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We examine theoretically recent He atom scattering measurements of Na/Cu�001�, identifying a nontrivial
relation between the dynamics of the electron distribution and that of the Na ions. The magnitude of the
calculated variations in the charge density, and their dependence on the local density of adsorbates, account for
the correlated three-dimensional �3D� motion experimentally observed. The results of this study further high-
light the sensitivity of helium scattering to the electron distribution of the sample and point out the role of
electronic contributions in high-resolution measures of surface dynamics.
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I. INTRODUCTION

Surface dynamics plays a critical role in many fundamen-
tal processes such as crystal growth, molecular self-
assembly, and heterogeneous catalysis. The study of the dy-
namics is interesting also from a fundamental point of view,
since it supplies unique insight into the atomic scale interac-
tions at surfaces. In this respect, He atom scattering �HAS� is
a particularly useful method to investigate structural and dy-
namical properties of a surface, thanks to the inertness of
helium and to its negligible penetration depth. In fact the
analysis of He scattering cross sections significantly ad-
vanced our understanding of important topics such as surface
corrugations,1 surface phonons,2 and adsorbate diffusion.3 A
major improvement in the field is represented by the recently
developed 3He spin-echo �HSE� spectrometer,4,5 which is ca-
pable of measuring surface motion on a time scale previously
inaccessible to experiment.6

HAS is in some sense complementary to scanning tunnel-
ing microscopy �STM�. These techniques have been widely
used to study ultraslow �STM� �Ref. 7� and ultrafast �HAS�
surface diffusion processes. Since the measuring process in-
volves electrons rather than nuclei, a common feature of
these two experiments is that the position and motion of
atoms or molecules at a surface is inferred indirectly:
through the electron distribution at the sample surface, which
provides the scattering potential for He in HAS, and through
the tunneling current between the sample and the tip in STM.
Many studies of surface structure have shown that the rela-
tion between the measured corrugation and the position of
the atoms on the surface can be complex.8,9 While this indi-
rect relation requires particular attention when interpreting
the measurements, at the same time it enriches the potentials
of these methods to focus on electronic states, especially
when refined theoretical modeling is combined to experi-
ments. In contrast to structural studies, surface diffusion
measurements are typically analyzed assuming that the elec-
tron distribution and the tunneling current simply follow the
position of the surface atoms.

The study presented here illustrates that electronic prop-
erties can play a fundamental role in the measurement of
surface dynamics by He scattering. We analyze theoretically

Na/Cu�001�. Recent HSE measurements of this system10

have addressed the previously unexplained coverage depen-
dence of Na surface diffusion11,12 and have identified a new
component of motion oriented perpendicular to the surface.
Such perpendicular motion could be detected from a Na cov-
erage of 0.04 ML, and its effect rapidly increased with depo-
sition of adatoms. Time scales and temperature dependence
are comparable with those of the lateral hopping process of
Na atoms between surface sites. Furthermore, numerical
models in which the height of a Na atom changes within a
0.2 Å range, depending on the local adsorbate configuration,
reproduced the experimental observations.10 However, the
physical origins of the perpendicular motion remained un-
clear and are the subject of the present investigation. At fixed
coverage, thermal fluctuations in the adsorbate density give a
variety of adsorbate configurations, each with a different lo-
cal concentration. We have, therefore, studied both nuclear
and electronic contributions to the apparent height of a Na
atom on Cu�001� as a function of the local concentration of
neighboring Na adatoms while keeping the coverage con-
stant. The theoretical procedure, based on ab initio structural
optimizations and the effective medium theory for the He-
surface interaction, is described in Sec. II. In Sec. III we first
evaluate the role of the motion of Na ions, and then we
estimate the contribution due to alterations of the electron
distribution at the surface. Finally, in Sec. IV a comparison
of our results with experimental findings is presented, fol-
lowed by the conclusions.

