ki@sin~uSD2u i !2sin~u i !#. ~1!

The energy resolution at the beam energy used in the pre
experiments (Ei511.2 meV) wasDEi50.30 meV. The an-
gular resolution is typicallyDu50.3° which, at an inciden
energy ofEi511.2 meV, corresponds to a parallel wave ve
tor transfer resolution ofd(DK)'0.03 Å21. The Cu~001!
single-crystal surface was cut and mechanically polished
an accuracy of better than 0.25°. The copper sample
then cleaned in ultrahigh vacuum with repeated cycles
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sputtering and annealing until no contamination could be
tected with Auger spectroscopy~,1%! and elastic and in-
elastic helium scattering showed a smooth surface wit
high degree of order.

Sodium was evaporated from a SAES Getters alkali-m
source,26 directed normal to the surface and the covera
QNa was monitored by measuring the attenuation of
specular helium peak27 with an estimated error in the cove
age ofdQNa'0.005. The surface temperature was measu
using a Ni-CrNi~K-type! thermocouple attached to the sid
of the copper sample with an accuracy estimated to bedTs
;65 K. The base pressure~i.e., excluding the partial pres
sure of helium from the beam! was less than 2
310211mbar. The specular intensity from the sodium
covered surface changed by less than 10% over a period
h, after which the surface was cleaned and a fresh laye
sodium deposited.

III. RESULTS

Figure 1~a! shows a typical series of measured time-o
flight ~TOF! spectra of the quasielastic~QE! peak, converted
to an energy transfer scale (DE), for six different surface
temperatures betweenTs5180 and 330 K, along the@100#
azimuth, and a low sodium coverage ofQNa50.028. The
incident beam energy was 11.2 meV and the incident an
wasu i539.9° corresponding to a fixed parallel wave vec
transfer ofDK50.86 Å21. The inset illustrates a complet
TOF spectrum in which, in addition to the QE peak, t
inelastic structures due to the sodium frustrated transla
8-2
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COVERAGE DEPENDENCE OF THE MICROSCOPIC . . . PHYSICAL REVIEW B 63 195408
mode~T mode! and the substrate surface Rayleigh wave
also apparent. These inelastic peaks have been extens
analyzed and the results are reported in Refs. 16, 18, and
The dashed lines in each spectrum in Figs. 1~a! and 1~b!
show the experimental energy resolution function. The d
ference between the measured TOF distribution and
dashed line is attributed to quasielastic broadening, whic
Fig. 1 is seen to increase significantly with increasing surf
temperature. These results are in excellent agreement
earlier measurements under nearly the same conditions.13 For
comparison Fig. 1~b! shows a series of typical spectra for
factor of 6 greater coverage,QNa50.18, under otherwise
identical conditions as in Fig. 1~a!. Compared to the low-
coverage data, a much greater QE broadening is found a
higher coverage.

The quasielastic peak width was extracted by a le
squares fitting of a convolution of the instrument respo
and the theoretically expected Lorentz function to each T
spectrum.14,29 The results of the fitting procedure are show
by the solid lines for each spectrum. As can be seen,
overall fit is well within the experimental scatter in the da
points. The extracted Lorentz peak energy full widths at h
maximum ~FWHM! G from the TOF series shown in Figs
1~a! and 1~b! are plotted in Fig. 2 on a logarithmic sca
versus the inverse surface temperatureTs . The peak width
errors were estimated from a significant number~;50! of
trial fits to simulated TOF spectra generated with the sa
noise level and peak width as each of the measured T
spectra.14 The resulting error calculated for a typical TO

FIG. 2. Arrhenius plots of the quasielastic peak widths~G! ver-
sus inverse surface temperature (Ts) for sodium coverages ofQNa

50.028 and 0.18 for a parallel wave vector transfer ofDK
50.86 Å21. The beam energy in both measurements was 11.2 m
along the@100# direction. The least-squares fit of the data poin
yields effective activation energies ofEact553.260.9 meV for
QNa50.028 andEact563.961.8 meV forQNa50.18.
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spectrum with a constant background count rate of
counts/channel and a peak of 1000 counts/channel at m
mum andG50.100 meV width was determined to bedG
'0.005 meV using this procedure.14 From the slope of the
data points an effective activation energyEact was extracted.
Figure 3 shows the values ofEact obtained in this way for a
range of sodium coverages and a parallel wave vector tr
fer of DK50.86 Å21.

