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Observation of Jump Diffusion of Isolated Sodium Atoms on a Cu(001) Surface
by Helium Atom Scattering

J. Ellis and J. P. Toennies

Max-Planck-Institut fiir Stromungsforschung, Bunsenstrasse 10, D-3400 Gottingen, Germany
(Received 12 November 1991; revised manuscript received 14 December 1992)

The diffusion of sodium adatoms on a Cu(001) surface has been studied with quasielastic helium atom
scattering. A jump mechanism was found with activation energy 51 meV, jump length 2.56 A, and jump
attempt frequency vo 0.53 THz. The adatom vibrational frequency parallel to the surface is measured to
be 1.23 THz. The data are interpreted with the aid of a realistic molecular-dynamics simulation which
reveals that vo is governed by the rate of energy exchange between the adatoms and the substrate, and

not, as transition state theory would predict, by the vibrational frequencies of the adatom.

PACS numbers: 68.35.—p, 79.20.Rf

The two-dimensional diffusion of atoms on surfaces is
an important elementary process in surface chemistry and
provides an ideal model system for studying activated
processes [1]. In the experiments to be reported here we
have used helium atom scattering to identify a single-
jump diffusion mechanism, measure the activation ener-
gy, and even determine the related vibrational frequencies
of adatoms diffusing on a well defined single-crystal sur-
face. The present detailed results make it possible to car-
ry out a direct comparison with a realistic molecular-
dynamics simulation of the diffusing adatoms’ motion
which confirms the interpretation of the data and pro-
vides information on the role of energy dissipation and
multiple jumps.

The technique used here relies on the fact that helium
atoms have large diffuse scattering cross sections from
defects on a crystal surface [2]. It has been shown both
theoretically [3,4] and experimentally [5] that the diffuse
“elastic™ scattering from mobile defects has an energy
broadening due to the finite residence time of the defect
at a particular surface site. From the dependence of this
broadening on the scattering wave vector it is possible to
determine the microscopic surface diffusion mechanism.
The first such experiments were performed on a premelt-
ing lead surface [5] just below the melting point where
neither the concentration of the diffusing atoms nor the
surface structure are well defined [6]. In this new experi-
ment a known small concentration of sodium adatoms
(6=0.1) was evaporated onto a clean Cu(001) surface
and the angular distributions of elastically scattered heli-
um atoms were used to show that the sodium adatoms are
widely separated and interact only weakly with each oth-
er by long-range dipole-dipole repulsive forces [7] of the
type predicted by Kohn and Lau [8]. The diffusion mea-
surements were made over a range of temperatures far
below the bulk copper melting point, where only relative-
ly small substrate vibrations are expected.

The theory of the quasielastic scattering phenomena is
described elsewhere [3-5,9,10]. If diffusion proceeds by
single jumps with jump vectors {j} and mean jump fre-
quencies {Vj}, then the quasielastic peak shape is a

Lorentzian with an energy FWHM
AE(AK) =2 2 vill —cos(AK- j)], (1)
i

where AK is the component of the scattering wave vector
parallel to the surface [10]. The periodic behavior of AE
with AK arises because if, for a particular jump, AK- j is
an even multiple of # then the adatoms scatter with an
effectively identical phase before and after a jump and
the helium atoms are ‘“‘unaware” that jumps are occur-
ring and consequently there is no quasielastic broadening
contribution. Between these equal-phase conditions on
AK, there is always a change of the scattering phase after
a jump of the adatom, and the elastic peak is correspond-
ingly lifetime broadened.

The interpretation relies on Vineyard’s convolution ap-
proximation, which models the behavior of the total sys-
tem in terms of that of an individual atom, and so is only
valid if the adatoms move independently of each other.
To test the Vineyard assumption the Kohn-Lau potential
[7,8] is used to model the effect of removing one of six
symmetrically placed nearest neighbors. The activation
energy for jumps towards the removed adatom is reduced
by only 1.0 meV, which is small in comparison with the
activation energy and increases the jump probability by
only 4% in that direction. Thus at these relatively large
adatom separations the coupling of adatom motions is
indeed weak and the Vineyard approximation should ap-
ply.