II. THEORETICAL METHODS

All structures and electron distributions presented in this
paper have been obtained by ab initio simulations in the
framework of density-functional theory �DFT� �Refs. 13 and
14�, adopting the Perdew-Burke-Ernzerhof15 generalized gra-
dient approximation for the exchange and correlation func-
tional. Periodically repeated slabs have been chosen as a
model for the surface. Dipole field corrections were adopted
to keep periodicity in the electrostatic potential without spu-
rious electric fields inside the slab, as described by
Bengtsson.16 Slabs consisting of three layers only provide
accurately enough coordinates and energies upon Na adsorp-
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tion. The bottom two layers were kept fixed at the bulk-
truncated positions, while the upper one was allowed to re-
lax. Na atoms were placed on this side of the slab and
relaxed together with the upper layer. The plane-wave ultra-
soft pseudopotential method17 was used as implemented in
the PWSCF code of the Quantum-ESPRESSO distribution.18

The He scattering process is described by determining the
classical turning point �CTP�. In the case of elastic specular
reflection, He atoms are scattered by the surface at the dis-
tance zCTP at which the atom-surface potential equals their
incoming kinetic energy Ekin projected along the normal to
the surface. The interaction of a noble gas at a surface is
currently beyond the realm of DFT owing to approximations
in the exchange-correlation functional. Therefore, we shall
rely on estimates instead of direct calculations. We have cho-
sen to adopt the effective medium theory �EMT� �Ref. 19�:
we approximate the repulsive part of the interaction at a
given point as the energy of He in a uniform medium with
the same electron density, �, as that protruding from the sur-
face at the same point. According to Esbjerg and Nørskov,20

the leading term is proportional to �, with proportionality
constant �=45 eV Å3 �Ref. 21�, and therefore depends ex-
ponentially on the He-surface distance. It is not necessary
here to consider the attractive part—a damped van der Waals
interaction yielding a small potential well, 6 meV for He/
Cu�001� �Ref. 22�—since our results do not depend critically
on fine details of the interaction potential, as will be shown
below. Taking Ekin=10 meV and 135° for the scattering
angle as in the experiments, the reflection condition is given
by ��x ,y ,z�=1.9�10−4 Å−3��EMT. This equation defines
implicitly the function zCTP�x ,y�, representing the apparent
height probed by He atoms. In particular, zCTP�x0 ,y0� is our
estimate for the height of an adatom with nucleus in
�x0 ,y0 ,z0�. This is a local maximum of the zCTP function and
it amounts to �3 Å above the adatom nucleus.

III. RESULTS

We first estimate the contribution to the perpendicular
motion given directly by the dynamics of Na nuclei. The
coverage investigated experimentally is 0.08 ML at most,
which is well within the low-coverage regime.23 From our
calculations, the height of the nucleus of a Na atom in the
equilibrium position �hollow site�, as measured from the first
unperturbed Cu layer, is 2.35 Å. This value increases by
0.09 and 0.15 Å for atoms sitting in bridge and top posi-
tions, respectively. It is important to notice that the Na atoms
do not spend enough time in these sites to show up in the
measurement.10 Therefore, it is possible to relate the obser-
vation of perpendicular motion with the height of Na nuclei
only if the equilibrium adsorption coordinate is modified.
This modification could be due to the interactions with the

other adsorbates when the local concentration of Na atoms
changes �notice that the coverage is constant during the mea-
suring process, so no alteration of the bond length with cov-
erage would be detected by HAS, neither is one expected24�.
To evaluate this hypothesis, we have performed a set of DFT
simulations at fixed coverage �0.08 ML� for a model where
two Na atoms are adsorbed in a periodically repeated �5
�5� Cu�001� cell. The adatoms were initially put in hollow
sites at different distances, and coordinates were optimized,
resulting in the structures �Figs. 1�a�–1�e�� displayed in the
corresponding panels of Fig. 1. The Na height coincides for
configurations �Figs. 1�a�–1�d�� within 0.01 Å. In the limit-
ing case �Fig. 1�e��, the atoms are intentionally placed very
close to each other, giving a total energy that is 200 meV
larger than that in the case of Fig. 1�a�. However, also for
this configuration the nuclear coordinate is modified by a
tiny amount, only 0.03 Å higher than that in the other cases,
the small difference originating from the repulsive interac-
tion pushing Na atoms toward the bridge site. An atomistic
interpretation of the perpendicular motion is therefore ex-
cluded.

