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Coverage dependence of the microscopic diffusion of Na atoms on the @01) 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 sddljyym {.05)
on the Cy001) surface have been extended up to coverage®,@f0.18. These measurements, at surface
temperatures betweéh,=180 and 390 K and parallel wave vector transfers upko=3.34 A1, 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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. INTRODUCTION [@na=1 corresponds to one sodium atom per@i) sub-
strate atom on=1.53x 10'°atoms/cr] the interaction be-
The diffusion of adsorbates on single-crystal surfaces isween sodium atoms could be safely neglected and the re-
an important elementary microscopic step governing the dysults were compared with a full simulation based on the
namics of many processes occurring at surfaces such asingevin equations for single sodium atoms with a friction
chemical reactiongcatalysis and epitaxial growtt.A large  coefficient to account for the dynamical coupling to substrate
range of experimental techniques have been developed ovgegrees of freedom. From the best fit of all the data a de-
the years for the study of diffusion at surfacedf these the  tajled potential energy surface governing the lateral motion
method of field ion microscopy(FIM) provides perhaps the of the individual atoms was determin&.
most detailed information on the elementary microscopic |n the present study these experiments have been ex-
processes, but is limited largely to refractory metal atoms oftended to higher coverages up &,,=0.18 where it is
a refractory metal surface. Recently, several other techniquagown from a companion structural stidyt T,=50K that
such as laser-induced desorptighlD),® linear optical there are strong repulsive interactions between the sodium
diffraction,’ second-harmonic generati¢8HG),>® scanning  atoms which lead to well-defined adsorbate lattices.
tunneling microscopySTM)," and quasielastic helium atom  Other inelastic helium atom scatterfigxperiments have
scattering QHAS),® which is the surface analog of quasielas- also shown an effect of the Na-Na interaction on the frus-
tic neutron scatteringhave been successfully implemented. trated translation mod€T mode at the coverages studied
Experimental methods such as LID and SHG are sensitive tRere. To establish the role of the direct dipole-dipole repul-
adsorbate diffusion over length scales of the order of severajion interactions the present QHAS diffusion experiments
micrometers and are therefore sensitive to the chemical difyre compared with detailed molecular dynan(ietd) simu-
fusion coefficient. In the microscopic techniques FIM andations based on the Langevin dynamics method. These ex-
STM, snapshots are made at successive times of the actyghsive comparisons show that many of the features of the
positions of the atoms on the surface. The other microscopigxperiment can be well reproduced by introduction of the
technique, QHAS, is sensitive only to the actual motion ofgipole-dipole repulsion, which was calculated by Lau and
the individual adsorbates. At present the QHAS technique ikohr?! to be twice the repulsion between two free dipoles,
||m|ted by the instrumental reSO|uti0n to faSt diﬁusion W|th a Where the Sodium d|po|e moment is determined from Work
diffusion coefficientD=10"° cn/sec;"'° whereas STM  function measurementé2 With increasing coverage, how-
and FIM are restricted to slow diffusion withD  ever, the experimental QHAS peak widths are found to be-
<10 *cnr/sec! come increasingly larger than predicted. By changing the
Previously, the QHAS method has been applied to morgtrength of the adsorbate-adsorbate interaction it is not pos-
than five different metal/metal and nine adsorbate/metakiple to explain both the absolute magnitude of the observed
systems**> Of these, the diffusion of sodium adatoms on widths and the other experimental features. Other possible
the Cu001) surface has been the most extensivelyexplanations for this discrepancy are also examined, and are
studied®®5-18 |n the most recent investigation both the not able to explain the differences.
quasielastic peak broadening and the frustrated translational Recently Cucchetti and Yirfg reported a comparison
vibration mode were studied over a wide range of temperabased on a similar theory with some of the experimental data
tures (150-390 K and wave vector transfers for both reported here. The present publication contains a final analy-
Cu(001) azimuthal high-symmetry directior8.Since this sis of the full set of experimental data, which differ in some
study was restricted to low coveragék,,<0.05 monolayer respects from those presented in Ref. 23. Moreover, it ad-
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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 for various
temperatures of a @001) surface with®,,= (a) 0.028 andb) 0.18 adsorbed sodium. The inset(& shows an extended TOF spectrum for
a temperature of ;=180 K with the inelastic peaks from the parallel frustrated translational riDdend the surface Rayleigh wav@Ww).
The inset to(b) shows an extended TOF spectrum for the clean surface. The TOF spectra were obtained with an 11.2 meV helium beam
scattered in th¢100] surface direction with a wave vector transfer/dk =0.68 A~1. The open circles show the experimental data points,
while the dashed lines show the response function of the helium scattering apparatus under the same conditions. The solid line through the

data points is a convolution of the instrument response function with a best-fit Lorentzian peak shape, which is used to extract the
quasielastic broadening of the peak.