The 90° fixed angle helium atom scattering apparatus
and Cu(001) cleaning procedure are described elsewhere
[7]. The specularly scattered helium intensity was used
to measure the sodium coverage 6, which is expressed as
a fraction of that of the one monolayer, c(2x2), struc-
ture [7]. The quasielastic peak shape was measured by
performing time-of-flight measurements at an incident
beam energy E; =15.15 meV with an instrumental reso-
lution of 0.55 meV (FWHM). As can be seen from Fig.
1(b), at low surface temperatures (7) the shape of the
diffuse elastic peak is dominated by the experimental
resolution, but as 7y is raised, the quasielastic peak is
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FIG. 1. Time-of-flight distributions (converted to an energy
scale) of helium atoms scattered along the [100] azimuth from
a Cu(001) surface with a low coverage of sodium atoms
(6=0.1). E;is 15.15 meV and AK is 1.74 A~!. (a) Wide ener-
gy range showing peaks due to energy exchange with the sur-
face Rayleigh phonon (R), and the surface parallel sodium
atom vibration mode (P). (b) Restricted energy range showing
the T, dependence of the quasielastic peak shape. Dashed
curves: instrument function. Solid curves: peak shape fit ob-
tained by convoluting the instrument function with a Lorentzi-
an broadening.

clearly broadened. In order to extract the diffusion in-
duced broadening a least-squares fit was performed with
a Lorentzian [5,10] of variable width convoluted with the
instrument function and superimposed on a cubic back-
ground to account for multiphonon processes.

The dependence of AE on AK in the [100] direction
was obtained from time-of-flight (TOF) measurements
for various incident angles at 7, =200 K and 7, =300 K.
As can be seen from Fig. 2, the data are characterized by
a broadening which is zero at AK =0, rises to a maximum
at around AK =1.7 A ™', and then remains approximately
constant for 75, =200 K and for 7, =300 K drops slight-
ly. This behavior contrasts with that expected for con-
tinuous diffusion, namely, AE o (AK)?, and points to a
jump diffusion mechanism [5,10]. The position of the
maximum is consistent with jumps of length @ =2.56 A
between fourfold hollow sites on the surface which would
have jump vectors of (a/~/2)[1,1,0] and (a/~/2)[—1,1,0]
(Fig. 2, inset). In Fig. 2 dashed and solid lines show the
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FIG. 2. Wave vector dependence of the quasielastic peak en-
ergy broadening in the [100] direction for helium atoms,
Ei=15.15 meV, scattered from sodium adatoms (#=0.1) on a
Cu(001) surface. Dashed curve: fit for single jumps between
fourfold sites. Solid curve: single jumps with an additional frac-
tion of double jumps of 0.16 at 300 K and 0.32 at 200 K.
Dash-dotted line: broadening predicted by molecular-dynamics
simulation. Inset: Location of fourfold (F) adsorption site and
twofold transition state bridge site (B) with respect to the first
copper surface layer.

AE(AK) given by Eq. (1) for single and single plus a
fraction x of double jumps, respectively, where x is 0.32
for T, =200 K and 0.16 for T, =300 K. The addition of
double jumps improves the fit in the region 0 < AK < 1.74
A ~'. However, the zero broadening predicted at AK
=348 A~! is not observed. The molecular dynamics
model described below shows that this can be explained
by the motion of the adatoms about their mean positions
which blurs the definition of a “jump length.”

Figure 3 shows an Arrhenius plot of the maximum en-
ergy broadening (at AK =1.74 A ') against the recipro-
cal of the surface temperature. The straight line shows
that the diffusion is an activated process with a mean sin-
gle jump frequency in one of the two possible directions
given by

vi=voexp(—E4/kT;) , )

where vo and E; have best fit values of 0.53 0.2 THz
and 51 = 6 meV, respectively. The measured value of Ey4
is unusually low for surface diffusion, values of 0.12 to
1.0 eV being more typical [1], and explains why diffusion
is fast enough to be seen with helium scattering at these
relatively low temperatures. Small activation energies
have also been found in recent ab initio calculations for
the diffusion of Na on the Al(111) surface, which showed
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FIG. 3. Arrhenius plot of the measured energy width at
AK=1.74 A~ for the quasielastic peak in TOF spectrum of
helium atoms, E; =15.15 meV, scattered from sodium adatoms
(0=0.1) on a Cu(001) surface in the [100] direction.