Figure 4~a! shows a series of TOF spectra for differe
values of the parallel wave vector along the@100# azimuth all
at a low sodium coverage ofQNa50.028 and a surface tem
perature ofTs5300 K. The peak width is observed to in
crease significantly to a maximum atDK51.74 Å21 before
decreasing to a minimum atDK53.34 Å21, close to the first
diffraction peak position for the Cu~001! surface in the@100#
direction (DK5G53.48 Å21). Over the same range ofDK
the quasielastic peak intensity falls by nearly four orders
magnitude. In Fig. 4~b! a series of TOF spectra are shown f
a higher sodium coverage ofQNa50.106 under the same
scattering conditions and also for a surface temperature
Ts5300 K. For this higher coverage the quasielastic pea
much broader for low values of parallel wave vector, with
smaller increase in width towardDK51.74 Å21 than for
QNa50.028. In addition, the quasielastic peak is broaden
appreciably atDK53.34 Å21, near the diffraction peak
compared to the relatively small broadening observed fo
coverage ofQNa50.028 in Fig. 4~a!. The quasielastic peak i
observed to be consistently broader forQNa50.106 than for
QNa50.028.

IV. MOLECULAR DYNAMICS SIMULATIONS

To assist in interpretation of the QHAS data, a molecu
dynamics simulation of the diffusion of sodium on Cu~100!

V

FIG. 3. The effective activation energyEact measured for a par-
allel wave vector ofDK50.86 Å21 as a function of sodium cover
age~open circles with error bars!. The filled squares show the ef
fective barrier calculated from the molecular dynamics simulatio
for the same value ofDK. The dashed line shows the variation
activation energy calculated directly from the Lau and Ko
adatom-adatom dipole-dipole interaction model discussed
Sec. V C.
8-3
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FIG. 4. A series of quasielastic helium sca
tering TOF spectra fromQNa5~a! 0.028 and~b!
0.106 sodium on Cu~001! for different parallel
wave vector transfers at a surface temperature
Ts5300 K and an incident beam energy of 11
meV along the@100# direction. The experimenta
points ~s! show a broadened distribution com
pared with the instrument response~dashed line!.
The results of a least-squares fit to the peaks fr
a convolution of the instrument response with
Lorentz curve are shown by the solid line.
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was performed, as outlined in Ref. 30. The substra
sodium-adatom potential is modeled by a corrugated po
tial of the form

V~x,y!5
Et

4
1

Eb

2
1

Et

4 FcosS 2px

a D1cosS 2py

a D G
1

1

4
~Et22Eb!cosS 2px

a D cosS 2py

a D . ~2!

The simple cosine potential used previously16,18,31has been
modified to allow the top and bridge site diffusion barrie
~Et and Eb! to be varied independently. Here,x and y are
displacements parallel to the surface,a is the nearest-
neighbor spacing on the substrate surface~2.55 Å!, and Et
andEb are the energies of the on-top site and the bridge
with respect to the fourfold ground-state hollow site. Th
potential is somewhat different from the two-dimension
potential, denotedVGHTCY, previously obtained by Graham
et al.16,18 as a best fit from a single-adatom Langevin m
lecular dynamics simulation of the low-coverage diffusi
data. TheVGHTCY potential was used to explain the observ
temperature dependence of the position and width of
T-mode peak. Equation~2! is used here since the number
free parameters is reduced and it is much simpler to calcu
while it retains the essential shape of the earlier best-fit
tential. The method used here employs the same Lang
equation as in the earlier work16,18 to describe the interaction
of individual adatoms with the surface. The energy excha
with the substrate was modeled with a Brownian motion ty
combination of friction, given by the friction parameterh
~defined fromdv/dt52hv! and random impulses to mode
the transfer of energy from the substrate to the adatoms
outlined in Ref. 30.