dresses the important issue of why the measwiddepen-  sputtering and annealing until no contamination could be de-
dence of the QHAS peak widths is significantly larger thantected with Auger spectroscody<1%) and elastic and in-
in the theoretical simulations. elastic helium scattering showed a smooth surface with a
The paper is organized in the following way. In Sec. Il the high degree of order.
experimental details are described, followed, in Sec. Ill, by Sodium was evaporated from a SAES Getters alkali-metal
the QHAS experimental results. In Sec. IV the details of thesource?® directed normal to the surface and the coverage
MD simulations are discussed and subsequently a compar®,, was monitored by measuring the attenuation of the
son between the experimental and MD results is made ispecular helium pedkwith an estimated error in the cover-
Sec. V. In Sec. VI the results are discussed and the papage of 50 \;~0.005. The surface temperature was measured
closes with a summary of the main conclusions in Sec. Vll.using a Ni-CrNi(K-type) thermocouple attached to the side
of the copper sample with an accuracy estimated t@be
Il. EXPERIMENTAL PROCEDURE ~+5K. The base pressufee., excluding the partial pres-

] ] . ~sure of helium from the beamwas less than 2
The HUGO I high-resolution helium atom scattering x 10-*mpar. The specular intensity from the sodium-

apparatu&"?® used here has a supersonic atomic heliunyoyered surface changed by less than 10% over a period of 2

beam source ohv/v~1% and a time-of-flight arm of 1.4m  hafter which the surface was cleaned and a fresh layer of
length at a fixed angle ofisp=95.8° to the incident beam. gsodium deposited.

The parallel wave vector transfeAK) at the crystal was
varied by changing the incident angle of the beam to the
surface and for elastic scattering is given by lIl. RESULTS

LT o iy A, Figure Xa) shows a typical series of measured time-of-
AK=Kilsin(0sp=6;) —sin(6;)]. @ flight (TOF) spectra of the quasielastiQE) peak, converted

The energy resolution at the beam energy used in the presetat an energy transfer scald\E), for six different surface
experiments E;=11.2 meV) wasAE;=0.30meV. The an- temperatures betweeh,=180 and 330 K, along thgl00]
gular resolution is typicalhA #=0.3° which, at an incident azimuth, and a low sodium coverage ©f,,=0.028. The
energy ofE;=11.2 meV, corresponds to a parallel wave vec-incident beam energy was 11.2 meV and the incident angle
tor transfer resolution o5(AK)~0.03A 1. The Cy001) was #,=39.9° corresponding to a fixed parallel wave vector
single-crystal surface was cut and mechanically polished ttransfer of AK=0.86 A"1. The inset illustrates a complete
an accuracy of better than 0.25°. The copper sample waBOF spectrum in which, in addition to the QE peak, the
then cleaned in ultrahigh vacuum with repeated cycles ofnelastic structures due to the sodium frustrated translation
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age (open circles with error baysThe filled squares show the ef-
fective barrier calculated from the molecular dynamics simulations
FIG. 2. Arrhenius plots of the quasielastic peak widtfgver- ~ for the same value aAK. The dashed line shows the variation in
sus inverse surface temperatufe)( for sodium coverages dd,,  activation energy calculated directly from the Lau and Kohn
=0.028 and 0.18 for a parallel wave vector transfer /oK adatom-adatom dipole-dipole interaction model discussed in
=0.86 A~1. The beam energy in both measurements was 11.2 mewec. V C.
along the[100Q] direction. The least-squares fit of the data points
yields effective activation energies @&,.=53.2-0.9meV for
Ona=0.028 andE, = 63.9+-1.8 meV for®,,=0.18.

Inverse Surface Temperature T, [10™° K™']

spectrum with a constant background count rate of 50
counts/channel and a peak of 1000 counts/channel at maxi-
mum andIl’=0.100 meV width was determined to h&"

mode(T mode and the substrate surface Rayleigh wave aremo'005 meV using this procedutéFrom the slope of the

also apparent. These inelastic peaks have been extensivigta points an effective activation enerGy; was extracted.

