
Determination of Na submonolayer adsorption site on Cu(111) by low-energy ion blocking

R. Zhang,1 B. Makarenko,1 B. Bahrim,2 and J. W. Rabalais1,2

1Department of Chemistry, University of Houston, Houston, Texas 77204, USA
2Department of Chemistry and Physics, Lamar University, Beaumont, Texas 77710, USA

�Received 13 August 2007; published 18 September 2007�

The structure of a submonolayer coverage of sodium adsorbed on a Cu�111� surface at room temperature has
been investigated using time-of-flight scattering and recoiling spectrometry. The effect of the adsorbed Na
atoms on the angular distribution of scattered 2 keV H+ ions is analyzed by molecular dynamics and scattering
and recoiling imaging code simulations. It is shown that at a coverage �=0.25 monolayer, Na atoms prefer-
entially populate the fcc threefold surface sites with a height of 2.7±0.1 Å above the first-layer Cu atoms. At
a lower coverage of �=0.10 ML, there is no adsorption site preference for the Na atoms on the Cu�111�
surface.
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The adsorption and coadsorption of alkali metals on metal
surfaces are of considerable interest in surface science due
to both their fundamental importance and technological
applications.1,2 Details of the adsorption of Na on Cu�111�
have been revealed through experimental3–8 and theoretical
studies.9–11 In low-energy electron diffraction �LEED�
studies,4–6 either a p�2�2� pattern4,5 or a ring pattern �less
ordered phase�6 have been observed at a coverage of �
=0.25. The coverage � is defined as the ratio between the
number of adsorbed Na atoms and the number of Cu atoms
in the outermost substrate layer. In low-temperature scanning
tunneling microscopy �STM� studies,7,8 a structure transition
that included some intermediate phases, such as a mixing of
p�3�3� and p�2�2� structures up to a coverage of �
=0.25 with one Na atom per unit cell was suggested. How-
ever, the adsorption site preference of Na on Cu�111� has not
yet been conclusively revealed experimentally. Contradicting
results about the adsorption site have also been obtained
from various theoretical calculations9–12 because the binding
energy/atom between the hollow-site-centered site and the
top-bridge site adsorption structures may be as small as
5 meV/atom at �=0.25.10 A technique that can resolve such a
question must have ultrahigh surface sensitivity. Advances in
dechanneling and blocking effects in low-energy ion scatter-
ing �LEIS� have the unique ability to analyze the structure of
the outermost atomic layers of materials. In this work, the
LEIS technique of time-of-flight scattering and recoiling
spectrometry �TOF-SARS� �Ref. 13� has been used to deter-
mine the Na adsorption site and adsorption height at low
coverage on a “smooth” Cu�111� surface.

Low keV hydrogen ions �H+� were used as the probing
beam, with a typical accuracy of �0.1 Å for determination
of interatomic spacings.13 Since the energy of the ions is in
the keV regime, the scattering cross sections � are substan-
tially enhanced as compared with the meV scattering coun-
terpart. Consequently, the ions can only penetrate into the
shallow subsurface layers where dechanneling readily
occurs. Scattering and recoiling imaging code �SARIC�
simulations14–16 show that only the outermost four Cu layers
of the Cu�111� surface can be “seen” by most of the incom-
ing H ions. These Cu atoms serve as point scatters and give
rise to a flux of scattered H particles that have experienced

only single or quasi-single collisions. The angular intensity
distribution of the scattered H particles from these point scat-
ters is nearly isotropic for large scattering angles.13 This type
of isotropic outgoing flux can act as a very sensitive probe of
the foreign atoms adsorbed in an ordered array on the crystal
surface. When a Na atom is deposited onto a site in the
vicinity of substrate Cu atoms �point scatters�, it will block
part of the scattered H trajectories from these Cu atoms so
that the scattering intensity will exhibit minima at specific
exit angles. These angles correspond to the direction of the
interatomic axes between the Na and Cu atoms. As a result,
the Na adsorption site and adsorption height can be deter-
mined by simple geometrical constructs. The adsorbed Na
atoms can also perturb the incoming H atom trajectories,
resulting in a change in the conservation of the number of
scattered H atoms and making the interpretation more com-
plicated. However, judicious choice of the scattering angle
for the incident angle scans can eliminate this negative ef-
fect. A large scattering angle �100°� was used herein in order
to eliminate such Na disturbances. Furthermore, it can ad-
vantageously use the Na atoms to focus incoming H ions
onto the Cu scatters, thereby increasing the blocking effect.
The three basic advantages of using low-energy ion blocking
to quantitatively determine a chemisorption site are as fol-
lows: �i� No prerequisite knowledge of the actual shapes of
the blocking cones is required; �ii� accurate values of � are
not necessary since only normalized yields rather than abso-
lute yields are needed; and �iii� the positions of the adsorbed
atoms can be derived unambiguously by a triangulation pro-
cedure using incident angle scans with proper large scatter-
ing angles. The spectral interpretation, as described
elsewhere,17–19 is facilitated by use of �i� the simulation pro-
gram SARIC,18 which is based on the classical theory of ion
scattering using a binary collision approximation �BCA�, and
�ii� “two-atom” molecular dynamics �MD� simulations.20