Unlike in the previous simulations for low sodium cove
ages, the direct repulsive dipole-dipole interaction betw
the sodium atoms was also taken into account in the pre
simulations. The sodium-sodium interaction potential w
taken to be the Lau and Kohn dipole repulsion potentia21
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which is twice the interaction of free dipoles due to ima
charge effects. This potential is described in more detai
the Appendix.

For most of the simulations 512 sodium adatoms w
used with a total simulation time of 492 ps~214 time steps!
per run, and averages taken over 144 runs.Et , Eb , andh
were varied so as to fit the low-coverage data in both
@100# and@11̄0# directions over the temperature range 20
300 K. The best fit was obtained for values of the top s
barrier of Et587.5 meV, a bridge~saddle! site barrier of
Eb570 meV, and friction coefficienth50.68 ps21. These
results are in reasonable agreement with the correspon
values ofEt584 andEb575 eV for VGHTCY, which has a
somewhat larger value ofh50.9 ps21. The greater value for
h correlates with the 5 meV higher bridge site barrier ene
of VGHTCY than in the present case. In order to increase
jump rate to fit the experiment, a higher value ofh is there-
fore required. The best-fit value forh50.68 ps21 lies be-
tween the values of 0.63 ps21 ~220 K! and 0.80 ps21 ~300 K!
calculated from the dynamics of a single sodium adatom
a moving slab substrate.17 Since only phonon-mediated en
ergy transfer between substrate and adsorbate was incl
in the full simulations, whereas in the current simulationsh
was varied to fit the data, the rather close agreement betw
the values obtained suggests that the contribution of the e
tronic coupling to the friction is relatively small compared
the phonon contribution. The variation ofh with temperature
predicted by the earlier moving substrate simulations17 was
not included in the current work since it was found to ha
only a minor effect on the values ofEt andEb required to fit
the data.

V. DISCUSSION OF EXPERIMENTAL AND MOLECULAR
DYNAMICS RESULTS

The experimental momentum transfer dependence of
quasielastic broadening is compared with the MD simu
tions in Fig. 5 for three different temperatures and four d
ferent coverages. In the experimental data three impor
8-4
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changes in theG(DK ) curves are observed with increasin
coverage. The first is the increase in the effective activa
barrier shown in Figs. 2 and 3, the second is a change in
shape of the curve~the broadening rises to its maximu
value more quickly as the coverage increases!, and the third
is that the broadening at the maximum increases as a f
tion of coverage. Each of these coverage-induced chan
will now be considered in turn.

A. The coverage dependence of the activation energy

A comparison of the experimental activation energy,
determined from the temperature dependence of the qu
elastic broadening at a momentum transfer of 0.86 Å21, with
the MD simulations is shown in Fig. 3. As can be seen,
experimental value ofEact increases from Eact552.5
60.9 meV at a low coverage ofQNa50.028 toEact563.9
61.8 meV for QNa50.18. The value ofEact at the lower
coverages is in excellent agreement with the value ofEact
55166 meV determined forTs5175– 400 K at a coverag
of QNa50.05.13 The activation energies measured here
comparatively low for surface diffusion,1 and result in a fast
rate of diffusion: the mean jump rate for the sodium adato
at low coverages is 0.13 THz, whereas the frequency of
frustrated translation mode of the Na adatoms is only
THz. The increase in activation energy shown by the M
simulations is in good agreement with the experiments. T
increase in activation energy is attributed to the 1/r 3 dipole-
dipole repulsive interaction between adatoms. Since this
tential has a positive second derivative, finite steps tow
nearest neighbors increase the activation energy by m
than the decrease resulting from steps of the same size
directed away from neighboring atoms, so a step away fr
some ‘‘mean’’ position will experience a higher activatio