: . gure 3 shows the values &, obtained in this way for a
analyzed and _the re_sults are reported n R_efs. 16, 18, and 2 nge of sodium coverages and a parallel wave vector trans-
The dashed lines in each spectrum in Fig&) and 1b) fer of AK=0.86 A L.
show the experimental energy resolution.furllcti(.)n. The dif- Figure 4a) shows a series of TOF spectra for different
ference between the measured TOF distribution and thgyjyes of the parallel wave vector along f€0] azimuth all
dashed line is attributed to quasielastic broadening, which iRt 5 jow sodium coverage & ,,=0.028 and a surface tem-
Fig. 1is seen to increase significantly with increasing surfacerature ofT,=300K. The peak width is observed to in-
temperature. These results are in excellent agreement witltease significantly to a maximum AK=1.74 A1 before
earlier measurements under nearly the same conditidf:. decreasing to a minimum atK =3.34 A=, close to the first
comparison Fig. (b) shows a series of typical spectra for a diffraction peak position for the G001) surface in thé100]
factor of 6 greater coverag),,=0.18, under otherwise direction AK=G=3.48 A" 1). Over the same range afK
identical conditions as in Fig.(4. Compared to the low- the quasielastic peak intensity falls by nearly four orders of
coverage data, a much greater QE broadening is found at theagnitude. In Fig. &) a series of TOF spectra are shown for
higher coverage. a higher sodium coverage @& ,,=0.106 under the same

The quasielastic peak width was extracted by a leastscattering conditions and also for a surface temperature of
squares fitting of a convolution of the instrument responsd s=300K. For this higher coverage the quasielastic peak is
and the theoretically expected Lorentz function to each TOFuch broader for low values of parallel wave vector, with a
spectrunt*?° The results of the fitting procedure are shownsmaller increase in width towardK=1.74 A™* than for
by the solid lines for each spectrum. As can be seen, th®na=0.028. In addition, the quasielastic peak is broadened
overall fit is well within the experimental scatter in the data@ppreciably atAK=3.34A%, near the diffraction peak,
points. The extracted Lorentz peak energy full widths at haltompared to the relatively small broadening observed for a
maximum (FWHM) T from the TOF series shown in Figs. coverage 0B = 0.02_8 in Fig. 4a). The quasielastic peak is
1(a) and Xb) are plotted in Fig. 2 on a logarithmic scale observed to be consistently broader éyg,=0.106 than for
versus the inverse surface temperatlite The peak width Ona=0.028.
errors were estimated from a significant numiyei50) of
trial fits to simulated TOF spectra generated with the same
noise level and peak width as each of the measured TOF To assist in interpretation of the QHAS data, a molecular
spectra® The resulting error calculated for a typical TOF dynamics simulation of the diffusion of sodium on (@Q0

IV. MOLECULAR DYNAMICS SIMULATIONS
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FIG. 4. A series of quasielastic helium scat-
tering TOF spectra fron® .= (a) 0.028 and(b)
0.106 sodium on Q@0Y for different parallel
wave vector transfers at a surface temperature of
Ts=300K and an incident beam energy of 11.2
meV along thg 100] direction. The experimental
points (O) show a broadened distribution com-
pared with the instrument respon@ashed ling
The results of a least-squares fit to the peaks from
a convolution of the instrument response with a
Lorentz curve are shown by the solid line.
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was performed, as outlined in Ref. 30. The substrate-which is twice the interaction of free dipoles due to image
sodium-adatom potential is modeled by a corrugated potercharge effects. This potential is described in more detail in
tial of the form the Appendix.
For most of the simulations 512 sodium adatoms were
21y used with a total simulation time of 492 8'* time stepy
g( ” per run, and averages taken over 144 rurs,, E,, andn
were varied so as to fit the low-coverage data in both the

[100] and[110] directions over the temperature range 200—
(2) 300 K. The best fit was obtained for values of the top site
barrier of E;=87.5meV, a bridgesaddle site barrier of

. : . SRTYeE E,=70meV, and friction coefficienty=0.68 ps*. These
The simple cosine potential used previodSf’*'has been oquits are in reasonable agreement with the corresponding

modified to allow the top and bridge site diffusion barriers, 5 es ofE,=84 andE,=75eV for Vgurey, Which has a

