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Surface distribution of Cu adatoms deduced from work function measurements
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We report on work-function changes due to Cu impurities on 1-ML Xe adsorbed on highly oriented pyrolytic
graphite, as determined by normal-emission ultraviolet photoelectron spectroscopy. The dipole moment and
polarizability of a single Cu impurity are deduced from the measurements within the Topping model. The
results indicate that Cu atoms adsorb as isolated impurities, a picture which is supported by density-functional
calculations. This finding confirms an earlier assumption in the scenario for the appearance of a Fano resonance
in valence-band photoemission spectra.
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I. INTRODUCTION

Recently, the observation of a Fano resonance in ultra
let photoelectron spectroscopy~UPS! was reported for the
system Cu/Xe/HOPG~highly oriented pyrolytic graphite!.1,2

Below 50 K, 1 ML of Xe forms a commensurate overlay
on the HOPG surface, leading to a folding of the graph
p-band by coupling theK point of the graphite Brillouin
zone with theG point of the Xe layer zone. This projectio
induces considerable spectral density between the F
level EF and 2-eV binding energy in normal-emission UP
spectra. After subsequent deposition of 0.1-ML Cu, a p
nounced Fano resonance profile is observed in the photo
tron spectra. The resonance has been attributed to the i
ference between the graphitep-band continuum and the
discrete Cu 4s atomiclike level. In this interpretation the C
atoms are considered as isolated impurities in the Xe lay

In order to test this assumption experimentally, we p
formed a work function~WF! study as a function of Cu
adatom concentration on Xe/HOPG. We show that WF m
surements are well suited to deduce the mobility and
adatom distribution of the Cu atoms in the low concentrat
limit.

In general, the adsorption of atoms or molecules ont
surface causes a change of the charge distribution at the
face, leading to the creation of a surface dipole layer. A
consequence, a modification of the WF is observed. The
and amplitude of this variation depend on both the adsor
species and the substrate and on the mobility of the adso
atoms. The sign of the WF change indicates the direction
the charge transfer or, more generally, of the charge redi
bution. A lowering of the WF corresponds to a net positi
charge at the surface, while an increase of the WF is
consequence of a negative dipole. Moreover, the magni
of this WF change depends on the concentration of the
sorbate.

Topping3 developed an expression for the mutual pote
tial energy of a distribution of electric dipoles lying in
plane~with their axis perpendicular to the plane! as a func-
tion of their density. Based on these calculations, a quan
tive relationship between the work function and the ads
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bate concentration was derived.4 Adsorbates are treated a
individual dipoles at the surface, and their subsequent de
larization as a function of concentration is taken into a
count. Such systems, where the adatoms remain isolate
the surface, are generally realized at low adatom concen
tions in the absence of surface diffusion or in the presenc
mutual repulsion. Important physical quantities, like the
pole moment (p0) and the polarizability (a) of a single ad-
sorbed atom, may be derived within this model.

When the adatom concentration approaches 1 ML,
presence of surface diffusion and of an attractive interac
between the adsorbates leads to clustering and island fo
tion. In this case the Topping model is much less appropr
to describe the WF trend. As a remedy, e.g., a concentrat
dependent polarizability was introduced recently.5

In the past, the Topping model was successfully applied
various adsorbate-substrate systems, e.g., K on W,6 rare-gas
atoms on Al~111!,7 and alkali metals on a semiconduct
surface.8 For example, due to a small charge redistributio
physisorbed Ar, Kr, and Xe on Al~111! display only a very
small dipole momentp0, which in turn corresponds to wea
adsorbate-surface bonding. On the other hand, for Li and
on CdTe~100! the strong dipole moment corresponds to a
charge transfer from the adsorbate to the substrate indica
considerable bonding.

In this paper we show the results of our WF measu
ments for the system Cu/Xe/HOPG. Then we compare th
measurements with the observations made for the rel
systems: Cu/Kr/HOPG, Cu/Ar/HOPG, and Cu/HOPG. F
Cu/Xe/HOPG we analyze the WF data within the Toppi
model, and deduce the dipole moment and polarizability o
single Cu impurity. We conclude that the Cu impurities a
randomly distributed, and that they remain isolated in the
layer.

II. EXPERIMENT

The experiments were performed in an ultrahigh-vacu
chamber~base pressure: 1310210 mbar! equipped for UPS,
x-ray photoelectron spectroscopy~XPS!, electron energy loss
spectroscopy, and low-energy electron diffraction. A hig
©2002 The American Physical Society17-1
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intensity gas discharge lamp~Gammadata! combined with a
home-built monochromator allows us to measure satel
free spectra. The spectra are excited by the main reson
lines: HeI ~21.2 eV! and HeII ~40.8 eV!. The photoemitted
electrons are collected by a hemispherical analyser~HA 150
from VSW!, with an angular resolution of62°, and a total
instrumental energy resolution set to 50 meV. The WF w
determined by applying a negative voltage to the sample
by measuring the secondary electron onsetEonset. Knowing
the Fermi-level positionEF , we defineDE5EF2Eonset as
the energy width of the photoemitted spectra. The WF of
sample is then obtained byef5hn2DE, wherehn is the
photon energy.

The HOPG substrate, freshly cleaved, was mounted o
cold finger held atT550 K by a closed-cycle He refrigera
tor. The temperature was measured by means of a the
couple fixed on the sample holder. A retractable electron
allows the rapid heating of the sample up to 1200 K for
cleaning procedure. Xe~Kr, Ar! was introduced in the
vacuum chamber by a leak valve, and adsorbed on
HOPG substrate at low temperature. The thickness of the
~Kr, Ar! layer was determined from the typical emissi
from the Xe 5p ~Kr 4p, Ar 3p) levels.9 Cu was deposited
from a directly heated tungsten filament. The Cu concen
tion was calibrated by XPS measurements of Cu 2p, Xe 3d,
and C 1s core levels, with an accuracy of610%.