To estimate the contribution to the observed height of a
Na atom arising from possible alterations in the electron den-
sity, consider again the five test cases illustrated in Figs.
1�a�–1�e�; the corresponding valence electron density at
points on top of one of the two equivalent Na atoms is plot-
ted in Fig. 2 as a function of the height above the Cu nuclei
in the first layer, z. The peak at �2.3 Å, which follows the
tiny displacement of the nucleus, is mostly due to 2s2p elec-

(a) (b) (c) (d) (e) (f) FIG. 1. �a�-�e� Top view of the
possible configurations of two Na
adatoms �bright circles� in a
Cu�001� �5�5� cell. �f� Example
of �5�10� unit cell with four
adatoms.
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FIG. 2. Valence electron density at points on top of a Na
nucleus, located �2.3 Å above the surface. Lines marked �a�–�e�
refer to corresponding configurations shown in Fig. 1. Densities
between 10−4 and 10−3 Å−3 represent the results of an ideal calcu-
lation with an infinite number of basis functions extracted by data
exponential fit over the same range. Insets magnify the values of the
classical turning point for beam kinetic energies of 10 and 100 meV.
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trons; for � smaller than 10−3 Å−3 �z�4 Å� the contribution
stemming from the partially filled 3s level becomes domi-
nant and determines the turning point for the kinetic energy
used in the experiments. In this range, ��x0 ,y0 ,z� is well
described by an exponential decay. Insets magnify the values
of zCTP. At a kinetic energy of 10 meV �upper inset�, the
apparent height of Na is 5.2 Å above the surface Cu atoms
for the configuration of Fig. 1�a� and increases systematically
up to 5.5 Å when the distance between the atoms is reduced
�Figs. 1�b�–1�e��. As a consequence, atoms with a closer Na
neighbor will appear higher than those with a farther one.
This effect has the same order of magnitude as the experi-
mental one and is an order of magnitude larger than the
corresponding variation of the nuclear coordinate z0. At
larger He kinetic energies the spread in the values of zCTP is
smaller but can still be much larger than that of nuclear co-
ordinates. This is shown in the lower inset of Fig. 2 for
Ekin=100 meV �about 50% the effect reported at 10 meV�.
The robustness of our qualitative results with respect to Ekin
also proves that fine details in the estimate of the He-surface
interaction are not essential. Hence, additional contributions
�van der Waals, nonlocality, and hybridization energy25� can
be neglected in the present treatment.

The systematic increase in the classical turning point upon
approaching another Na adatom, shown in Fig. 2, is also
present in more general cases where the local concentration
of adatoms increases. To show this effect, possible Na ar-
rangements occurring at the surface can be modeled by
larger supercells with many adatoms. However, this is lim-
ited by the computational requirements to perform numerical
simulations. It is helpful to notice that the accuracy of zCTP

trends does not depend strongly on the kinetic-energy cutoff
for expanding wave functions.26 In practice, we could reduce
its value from 27 to 20 Ry and keep the difference in zCTP

among the various configurations within 10% of the con-
verged result, which is accurate enough for our analysis. This
allowed us to perform additional DFT calculations for �5
�10� supercells with different arrangements of two �0.04
ML� or four �0.08 ML� Na atoms, as shown for example in
Fig. 1�f�. In all these simulations, the Cu surface was kept
frozen to the unperturbed coordinates and Na atoms were put
in hollow sites at equal height to best isolate the electronic
contribution. The apparent height zCTP corresponding to
Ekin=10 meV was estimated as before.

The results of these calculations can be analyzed by using
a suitable measure for the local concentration. For conve-
nience, we choose the same measure as in Ref. 10, namely,
the dipole-dipole interaction energy per atom, Ei

d−d. We re-
mark that this choice does not imply a particular force law.
For the adatom i, one has

Ei
d−d =

1

2�
j

�
2�av

2

�R j − Ri�3
. �1�

Here i and j is the label adatoms with nuclei in Ri and R j, the
summation ranges over all Na atoms j different than i �in
models based on the supercell approach, periodic replicas are
also to be included�. �av is the average dipole of Na adatoms,
the factor 2 accounts for interaction with image charges. Har-

tree atomic units are used in Eq. �1� and in the following,
unless otherwise specified. Overall, Na atoms with 26 differ-
ent values of the Ed−d parameter were considered, sampling
cases with local concentrations higher and lower than the
average one. For each of them, zCTP is plotted in Fig. 3
against the corresponding value of Ed−d. Notice the mono-
tonic increase of zCTP with Ed−d. Therefore, atoms at larger
local concentrations appear higher on the surface to the in-
coming He beam due to the more extended electron density.
Moreover, zCTP follows within 0.005 Å a linear dependence
on Ed−d, at both coverages considered:

zCTP = 3.36 Å/eV Ed−d + const �0.08 ML� , �2�

zCTP = 2.66 Å/eV Ed−d + const �0.04 ML� . �3�

Many other quantities could have been adopted in order to
parametrize the local concentration, but generally such a
simple functional dependence would not result.