(E; and Ey) to be varied independently. Here,andy are  gomewhat larger value of=0.9 pst. The greater value for
d|s.placements. paraliel to the surface,is the nearest- n correlates with the 5 meV higher bridge site barrier energy
neighbor spacing on the substrate surfé@&5 A, andE, o Vaurey than in the present case. In order to increase the
andE, are the energies of the on-top site and the bridge Sltﬁjmp rate to fit the experiment, a higher valuespfs there-

with respect to the fourfold ground-state hollow site. This¢, o required. The best-fit value fop=0.68ps* lies be-
potential is somewhat different from the two-dimensionaly,een the values of 0.63 p&(220 K) and 0.80 pst (300 K)
potential, denoted/gyrcy, previously obtained by Graham ¢4icylated from the dynamics of a single sodium adatom on
etal.™" as a best fit from a single-adatom Langevin mo-5 moying slab substraé.Since only phonon-mediated en-
lecular dynamics simulation of the low-coverage diffusion gqy transfer between substrate and adsorbate was included
data. TheVgyrcy potential was used to explain the observedin the full simulations, whereas in the current simulations
temperature dependence of the position and width of thg,as varied to fit the data, the rather close agreement between
T-mode peak. Equatiof®) is used here since the number of hq ajues obtained suggests that the contribution of the elec-
free parameters is reduced and it is much simpler to calculatgonic coupling to the friction is relatively small compared to
while it retains the essential shape of the earlier best-fit POthe phonon contribution. The variation gfwith temperature

tential. The method used her% employs the same Langeviedicted by the earlier moving substrate simulattémeas
equation as in the earlier wofk'8to describe the interaction not included in the current work since it was found to have

of individual adatoms with the surface. The energy exchang%my a minor effect on the values & andE, required to fit
with the substrate was modeled with a Brownian motion typgne gata.

combination of friction, given by the friction parameter

(defined fromdv/dt= — nv) and random impulses to model

the transfer of energy from the substrate to the adatoms, 3% DISCUSSION OF EXPERIMENTAL AND MOLECULAR

outined in Ref. 30. = . DYNAMICS RESULTS
Unlike in the previous simulations for low sodium cover-

ages, the direct repulsive dipole-dipole interaction between The experimental momentum transfer dependence of the
the sodium atoms was also taken into account in the presequasielastic broadening is compared with the MD simula-
simulations. The sodium-sodium interaction potential wadions in Fig. 5 for three different temperatures and four dif-

taken to be the Lau and Kohn dipole repulsion poteRtial, ferent coverages. In the experimental data three important
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Experiment MD Simulation energy than a corresponding step made by an isolated ada-
tom that does not experience adatom-adatom interactive
forces. This effect can also be simply modeled by arranging
six nearest neighbors symmetrically around a central atom, at
a distance commensurate with the adatom coverage, and cal-
culating the resulting change in activation energy. The effect
on the activation energy is estimated by comparing the en-
ergy of the central atom in its initial central position with its
energy when it is displaced by half an atomic jump away

1 from this position. The change in activation energy is then

] ,,20.106 averaged over the possible orientations of the hexagon of
nearest neighbors with respect to the jump vector. The re-
sults of this model are shown by the dashed curve in Fig. 3.

04
0.3
02 ] 6,,=0.028
0.1

0,,,=0.064

0—-0 200K

Quasielastic Peak Width I' [meV]

09  o—a 250K The good agreement of both this simple model and the
oo 300K - present MD simulations with the data gives strong support
06 8,,=0.18 . _ _ _

03 4 for the Lau and Kohn model for the dipole-dipole interaction
0.0 — energy, with twice the free dipole-dipole interaction energy,
0 1 2 30 1 2 3 . . h

AK[AT] and a sodium adatom dipole moment strength determined

from work function measurements. This suggests that other

FIG. 5. Comparison of the experimental and MD simulatedPossible contributions to the adatom-adatom interaction po-
widths of the quasielastic peak, as a function of the parallel wave tential are small by comparison.

vector transfeK at T,=200, 250, and 300 K along the @01)