All measurements were carried out at room temperature in
a TOF-SARS spectrometer that has been described in detail
elsewhere.21–23 Briefly, the experiments were performed in
an ultrahigh vacuum chamber with a base pressure of 5
�10−10 Torr. The 2 keV H+ primary ion beam that was used
for scattering from the Cu�111� target surface was pulsed at a
rate of 50 kHz with a 50 ns pulse width and a 0.5 nA/cm2

average ion flux. The velocities of the keV outgoing scat-
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tered H atoms and ions were analyzed through a 90 cm long
time-of-flight drift region and detected by two channel elec-
tron multiplier �CEM� detectors in the same scattering plane.
The direct �line-of-sight� CEM detected both neutral and
charged H particles, and the indirect �no line-of-sight� CEM
detected only charged H particles. A set of electrostatic de-
flection plates located near the flight path to the direct CEM
was used in order to separate particles according to their
charge. Ion fractions were determined by measuring the TOF
spectra with and without a voltage applied to the deflection
plates.18 The sample was mounted on a conventional ma-
nipulator that provided reproducible rotation in both the azi-
muthal and incident angles within ±0.5°. The temperature of
the sample was measured by a calibrated infrared pyrometer
and a thermocouple attached to the front edge of the sample
surface. The Cu�111� single crystal from Alfa Aesar was
10 mm in diameter and 3 mm thick. The surface was me-
chanically polished with successively finer grits of alumina
down to 0.05 �m. The sample surface was cleaned in the
UHV environment by 0.5 keV Ar+ bombardment and sample
annealing at 700 K. Na was evaporated from a thoroughly
outgassed commercial SAES Getters source. The evapora-
tion rate was calibrated in preliminary experiments by mea-
suring the attenuation of the signal from 4 keV Ar+ scatter-
ing from Cu and the saturation of the Na recoil signal. The
well known exponential dependence24 of the negative ion
fraction on the work function was utilized to monitor Na
coverage. Deposition of Na on the Cu surface induces a
change in work function6 that leads to a pronounced increase
in the scattered negative ion yield. The coverage was deter-
mined during exposure by comparison of the change in the
scattered H negative ion fraction with the change in the work
function versus Na coverage measurements.6 The resulting
estimated error in the coverage is �0.01 ML.

Figure 1�a� shows typical experimental results for H back-

scattering along the �1̄21̄� direction from both clean and Na

covered ��=0.25� Cu�111� surfaces. The �1̄21̄� direction was
chosen because of the smaller interatomic distances between
the Na and Cu atoms and hence the more obvious blocking
effects.13 The difference �D� and ratio �R� between the nor-
malized yields are shown in Fig. 1�b�. D is defined as the
normalized yield after Na exposure minus the normalized
yield before Na exposure. The physical meaning of such a
quantity is that for D�0 �D�0� in the angular range from �
to ��+���, there is a decrease �increase� in the flux of scat-
tered H particles reaching the detector after the surface is
exposed to Na. Conversely, any change in the atomic pattern
of the surface due to absorption of Na atoms will be revealed
as nonzero D. The physical origin for a negative D arises
from the fact that part of the backscattered H particles that
could have reached the detector were deflected out of the
detector cone by the absorbed Na atoms. Most of these de-
flected backscattered H particles were focused into the edge
of the blocking cone leading to the corresponding positive D.
At large exit angles, no positive D is observed because of the
overlap between the blocking cones and the shadow cones;
this is described in detail below.

A detailed analysis of the scattered particle trajectories
provides the explanation of the observed transformation of

(a)

(b)

(c)