FIG. 5. Comparison of the experimental and MD simulat
widths of the quasielastic peak,G, as a function of the parallel wav
vector transferDK at Ts5200, 250, and 300 K along the Cu~001!
@100# direction for four different sodium coveragesQNa. The inci-
dent beam energy was 11.2 meV.
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energy than a corresponding step made by an isolated
tom that does not experience adatom-adatom interac
forces. This effect can also be simply modeled by arrang
six nearest neighbors symmetrically around a central atom
a distance commensurate with the adatom coverage, and
culating the resulting change in activation energy. The eff
on the activation energy is estimated by comparing the
ergy of the central atom in its initial central position with i
energy when it is displaced by half an atomic jump aw
from this position. The change in activation energy is th
averaged over the possible orientations of the hexagon
nearest neighbors with respect to the jump vector. The
sults of this model are shown by the dashed curve in Fig
The good agreement of both this simple model and
present MD simulations with the data gives strong supp
for the Lau and Kohn model for the dipole-dipole interacti
energy, with twice the free dipole-dipole interaction energ
and a sodium adatom dipole moment strength determi
from work function measurements. This suggests that o
possible contributions to the adatom-adatom interaction
tential are small by comparison.

B. The shape of the broadening curve

At the lowest coverages the interactions between adat
are weak and, therefore, as outlined in Ref. 30 the Viney
convolution approximation32 can be used to discuss th
G(DK ) curves in terms of simple algebraic models. As o
lined in more detail in Ref. 13, a simple jump diffusio
model will have a peak width behavior given by

G~DK !52\(
j

n j@12cos~K• j !#, ~3!

where n j are the jump frequencies corresponding to jum
vectors j . Thus, if single-jump diffusion occurs betwee
neighboring four-fold hollow sites, then one would expe
the broadening curve to be a displaced sinusoidal curve w
zeros atDK50 and 3.48 Å21 in the @100# direction. The
experimental data at the lowest coverage~0.028! do show a
pronounced minimum atDK53.48 Å21, characteristic of
jump diffusion to nearest-neighbor sites. The dip is ev
more pronounced than in the previously published data13,17

because of the better experimental resolution in the cur
work. TheG(DK ) curves for this coverage rise more steep
than they would for a simple displaced sinusoidal curve,
dicating the presence of double and possibly lon
jumps.13,16 The importance of single and double jumps
also seen in the present MD simulations of the system
there is good agreement between the experimental and s
lated broadening atQNa50.028~see Fig. 5!.

At coverages greater thanQNa50.028 both the experi-
mental data and the simulations show that theG(DK ) curves
rise more rapidly withDK than is predicted by Eq.~3!, sug-
gesting that there is an increasing proportion of longer ju
lengths. Moreover, as the interactions between the adat
become stronger, the interference of the scattering am
tudes from correlated motions of the neighboring atom
which is neglected in the Vineyard approximation, must
8-5
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taken into account. Since at very low coverages the sod
atom motions are not appreciably correlated, these inter
ence terms sum to zero but, at higher coverages, as a res
the mutual interactions, the motions become correlated
the interference term can make contributions.

In order to differentiate between the effect of interferen
and the motion of the individual adatoms, the scattering c
culations were also performedincoherentlyby adding the
scattering intensities from the individual atoms instead of
amplitudes, so that interference is not included. This
equivalent to using the Vineyard approximation to calcul
the quasielastic broadening.32 A comparison between the co
herent~true! and incoherent~Vineyard! peak widths is shown
in Fig. 6 for a coverage ofQNa50.106 and a surface tem
perature of 300 K. It is interesting to see that the shape of
incoherent broadening curve is very similar to that of t
coherent one~Fig. 5! at the lowest coverage (QNa50.028),
indicating that the jump length distribution at a coverage
QNa50.106 is similar to that found at the lowest coverag
The more rapid rise in the experimental curves with cover
therefore appears to be due to correlated motions of the
dium adatoms and not due to an enhancement of the lo
length jumps.