that the activation energy should be less than 30 meV
(11l

We have also performed a molecular-dynamics simula-
tion of an adatom’s motion. The substrate was represent-
ed by four layers of 8 X8 freely moving copper atoms on a
fixed fifth layer with cyclic lateral boundary conditions.
The lattice was assumed to be harmonic with a single
nearest-neighbor force constant of 28 N/m obtained from
a fit to the bulk phonon dispersion curves [12]. The
interaction of the sodium with the copper was modeled
with a pairwise Morse potential, V' (r) =V,i{l —expl—p(r
—ro)1}2, summed over Cu atoms until convergence at a
distance of 4 times the Cu-Cu separation. The values of
Vo, B, and ro were determined to be 0.135 eV, 0.875
A~ and 3.30 A by fitting the estimated values of the
binding energy, 2.5 eV [13] (fitted value 2.35 eV), the
height of the sodium adatom above the first copper layer,
2.2 A [13] (fitted value 1.8 A), the measured frequency
of sodium adatom vibration perpendicular to the surface,
4.5 THz [14] (fitted value 3.8 THz), the activation ener-
gy as given above, 51 meV (fitted value 49 meV), and the
frequency of the parallel adatom vibration v,, 1.23 THz
(fitted value 1.34 THz), which we have measured for the
first time [15] [Fig. 1(a)l. Despite the fact that the
Morse potential is overdetermined (three variables, as op-
posed to five data points), the rms deviation from the five
experimental measurements is only 13%, suggesting a
reasonable fit to the true potential. The simulation is
started by giving each atom a random Kkinetic energy
from a Boltzmann distribution in each of the coordinate
directions, and 500 ps runs performed for temperatures
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between 200 and 300 K. The form of the simulated qua-
sielastic peak is obtained by convoluting the instrument
function with the structure factor, which is obtained as
the average over a number of runs of the square of the
Fourier transform with respect to space and time of the
atom’s position [9]. The peak shape is then analyzed in
the same way as the experimental data in order to give a
direct comparison between the molecular dynamics simu-
lation and the quasielastic scattering measurements. The
resulting dependence of the energy broadening on AK is
shown as a dash-dotted line in Fig. 2, from which it can
be seen that good agreement is obtained with the experi-
mental results, not only in functional form, but in abso-
lute magnitude. The only failure of the model is that it
predicts a small fraction of jumps over three or more lat-
tice spacings, which produces a more rapid initial rise of
AE with AK than is experimentally observed. These mul-
tiple jumps probably arise because no account has been
made of the damping effects caused by the electron-hole
pair creation induced by the moving, partially charged
sodium adatoms. The value of vy obtained from an Arr-
henius plot of the simulated jump rate is 0.56 THz, in ex-
cellent agreement with the experimental value of
0.53+0.2 THz. The agreement of the model with the
data is surprisingly good and confirms the interpretation
that the sodium diffuses along the surface predominately
by single jumps from site to site.

It is now interesting to compare the experimental jump
rate with that predicted by transition state theory, which
is widely used in theoretical estimates of diffusion rates
[16]. In essence the theory predicts that the preexponen-
tial factor for jumps in a particular direction is given by

2kTy O*
VJST=——————Q— s 3)
h Q°

where Q° and QF* are the partition functions in the
ground and transition states. (The factor 2 arises be-
cause positive and negative jumps in a particular direc-
tion are included in vo.) In the harmonic approximation,
and for temperatures 7> hv,/k the partition functions
are determined by the vibrational frequencies of the ada-
tom. If these are assumed comparable in the ground and
transition states then v§ST should be approximately equal
to 2v, [16], i.e., 2.46 THz, a value 4.6 times greater than
observed here. As a crude approximation the agreement
might be regarded as satisfactory, although the discrep-
ancy is more than is expected to arise from experimental
errors and approximations in the theory. As first noted
by Kramers [17], deviations from transition state theory
are expected if the rate of energy exchange between sub-
strate and adatom is so slow that an equilibrium popula-
tion of the transition state cannot be maintained. Under
these conditions the effective attempt frequency is
governed by the rate of energy exchange with the sub-
strate rather than the adatom vibrational frequency. A
consideration of the adatom energy autocorrelation func-
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tion, (E(t)E (t —t9) —(E(¢))?), predicted by the simula-
tion indicates that the characteristic time for energy ex-
change between the adatom and the substrate at 300 K is
1.25 ps [18]. This is 50% longer than the vibrational
period (0.81 ps) and suggests that a low rate of energy
exchange with the surface may indeed be the cause of the
deviation from the transition state theory prediction.

Summarizing, we have used quasielastic helium atom
scattering to show that sodium adatoms diffuse on the
Cu(001) surface by a jump mechanism with predom-
inantly single steps of 2.56 A, which corresponds to the
separation of the fourfold hollow sites, an activation ener-
gy of 51 meV, and an effective jump attempt frequency
vo=0.53 THz. The sodium atoms are shown to be far
enough apart for it to be unlikely that correlations of the
atomic motions have an appreciable effect. vg is signifi-
cantly lower than predicted by transition state theory, the
drop being due to a low rate of energy transfer between
the substrate and the sodium atom.
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