We now show by simple arguments that the dependence
of the classical turning point on the local Na concentration
arises from changes in the potential acting on the electrons,
V. Let R0= �x0 ,y0 ,z0� be the coordinate of a Na nucleus and
let us focus again on points �x0 ,y0 ,z� above it, for values of
z�zCTP. At low Na coverage, the dominant contribution to V
by other Na atoms is the electrostatic potential, Vd, related to
their electric dipole. By assuming z−z0 smaller than the
Na-Na separation, Vd is given by;

Vd�x0,y0,z� � �
j�0

2�av�z − z0�
�R j − R0�3

=
2�z − z0�

�av
E0

d−d. �4�

As a consequence, V is proportional to E0
d−d, with the ratio

2�zCTP−z0� /�av. Next, we recall that the spill out of the elec-
tron cloud into the vacuum is well described by an exponen-
tial function. Hence, within the Wentzel-Kramers-Brillouin
approximation, the electron density can be written as
��x0 ,y0 ,z���0e−2k�z−z0�, where k=	2�V−�� �� is the average
energy of the states contributing to ��. By combining these
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FIG. 3. Estimate of the classical turning point for He kinetic
energy of 10 meV on top of Na atoms as function of corresponding
dipole-dipole interaction energy per atom, defined in Eq. �1�. The
solid and dashed lines are linear fits through the data �see Eqs. �2�
and �3��.
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expressions, we estimate the variation in the turning point

with the local concentration as �zCTP

�Ed−d =
2�zCTP−z0�2

�avk2 . At 0.08 ML,
such a rate amounts to 2.67 Å /eV, in reasonable agreement
with the value obtained by fitting DFT results �see Eq. �2��.
The above formula reproduces the decrease in the height
dependence on concentration when the coverage is reduced
�1.74 Å /eV at 0.04 ML� or when the He kinetic energy is
increased �1.07 Å /eV at 100 meV�, as described above. This
argument suggests that the phenomenon should be observed
in other systems, particularly when a strong dipole is created
in the adsorption. At present, however, the number of pub-
lished experiments is too small to make any firm conclusion.

IV. DISCUSSION AND CONCLUSIONS

The relation we established between the Na apparent
height and the local concentration allowed us to interpret the
experimental findings. Surface diffusion causes the local
concentration around a given adatom to fluctuate with time,
producing variations in the apparent height measured by
HAS. As a result, the perpendicular motion will be charac-
terized by the same time scale and activation energy as the
lateral hopping process, as observed in the experiment. Ad-
ditional insight is given by the probability distribution of the
apparent heights of Na adatoms, which we have computed
by means of molecular dynamics �MD� simulations �T
=155 K; simulation parameters as in Ref. 10�, through the
evaluation of the parameter Ed−d and Eqs. �2� and �3�. Re-
sults are reported in Fig. 4. At 0.08 ML, such distribution is
fairly broad, displaying a full width at half maximum
�FWHM� of 0.14 Å, comparable with the experimentally
observed extent of the perpendicular motion. At a lower cov-
erage, the probability distribution gets significantly narrower
�at 0.04 ML the FWHM is 0.07 Å�, indicating a reduction in
the perpendicular motion, which follows the trend of experi-
mental observation.

In conclusion, we have shown that the previously unex-
plained perpendicular motion observed in experiment is
purely an electronic effect, arising from the alterations of the
electron distribution outside the surface, which follow the

fluctuations with time of the local concentration of adatoms.
Such small alterations are probed by HSE to an extent that
was estimated by taking the classical turning point in the
EMT. The calculated range of the apparent motion, tenths of
angstroms, is consistent with the measurements and is one
order of magnitude larger than the change in the height of the
Na nuclei. The decrease in the perpendicular motion at lower
Na coverage is also reproduced.

Our investigation shows from first principles how corre-
lated adsorbate motion gives rise to nontrivial electronic re-
arrangements, which do not simply follow the position of the
ions. Such electronic contributions are appreciable in HAS
measures of surface diffusion and, under particular circum-
stances, are significantly larger than the ionic ones. Such a
sensitivity, coupled to advanced theoretical models, could
exploit in the future the unique properties of HAS in studies
primarily addressing electronic properties.
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