In Fig. 6 it is interesting to note that in the region 0.7
,DK,2.6 Å21 the coherent and incoherent curves are v
similar in form and magnitude, suggesting that the Viney
approximation is valid for these wave vector transfers. Si
these correspond to short distances, mostly to nea
neighbor sites, the direct influence of correlated motion
the quasielastic broadening is expected to be small.
broadening in this range is, therefore, mainly determined
the jump rate of individual atoms and, although the prese
of the neighboring atoms may change this rate, the broad

FIG. 6. A comparison between the measured QHAS p
widths ~filled circles! and the peak widths derived from the prese
MD simulations using the coherently scattered intensity~squares!,
and the widths from a MD simulation of the incoherently scatte
intensity only ~diamonds!. The coverage of sodium wasQNa

50.106, the surface temperature was 300 K, and the incident b
energy was 11.2 meV.
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ing here is not significantly affected by the relative times
which an atom and its neighbors jump. Since the me
atomic spacing forQNa50.106, corresponding to the pea
width curves in Fig. 6, is 8.4 Å, correlated jumps are e
pected to occur for wave vectors less than the reciproca
this distance, i.e., 2p/8.450.75 Å21, as well as in the
symmetry-related region ofK space betweenDK52.7 and
4.3 Å21 around the diffraction peak atDK53.48 Å21. It is
exactly in these regions that a large increase in quasiela
broadening is seen~Fig. 6!.

C. The magnitude of the QE peak width

The maximum value of the experimental peak widths
found to increase roughly by a factor of 3 as the coverag
increased sixfold from 0.028 to 0.18~Fig. 5!. As discussed
above, the quasielastic peak widths near the maximum
largely determined by the motion of individual atoms, rath
than by the relative timings of jumps made by neighbori
atoms. Thus, it may be concluded that the jump rate of
individual Na atoms also increases by a factor of 3 as
coverage rises from 0.028 to 0.18. The MD simulatio
however, based on the interaction parameters~friction and
potential surface! required to fit the low-coverage QHAS
data and the Lau and Kohn Na-Na interaction potential, p
dict a much smaller 32% increase in QHAS broadening a
associated Na atom jump rate. The observed increase in
dium adatom jump rate must be due either to changes in
interactions between the adatoms and the substrate, o
adatom-adatom interactions not accounted for by the
and Kohn potential, or the increase is spurious, arising fr
a peculiar helium-surface scattering effect. We will sho
however, that none of these three options can explain
observed increase in jump rate: so much data on this sys
can be derived from HAS and QHAS measurements that
have been able to test all the possible explanations for
increase that are consistent with the currently accepted
derstanding of the processes involved in diffusion and c
lective motion. Clearly some unexpected phenomenon a
ciated with the interrelation of adatom-adatom interactio
and diffusion is occurring.

We now consider in turn the possible causes of the
served increase in the adatom jump rate.

~i! The first possible cause is that the friction coefficienh
changes with coverage. As was outlined in Ref. 13 a
shown by Kramers,33,34 the preexponental factor for act
vated surface diffusion is controlled by the rate of ener
transfer between the adatom and the substrate, express
terms ofh. This rate of energy transfer also determines
intrinsic width of the frustrated translation vibration mod
labeledT in the inset to Fig. 1, and so the FWHM of theT
mode was also measured as a function of sodium cove
and temperature. The results are shown in Fig. 7,20 along
with a fitted temperature dependence of theT-mode width
produced by quadratically adding the intrinsic width (G0),
determined by the rate of energy exchange between an
tom and its surroundings, and a linear term (}T) arising
from anharmonic broadening:
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GT5@G0
21~aT!2#0.5. ~4!

The best fits to the experimental data are shown in Fig. 7
give values ofG050.68 meV for a coverageQNa50.028 and
a somewhat larger value ofG050.805 meV for a coverage
QNa50.128. These values are a convolution of the true
trinsic Lorentzian broadeningGL and the Gaussian exper
mental broadeningGe . GL is given by35

GL5
~G0

22Ge
2!