[100] direction for four different sodium coveragék,. The inci-

B. The shape of the broadening curve
dent beam energy was 11.2 meV.

At the lowest coverages the interactions between adatoms

. o . are weak and, therefore, as outlined in Ref. 30 the Vineyard
changes in thd (AK) curves are observed with increasing convolution approximatick can be used to discuss the

coverage. The first is the increase in the effective activatiori,(AK) curves in terms of simple algebraic models. As out-
barrier shown in Figs. 2 and 3, the second is a change in th“ened in more detail in Ref. 13, a simple jump diffusion

shape of the curvéthe broadening rises to its maximum . . ] .
value more quickly as the coverage increasand the third model will have a peak width behavior given by

is that the broadening at the maximum increases as a func-
tion of coverage. Each of these coverage-induced changes [(AK)=2%2, v[1—cogK j)], ©)
will now be considered in turn. T

o where v; are the jump frequencies corresponding to jump
A. The coverage dependence of the activation energy vectors j. Thus, if single-jump diffusion occurs between

A comparison of the experimental activation energy, agieighboring four-fold hollow sites, then one would expect
determined from the temperature dependence of the quaghe broadening curve to be a displaced sinusoidal curve with
elastic broadening at a momentum transfer of 0.86,Avith  zeros atAK=0 and 3.48 A in the [100] direction. The
the MD simulations is shown in Fig. 3. As can be seen, theexperimental data at the lowest coverd@eé)28 do show a
experimental value ofE, increases fromE,=52.5 pronounced minimum afAK=3.48 A~1, characteristic of
+0.9meV at a low coverage d,,=0.028 toE,=63.9 Jump diffusion to nearest-neighbor sites. The dip is even
+1.8meV for ®,,=0.18. The value off, at the lower ~Mmore pronounced than in the previously published Hdta
coverages is in excellent agreement with the valu€gf because of the better experimental resolution in the current
=51+6 meV determined foff ;= 175—400K at a coverage work. ThelI'(AK) curves for this coverage rise more steeply
of ®y,=0.052° The activation energies measured here ardhan they would for a simple displaced sinusoidal curve, in-
comparatively low for surface diffusiohand result in a fast dicating the presence of double and possibly longer
rate of diffusion: the mean jump rate for the sodium adatomgumps®!® The importance of single and double jumps is
at low coverages is 0.13 THz, whereas the frequency of thalso seen in the present MD simulations of the system and
frustrated translation mode of the Na adatoms is only 1.4here is good agreement between the experimental and simu-
THz. The increase in activation energy shown by the MDlated broadening &b \,=0.028(see Fig. 5.
simulations is in good agreement with the experiments. This At coverages greater tha@®,,=0.028 both the experi-
increase in activation energy is attributed to the’dipole-  mental data and the simulations show thatfifaK) curves
dipole repulsive interaction between adatoms. Since this paise more rapidly wittAK than is predicted by Ed3), sug-
tential has a positive second derivative, finite steps towardesting that there is an increasing proportion of longer jump
nearest neighbors increase the activation energy by moldengths. Moreover, as the interactions between the adatoms
than the decrease resulting from steps of the same size bbecome stronger, the interference of the scattering ampli-
directed away from neighboring atoms, so a step away frontudes from correlated motions of the neighboring atoms,
some “mean” position will experience a higher activation which is neglected in the Vineyard approximation, must be
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0.7 v —

ing here is not significantly affected by the relative times at
which an atom and its neighbors jump. Since the mean
atomic spacing foi®,,=0.106, corresponding to the peak
width curves in Fig. 6, is 8.4 A, correlated jumps are ex-
pected to occur for wave vectors less than the reciprocal of
g Coherent this distance, i.e., 2/8.4=0.75A"1, as well as in the
symmetry-related region df space betweedK=2.7 and

4.3 A" around the diffraction peak a&K=3.48 A" 2. Itis
exactly in these regions that a large increase in quasielastic
broadening is see(Fig. 6).

Expt.

0.6 |

05

04}

0.3 |

0.2

Incoherent

0.1 C. The magnitude of the QE peak width

Quasielastic Peak Width I' [meV]