FIG. 1. Results and interpretation of incident angle scans on the

Na covered ��=0.25� Cu�111� surface along the �1̄21̄� direction
with a scattering angle of 100°. �a� The exit angle dependence of the
yield of H scattered from clean Cu�111� and Na covered Cu�111�
surfaces. �b� The difference and ratio of the angular distributions
from Fig. 1�a� due to the presence of Na on the Cu�111� surface.
The solid line is a SARIC simulation from 65° to 95°. �c� Side view
of the Na/Cu�111� structure with observable blocking cone direc-
tions and the blocking cone at 43.0°. The dashed arrow shows one
of the interatomic axes that does not contribute to the blocking
effect.
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the experimental angular distribution upon Na chemisorp-
tion. Figure 1�c� shows cross sections perpendicular to the
Cu�111� surface along the �1̄21̄� azimuth with the inter-
atomic vectors responsible for the blocking cones. The dif-
ference curve in Fig. 1�b� exhibits five minima located at
13.0°, 22.5°, 43.0°, 58.0°, and 72.0°, which can be directly
associated with the interatomic directions. The features at
13.0°, 22.5°, and 43.0° are a result of H scattered from the
first-layer Cu atoms and blocked by the Na atoms. Although
the minimum at 58.0° corresponds to one of the interatomic
directions between the Na and Cu atoms, this minimum is a
result of a shadowing effect on the incoming portion of the H
trajectory; the Na atom shadows half of the scattering cen-
ters. MD simulation results illustrating the origination of this
minimum are shown in Fig. 2�a�. For a clean Cu�111� sur-
face, the high intensity of scattered particles at exit angle
58.0° �Fig. 1�a�� is a result of the focusing effect from
shadow cones produced by the Cu atoms in the near-surface
layers onto the fourth layer Cu atoms �Fig. 2�a�, Cu1�. After
Na adsorption on the fcc position, the shadow cones pro-
duced by Na atoms cover half of the fourth layer Cu scatters
�Fig. 2�a�, Cu2�, which leads to the minimum at 58.0°. The
minimum at 72.0° is a result of H atoms scattered from the
second Cu layer and blocked by the Na atoms, as shown in
Fig. 2�b�. The three small minima beyond 72.0° �Fig. 1�b��
are a result of shadowing �similar to the minimum at 58.0°�
and are not suitable for precise determination of the Na po-
sition.

As shown in Fig. 1�c�, four interatomic axes intersect at a
single point which corresponds to the position of the Na
atoms responsible for the blocking effect. It unambiguously
shows that the majority of the Na atoms populate the face-
centered cubic �fcc� threefold sites, in agreement with the
prediction of Johan et al.10 Solving for the intersection of
these four lines leads to a Na atom height above the first-
layer Cu atoms of 2.7±0.1 Å. This is larger than the calcu-
lated value of 2.40 Å from Johan et al.,10 but smaller than
the result of a hard sphere close-packed structure with Cu
and Na radii of 1.28 and 1.91 Å, respectively,25 yielding an
adsorption height of Na on the fcc Cu�111� site of 2.83 Å.
The metallic radii are used because the nearly ionic adsor-
bates at low coverage change to an almost neutral metallic
overlayer at high coverage.3,4,26

In order to provide additional proof of the interpretation
of the experimental results, SARIC simulations were carried
out for targets consisting of three atomic layers of Cu and
scattering exit angles from 65° to 95°. Excellent agreement
�Fig. 1�b�, solid line� is obtained between the experimental

(a)

(b)

FIG. 2. MD simulation of the origination of the minima at 58.0°
and 72.0° in Fig. 1. �a� The solid arrow represents high scattering
intensity because the fourth-layer atom �Cu1� is in the edges of the
shadow cones where incoming trajectories are focused. The dashed
arrow represents lower scattering intensity from the neighboring
fourth-layer atom �Cu2� because this atom is in the shadow of an
adsorbed Na atom. �b� The solid arrow shows the direction of the
blocking cone that is responsible for the obvious minimum at 72.0°.

(a)

(b)

FIG. 3. Results and interpretation of the incident angle scan on

Na covered ��=0.10� Cu�111� along the �1̄21̄� direction with scat-
tering angle of 100°. �a� The difference in the scattering angular
distributions for a clean Cu�111� surface and a Na/Cu�111� surface
with �=0.10. �b� Side view of the Na/Cu�111� surface for four
different Na adsorption positions. The solid arrows with numbers
for the exit angles indicate the observed blocking cone directions
and the dotted arrows indicate blocking cone directions that were
not observed.
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data and the SARIC simulation results with the following pa-
rameters: vibration amplitude: 0.05 Å, Na fcc site and Na-Cu
height: 2.7 Å.

Direct evidence for the �2�2�Na structure at room tem-
perature was not obtained because TOF-SARS probes the
short-range periodicity of the surface, i.e., �10 Å. However,
the existence of the �2�2�Na structure at a coverage �
=0.25 can be predicted from the dependence of the adsorp-
tion site preference on coverage, assuming that the repulsion
and uniform spacing still exists between the dipole moments
of the adsorbed Na atoms.6,7 We should also mention that
Fischer26 reported Na islands rather than homogeneous dis-
tribution at this submonolayer coverage.

Figure 3 depicts the experimental result and the interpre-
tation of the Na adsorption site at the lower coverage of �

=0.10. As shown in Fig. 3�a�, at this low coverage, charac-
teristic minima for each of the possible adsorption sites were
observed. The directions of the blocking cones and the cor-
responding adsorption sites are shown in Fig. 3�b�. The pres-
ence of adsorbed Na atoms on all of the possible adsorption
positions indicates that there is no adsorption site preference
at �=0.10, which agrees with former observations.4–6

In conclusion, the technique of low-energy ion blocking
has been successfully used to quantitatively probe the sub-
monolayer structure of Na on a Cu�111� surface at room
temperature, with analysis by simple geometrical constructs.
At a coverage of �=0.25, the fcc threefold site was found to
be the preferred site for the Na atoms with a height of
2.7±0.1 Å above the surface. At a lower coverage of �
=0.10, Na was found in all four possible adsorption sites.
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