G0
. ~5!

From Eq. ~5! the approximate intrinsic peak widths a
found to beGL50.40 and 0.56 meV forQNa50.028 and
0.128, which correspond to a total friction experienced
the adatoms of 0.61 and 0.85 ps21, respectively. The value o
0.61 ps21 for QNa50.028 is in excellent agreement with th
value for the adsorbate-substrate frictionh50.68 ps21 de-
rived from the present molecular dynamics simulations
fitting the low-coverage diffusion data, and confirms the v
lidity of these simulations. The 40% increase in the to
friction with coverage indicated by theT-mode peak widths
is insufficient to explain the increase in broadening of
quasielastic peak. If, at constant coverage, the value oh
used in the simulations is increased by the same fraction
simulated quasielastic broadening increases by only 25%
short of the experimentally observed 100% increase
broadening betweenQNa50.028 and 0.128~see Fig. 1!. This

FIG. 7. Temperature dependence of the FWHM of the exp
mental frustrated translation~T-mode! peak for Na/Cu~001! ob-
tained from TOF measurements of sodium coverages ofQNa

50.028 and 0.128. The incident energy wasEi520 meV and the
parallel momentum transfer wasDK52.0 Å21. The curves repre-
sent fits to the data that are discussed in the text.
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suggests that most of the observed increase in quasiel
broadening with coverage cannot, in fact, be attributed to

increase in the friction.36

~ii ! A second possible change is an adjustment of the fo
of the adatom-substrate potential surface. However, in o
to explain the increase in quasielastic broadening by
means, a reduction in the activation energy for diffusi
would be required, whereas, as illustrated in Fig. 3, exp
mentally a slight increase is observed as the coverage r
Moreover, as outlined in Sec. V A above, this increase in
activation energy with increasing sodium coverage can
fully described by the Lau and Kohn repulsive dipolar p
tential between sodium atoms used in the present
simulations,21 and so further significant changes in the ac
vation energy cannot be justified.

~iii ! The third area for possible adjustment is the stren
of the sodium-sodium interaction potential. However, w
showed above~Sec. V A! that the Lau and Kohn dipole
dipole interaction model21 ~see the Appendix! gives a good
fit to the experimentally observed variation of the activati
energy with coverage. This conclusion was checked by
extensive series of MD simulations in which a wide range
empirical adatom-adatom interaction potentials were us
including inverse power law, exponential, oscillating, a
many-body potentials. These showed that a noticeable
crease in the sodium atom jump rate could be achieved o
by using an adatom-adatom interaction potential that was
strong that it induced strong de Gennes narrowing featur37

in the simulatedG(DK ) curves,30 which are clearly not ob-
served experimentally. Extra terms in the sodium-sodium
teraction potential may therefore be ruled out as a caus
the observed increase in sodium adatom jump rate with t
perature.

~iv! Yet another way in which the simulations might b
modified to reproduce the experimentally observed incre
in quasielastic broadening with coverage would be to inclu
the effects of multiple scattering. The kinematic approxim
tion does not include multiple scattering, and it could
proposed that a helium atom scattered from more than
moving surface adatom could pick up an increased quasie
tic broadening. This effect would be most significant
higher coverages where the multiple scattering will beco
more pronounced. True multiple scattering calculatio
would take prohibitively long, and so a simple extension
the kinematic approximation is used to obtain a rough gu
to the magnitude of the possible error. In this simples-wave
scattering model, each atom scatters an incident wave of
amplitude, which gives rise to a spherical outgoing wa
with an intensity ofs/(4pr 2) at a distancer from the scat-
terer, wheres is the scattering cross section. The amplitu
( f j ) incident upon thej th atom is then given by the sum
~with the proper phases! of the amplitude of the inciden
wave and the scattering amplitudes from thekth neighbors:

f j5eiK i•Rj1
As

2Ap
(

k

f k

uRj2Rku
eiki•uRj 2Rku, ~6!

i-
8-7
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whereK i is the surface parallel component of the incide
helium wave vectork i . This matrix equation was solved fo
each time step for thef values and the scattered amplitude f
this time step was calculated as

M ~DK ,t !5(
j 51

N

f je
2 iK f•Rj , ~7!

where K f is the component of the outgoing helium wa
vector parallel to the surface andM is the time-dependen
amplitude function.