The maximum value of the experimental peak widths is
0-00_0 05 10 15 20 25 30 35 found to increase roughly by a factor of 3 as the coverage is
AK[AT] increased sixfold from 0.028 to 0.1&ig. 5). As discussed
above, the quasielastic peak widths near the maximum are
FIG. 6. A comparison between the measured QHAS pealargely determined by the motion of individual atoms, rather
widths (filled circles and the peak widths derived from the presentthan by the relative timings of jumps made by neighboring
MD simulations using the coherently scattered intengtyuares ~ atoms. Thus, it may be concluded that the jump rate of the
and the widths from a MD simulation of the incoherently scatteredindividual Na atoms also increases by a factor of 3 as the
intensity only (diamond$. The coverage of sodium wa®., coverage rises from 0.028 to 0.18. The MD simulations,
=0.106, the surface temperature was 300 K, and the incident beamowever, based on the interaction parametéistion and
energy was 11.2 meV. potential surface required to fit the low-coverage QHAS
data and the Lau and Kohn Na-Na interaction potential, pre-
taken into account. Since at very low coverages the sodiurdict a much smaller 32% increase in QHAS broadening and
atom motions are not appreciably correlated, these interfefrassociated Na atom jump rate. The observed increase in so-
ence terms sum to zero but, at higher coverages, as a resultdiim adatom jump rate must be due either to changes in the
the mutual interactions, the motions become correlated anihteractions between the adatoms and the substrate, or to
the interference term can make contributions. adatom-adatom interactions not accounted for by the Lau
In order to differentiate between the effect of interferenceand Kohn potential, or the increase is spurious, arising from
and the motion of the individual adatoms, the scattering cala peculiar helium-surface scattering effect. We will show,
culations were also performeidcoherentlyby adding the however, that none of these three options can explain the
scattering intensities from the individual atoms instead of theobserved increase in jump rate: so much data on this system
amplitudes, so that interference is not included. This iscan be derived from HAS and QHAS measurements that we
equivalent to using the Vineyard approximation to calculatehave been able to test all the possible explanations for the
the quasielastic broadenif§A comparison between the co- increase that are consistent with the currently accepted un-
herent(true) and incoherentVineyard peak widths is shown derstanding of the processes involved in diffusion and col-
in Fig. 6 for a coverage 0P ,=0.106 and a surface tem- lective motion. Clearly some unexpected phenomenon asso-
perature of 300 K. It is interesting to see that the shape of theiated with the interrelation of adatom-adatom interactions
incoherent broadening curve is very similar to that of theand diffusion is occurring.
coherent onéFig. 5 at the lowest coverage®(y,= 0.028), We now consider in turn the possible causes of the ob-
indicating that the jump length distribution at a coverage ofserved increase in the adatom jump rate.
On,=0.106 is similar to that found at the lowest coverage. (i) The first possible cause is that the friction coefficignt
The more rapid rise in the experimental curves with coveragéhanges with coverage. As was outlined in Ref. 13 and
therefore appears to be due to correlated motions of the sshown by Kramerd®34 the preexponental factor for acti-
dium adatoms and not due to an enhancement of the longrated surface diffusion is controlled by the rate of energy
length jumps. transfer between the adatom and the substrate, expressed in
In Fig. 6 it is interesting to note that in the region 0.75 terms of . This rate of energy transfer also determines the
<AK<2.6 A~ the coherent and incoherent curves are venyjintrinsic width of the frustrated translation vibration mode,
similar in form and magnitude, suggesting that the VineyardabeledT in the inset to Fig. 1, and so the FWHM of tiAe
approximation is valid for these wave vector transfers. Sincenode was also measured as a function of sodium coverage
these correspond to short distances, mostly to neares&énd temperature. The results are shown in Fig® @long
neighbor sites, the direct influence of correlated motion orwith a fitted temperature dependence of fhenode width
the quasielastic broadening is expected to be small. Thproduced by quadratically adding the intrinsic widthgj,
broadening in this range is, therefore, mainly determined byletermined by the rate of energy exchange between an ada-
the jump rate of individual atoms and, although the presenceom and its surroundings, and a linear termT() arising
of the neighboring atoms may change this rate, the broaderfirom anharmonic broadening:
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1.6 suggests that most of the observed increase in quasielastic
broadening with coverage cannot, in fact, be attributed to an
14 increase in the frictior®
% (i) A second possible change is an adjustment of the form
E 12 of the adatom-substrate potential surface. However, in order
iy to explain the increase in quasielastic broadening by this
s 1.0} means, a reduction in the activation energy for diffusion
g would be required, whereas, as illustrated in Fig. 3, experi-
T 08 mentally a slight increase is observed as the coverage rises.
] Moreover, as outlined in Sec. V A above, this increase in the
g 06 activation energy with increasing sodium coverage can be
3 — 6,,=0.028 fully described by the Lau and Kohn repulsive dipolar po-
g o4 e ©. <0128 tential between sodium atoms used in the present MD
; a=0- . . 1 I . .
- simulations’! and so further significant changes in the acti-
0.2 1 vation energy cannot be justified.
(iii) The third area for possible adjustment is the strength
00 50 100 150 200 250 of the sodium-sodium interaction potential. However, we
Temperature T, [K] showed abovgSec. VA that the Lau and Kohn dipole-