The multiple scattering cross sections was varied from
zero to 36 Å2, where the latter value corresponds to the a
of surface per adatom in the MD simulations and so rep
sents an upper limit fors. For s,18 Å2 no change is ob-
served in the quasielastic broadening. Above this value,
scattering calculations start to break down, with the scatte
intensity diverging, indicating an unrealistically high valu
of the cross section. These simple calculations sugg
therefore, that multiple scattering is also probably not
cause of the discrepancy between the simulations and
experimental data.

Therefore we conclude that none of the above expla
tions can account for the experimentally observed increas
the quasielastic broadening with coverage.

VI. CONCLUSIONS

Quasielastic helium scattering has been used to extend
previous low-coverage measurements of the microscopic
fusional motion of sodium atoms on a Cu~001! surface13,16,18

up to coverages as high asQNa50.18, where interactions
between the adsorbates are expected to become impo
This situation corresponds to a two-dimensional quasiliq
phase. The experimental results are compared with exten
Langevin-type molecular dynamics simulations that acco
for the interaction between the sodium atoms via the Lau
Kohn dipole-dipole interaction potential and the coupling
the substrate by a corrugated two-dimensional potential
a Brownian motion type combination of friction and rando
impulses. The most important assumption made in the si
lation of the results at higher coverages is that the He at
scatter only from single adatoms. This was tested by usin
simple multiple scattering model which had no apprecia
effect on the MD simulation results. Although the prese
MD simulations were not able to explain the measured thr
fold increase in the quasielastic peak width and some o
observed features for coveragesQNa.0.064, a number of
important conclusions may be drawn. The energy excha
between the adatoms and the substrate could be quant
leading to a value for the friction ofh50.63 ps21 in good
agreement with earlier work.13 The experimentally observe
increase in the activation energy with coverage is well rep
duced by a dipole-dipole interaction potential with twice t
free dipole-dipole interaction energy and an adatom dip
moment determined from work function measurements,
proposed by Lau and Kohn21 ~see the Appendix!. To the
authors’ knowledge these measurements represent the
19540
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validation of their formula. At higher coverages the adato
adatom interactions, while leaving the basic jump length d
tributions apparently unaffected, could be shown to lead
correlations in the motions of the adatoms that change
momentum dependence of the quasielastic broadening. I
effort to explain the large discrepancy in the peak widt
four different possible effects were critically discussed a
analyzed, but found to be unable to explain the results.
comprehensive body of data represented here will make
sible a rigorous test of any future explanation of this d
matic but enigmatic effect.
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APPENDIX

When sodium is adsorbed on the Cu~001! surface, a dif-
fuse ring of elastic intensity is observed around the spec
peak.19,38 The diameter of this ring increases roughly wi
the square root of the coverage. The ring forms becaus
region of clear surface is created around each adatom by
interadatom repulsion, and the Fourier transform of this h
in the pair distribution functiong(R) leads to a ring of in-
tensity around the diffracted peaks. The observed repul
adatom-adatom interaction potential is generally attributed
the electrostatic repulsion between the dipoles resulting fr
the transfer of charge from the sodium to the substrate.
magnitude of this interaction was calculated by Lau a
Kohn21 to be twice the repulsion between free dipoles due
polarization of the substrate electron density by the adsor
dipole moment leading to an image dipole of the same m
nitude. The summation of the adsorbate and image dip
moments provides the factor of 2.21 The dipole moment of
the adsorbate alone can be extracted from work func
change~Df! measurements23 using the Topping model of the
coverage-dependent dipole-induced depolarization:39