dipole interaction modét (see the Appendixgives a good
FIG. 7. Temperature dependence of the FWHM of the experidit to the experimentally observed variation of the activation
mental frustrated translatiofT-mode peak for Na/C(001) ob- ~ €nergy with coverage. This conclusion was checked by an
tained from TOF measurements of sodium coverages®gqf  extensive series of MD simulations in which a wide range of
=0.028 and 0.128. The incident energy wBs=20 meV and the empirical adatom-adatom interaction potentials were used,
parallel momentum transfer wask =2.0 A™*. The curves repre- including inverse power law, exponential, oscillating, and

sent fits to the data that are discussed in the text. many-body potentials. These showed that a noticeable in-
crease in the sodium atom jump rate could be achieved only
FT=[F§+ (aT)21°8, (4) by using an adatom-adatom interaction potential that was so

strong that it induced strong de Gennes narrowing featUres
in the simulated™(AK) curves®® which are clearly not ob-

The best fits to the experimental data are shown in Fig. 7 angérved experimentally. Extra terms in the sodium-sodium in-
give values of",=0.68 meV for a coverag® y,=0.028 and teraction potential may therefore be ruled out as a cause of
a somewhat larger value &f,=0.805meV fgr a coverage the observed increase in sodium adatom jump rate with tem-

©na=0.128. These values are a convolution of the true infPerature.

trinsic Lorentzian broadening, and the Gaussian experi- (V) Yet another way in which the simulations might be
mental broadening .. I', is given by® modified to reproduce the experimentally observed increase

in quasielastic broadening with coverage would be to include
the effects of multiple scattering. The kinematic approxima-
r2_r2 tion does not include multiple scattering, and it could be
L:( 0 e)_ (5) proposed that a helium atom scattered from more than one
Iy moving surface adatom could pick up an increased quasielas-
tic broadening. This effect would be most significant at
higher coverages where the multiple scattering will become
From Eq.(5) the approximate intrinsic peak widths are more pronounced. True multiple scattering calculations
found to bel', =0.40 and 0.56 meV fo®,,=0.028 and Wwould take prohibitively long, and so a simple extension of
0.128, which correspond to a total friction experienced bythe kinematic approximation is used to obtain a rough guide
the adatoms of 0.61 and 0.85 Psrespectively. The value of to the magnitude of the possible error. In this simpleave
0.61 ps! for ®,,=0.028 is in excellent agreement with the scattering model, each atom scatters an incident wave of unit
value for the adsorbate-substrate frictign=0.68ps* de- amplitude, which gives rise to a spherical outgoing wave
rived from the present molecular dynamics simulations bywith an intensity ofo/(47r?) at a distance from the scat-
fitting the low-coverage diffusion data, and confirms the va-terer, wheres is the scattering cross section. The amplitude
lidity of these simulations. The 40% increase in the total(f;) incident upon thejth atom is then given by the sum
friction with coverage indicated by tiBmode peak widths (with the proper phasgsf the amplitude of the incident
is insufficient to explain the increase in broadening of thewave and the scattering amplitudes from ki neighbors:
guasielastic peak. If, at constant coverage, the valug of
used in the simulations is increased by the same fraction, the

simulated quasielastic broadening increases by only 25%, far Jo f
short of the experimentally observed 100% increase in f —eiKiR4+ o 2 k elki- IR =Ryl 6)
broadening betwee® ,,=0.028 and 0.128see Fig. 1. This ! 27 % IRj— Ry
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validation of their formula. At higher coverages the adatom-
adatom interactions, while leaving the basic jump length dis-
tributions apparently unaffected, could be shown to lead to
correlations in the motions of the adatoms that change the
momentum dependence of the quasielastic broadening. In an

whereK; is the surface parallel component of the incident
helium wave vectok; . This matrix equation was solved for
each time step for thievalues and the scattered amplitude for
this time step was calculated as

N effort to explain the large discrepancy in the peak widths,
M(AK,t):Z fjefin'Rj, 7) four different possible effects were critica!ly discussed and
i=1 analyzed, but found to be unable to explain the results. The

comprehensive body of data represented here will make pos-

where K is the component of the outgoing helium wave Sible a rigorous test of any future explanation of this dra-
vector parallel to the surface arM is the time-dependent Mmatic but enigmatic effect.
amplitude function.

The multiple scattering cross sectionwas varied from ACKNOWLEDGMENTS

zero to 36 &, where the latter value corresponds to the area . .
of surface per adatom in the MD simulations and so repre- The authors WOUld I_|ke to th?‘”" Professor S. C Ying fo_r
sents an upper limit for-. For o<18A2 no change is ob- many helpful discussions during the preparation of this

served in the quasielastic broadening. Above this value, th anuscript. J.E. WOUId. like to 'Fhank. the Lloyd’s of London
scattering calculations start to break down, with the scattere _ercentenary Foundayon fqr financial su.ppor.t that enabled
intensity diverging, indicating an unrealistically high value "M {0 cary out the simulations reported in this paper.

of the cross section. These simple calculations suggest,

therefore, that multiple scattering is also probably not the APPENDIX

cause of the discrepancy between the simulations and the When sodium is adsorbed on the (01) surface, a dif-

experimental data. . . o
Therefore we conclude that none of the above explanaf-use ring of elastic intensity is observed around the specular

19,38 - o ;
tions can account for the experimentally observed increase iR€@K-~~ The diameter of this ring increases roughly with
the quasielastic broadening with coverage. the square root of the coverage. The ring forms because a

region of clear surface is created around each adatom by the
CONCLUSIONS interadatom repulsion, and the Fourier transform of this hole
VI. CONCLUSION in the pair distribution functiorg(R) leads to a ring of in-

Quasielastic helium scattering has been used to extend ti@nsity around the diffracted peaks. The observed repulsive

previous low-coverage measurements of the microscopic difddatom-adatom interaction potential is generally attributed to
fusional motion of sodium atoms on a (©01) surfacé®*61®  the electrostatic repulsion between the dipoles resulting from

up to coverages as high &,,=0.18, where interactions the transfer of charge from the sodium to the substrate. The

between the adsorbates are expected to become importaAtagnitude of this interaction was calculated by Lau and
This situation corresponds to a two-dimensional quasiliquid<ohn* to be twice the repulsion between free dipoles due to
phase. The experimental results are compared with extensiR®larization of the substrate electron density by the adsorbate
Langevin-type molecular dynamics simulations that accoungélipole moment leading to an image dipole of the same mag-
for the interaction between the sodium atoms via the Lau anflitude. The summation of the adsorbate and image dipole
Kohn dipole-dipole interaction potential and the coupling tomoments provides the factor of?2.The dipole moment of

the substrate by a corrugated two-dimensional potential anthe adsorbate alone can be extracted from work function
a Brownian motion type combination of friction and random change(A¢) measurement3using the Topping model of the
impulses. The most important assumption made in the simioverage-dependent dipole-induced depolarization:
lation of the results at higher coverages is that the He atoms

scatter only from single adatoms. This was tested by using a Ad— PoNo®na

simple multiple scattering model which had no appreciable ¢= €[ 1+9a(ng® )]’

effect on the MD simulation results. Although the present

MD simulations were not able to explain the measured threewheren, is the adatom density at a coveragedgf,= 1. The

fold increase in the quasielastic peak width and some othegxperimental work function changes were fitted by values for
observed features for coverag@s,>0.064, a number of Po, the low-coverage limit for the sodium dipole moment, of
important conclusions may be drawn. The energy exchang@.58 Ae (e is the charge on an electrpand for a, the po-
between the adatoms and the substrate could be quantifid@fizability of the sodium adatoms, 17.7°& These values
leading to a value for the friction of=0.63ps?* in good can then be used to calculate the mean adatom dipole mo-
agreement with earlier work The experimentally observed ment at a particular coverage given by
increase in the activation energy with coverage is well repro-

duced by a dipole-dipole interaction potential with twice the Po

free dipole-dipole interaction energy and an adatom dipole pmean:WO@Na)l-S'
moment determined from work function measurements, as

proposed by Lau and Kofh (see the Appendix To the  This dipole moment is used to calculate the interadatom in-
authors’ knowledge these measurements represent the fitgtraction potential in the simulations.

(A1)

(A2)
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