Df5
p0n0QNa

e0@119a~n0QNa!
1.5#

, ~A1!

wheren0 is the adatom density at a coverage ofQNa51. The
experimental work function changes were fitted by values
p0 , the low-coverage limit for the sodium dipole moment,
0.58 Åe ~e is the charge on an electron! and fora, the po-
larizability of the sodium adatoms, 17.7 Å3.23 These values
can then be used to calculate the mean adatom dipole
ment at a particular coverage given by

pmean5
p0

119a~n0QNa!
1.5. ~A2!

This dipole moment is used to calculate the interadatom
teraction potential in the simulations.
8-8



-

pk

c

o

ie

. C

. C

hys.

ia

s

and

rch,

led

COVERAGE DEPENDENCE OF THE MICROSCOPIC . . . PHYSICAL REVIEW B 63 195408
1R. Gomer, Rep. Prog. Phys.53, 917 ~1990!.
2G. Ehrlich, Surf. Sci.299Õ300, 628 ~1994!.
3M. C. Tringides, Surf. Sci.204, 345 ~1988!.
4X. D. Xiao, Y. Xie, and Y. R. Shen, Surf. Sci.271, 295 ~1992!.
5X. D. Zhu, T. Rasing, and Y. R. Shen, Phys. Rev. Lett.61, 2883

~1988!.
6W. Zhao, R. W. Verhoef, and M. Asscher, J. Chem. Phys.107,

5554 ~1997!.
7B. S. Swartzentruber, Phys. Rev. Lett.76, 459 ~1996!; T. Zam-

belli, J. Trost, J. Winterlin, and G. Ertl,ibid. 76, 795 ~1996!.
8J. W. M. Frenken and B. J. Hinch, inQuasielastic Helium Scat

tering Studies of Adatom Diffusion on Surfaces, Vol. 27 of
Springer Series in Surface Sciences, edited by E. Hul
~Springer-Verlag, Berlin, 1992!, p. 287.

9M. Bée, Quasielastic Neutron Scattering~Adam Hilger, Bristol,
1988!.

10J. W. M. Frenken, B. J. Hinch, and J. P. Toennies, Surf. S
211Õ212, 21 ~1989!.

11J. W. M. Frenken, B. J. Hinch, J. P. Toennies, and Ch. W¨ll,
Phys. Rev. B41, 938 ~1990!.

12B. J. Hinch, J. W. M. Frenken, G. Zhang, and J. P. Toenn
Surf. Sci.259, 288 ~1992!.

13J. Ellis and J. P. Toennies, Phys. Rev. Lett.70, 2118~1993!.
14A. P. Graham, W. Silvestri, and J. P. Toennies, inSurface Diffu-

sion: Atomistic and Collective Processes, Vol. 360 of NATO
Advanced Study Institute, Series B: Physics, edited by M. Tring-
ides ~Plenum, New York, 1997!, p. 565.

15A. P. Graham and J. P. Toennies, Surf. Sci.427-8, 1 ~1999!.
16A. P. Graham, F. Hofmann, J. P. Toennies, L. Y. Chen, and S

Ying, Phys. Rev. Lett.78, 3900~1997!.
17J. Ellis and J. P. Toennies, Surf. Sci.317, 99 ~1994!.
18A. P. Graham, F. Hofmann, J. P. Toennies, L. Y. Chen, and S

Ying, Phys. Rev. B56, 10 567~1997!.
19A. P. Graham and J. P. Toennies, Phys. Rev. B56, 15 390~1997!.
20P. Senet, A. P. Graham, J. P. Toennies, and G. Witte~unpub-
19540
e

i.

s,

.

.

lished!.
21K. H. Lau and W. Kohn, Solid State Commun.18, 553 ~1976!.
22G. Witte, Ph.D. thesis, Max-Planck-Institut fu¨r Strömungsfors-
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