III. RESULTS AND DISCUSSION

Figure 1 shows the results of the WF measured for
HOPG (,), Cu/Ar/HOPG (L), Cu/Kr/HOPG (n), and Cu/
Xe/HOPG (s) as functions of the Cu concentration. In the
commensurate phase, Xe, Kr, and Ar form the same (A3
3A3)R30° superstructure on HOPG. The lattice parame

FIG. 1. Measured WF changes as a function of Cu concentra
for: Cu/HOPG (,), Cu/Ar/HOPG (L), Cu/Kr/HOPG (n), and
Cu/Xe/HOPG (s), up to 1 RG ML of nominal concentration
where 1 RG ML corresponds to 0.36 Cu~111! ML. The continuous
lines to guide the eye. Also indicated (d) is the value of the WF for
a Cu polycrystalline sample. A typical error bar on the WF value
of 60.02 eV.
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of its unit cell isd54.26 Å . We express the concentratio
of adsorbed Cu in terms of this rare-gas~RG! ML. This
corresponds to a much lower density of Cu atoms with
spect to a Cu~111! surface. In fact, 1 RG ML corresponds t
0.064 atoms/Å2, while 1 Cu~111! ML ~with lattice parameter
2.56 Å! corresponds to 0.176 atoms/Å2. This means that 1
RG ML 5 0.36 Cu~111! ML.

Deposition of Cu directly on HOPG gives rise to a smoo
change in the WF. In this case the Cu atoms diffuse at
surface forming metallic islands10 and the WF tends to the
value measured for a polycrystalline Cu surface (d). Cu
deposition on Xe/HOPG leads to an initial steep decreas
the WF followed by an asymptotic behavior with increasi
Cu adatom concentration~see Fig. 1!. The maximum WF
change is about 0.6 eV. The initial WF decrease is less p
nounced for Cu on Kr/HOPG, while the overall change in t
WF is still about 0.4 eV. Finally, for Cu on Ar/HOPG, ther
is only a weak decrease in the WF as a function of Cu c
centration. We assume that the different concentration dep
dent WF changes observed in Fig. 1 are caused by a di
ence in the mobility of the Cu atoms on the various R
layers. On the Ar layer the Cu adatoms diffuse almost
easily as on the bare HOPG substrate, while the Xe la
impedes diffusion and subsequent island formation. The
system represents an intermediate case.

We substantiate this interpretation by an analysis of
WF data for Cu/Xe/HOPG within the Topping model. Th
WF variationeDf may be described by11

eDf56e
p0na

e0
S 11

ajdna
3/2

4pe0
D 21

, ~1!

wherep0 is the initial dipole moment of the single adsorba
na is the density of adsorbed atoms,a denotes an effective
polarizability,j is a constant related to the mutual interacti
of the dipoles in the adsorption geometry, andd is a param-
eter that takes into account the possible ordering in the s
monolayer regime.12 The atom density may be expressed

na5
u

d2
b, ~2!

whereu is the adsorbate coverage (0<u<1) andd is the
lattice constant in the surface cell, i.e. the nearest-neigh
distance in the complete monolayer, so thatd2/b is the area
of the surface unit cell;b51 for a square surface unit ce
andb52/A3 for a triangular one.d is a parameter that take
into account the mobility of the atoms at the surface. Acco
ing to a lattice gas model,13 d5u20.5 means that the atom
are randomly distibuted on the surface, whiled5u051 de-
scribes a uniform distribution of adsorbed atoms~the dis-
tance between the atoms isdu20.5).6

The linear term in Eq.~1! depends on the dipole momen
p0, and takes into account only the adsorbate-substrate in
action~formation of the dipoles!. Consequently it reflects the
initial variation of the WF for low adsorbate concentratio
The second term describes the depolarization due to
dipole-dipole interaction between the adatoms. The par
eter j is a constant equal to 11.034 for a triangular lattic

n

s
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SURFACE DISTRIBUTION OF Cu ADATOMS DEDUCED . . . PHYSICAL REVIEW B65 045417
and its value represents the sum of the contributions to
interaction of each pair of dipoles~a kind of Madelung con-
stant, but calculated by Topping with a dipole-dipo
interaction!.3 Equation~1! may than be rewritten as

eDf56e
p0

e0

ub

d2 S 11
aj

4pe0

un~ub!3/2

d2 D 21

, ~18!

where we have expressedd in terms ofun (20.5<n<0), in
order to include the dependence on the adatom mobility.

In Fig. 2 we show the results of a fit of this model to th
WF data for Cu/Xe/HOPG. The dashed curve models an a
tom superstructure of isolated Cu atoms (d51, n50), and

FIG. 2. Measured WF change as a function of Cu concentra
on Xe/HOPG (s) and curves calculated with the Topping mod
The dashed curve corresponds to a superstructure of isolate
atoms (n50) and the dotted curve to a random distribution of C
atoms (n520.5); the solid line represents the best fit (n5
20.43). Note that 1 RG ML corresponds to 0.36 Cu~111! ML.
04541
e
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clearly disagrees with the experimental data. The dot
curve corresponds to a fully random distribution of the a
sorbates (n520.5), and it closely describes the experime
tal data. The solid curve represents the best fit to the d
with a parametern differing slightly ~14%! from the value
appropriate for the random distribution scenario. Thus
mobility of the Cu atoms is strongly reduced, and they a
randomly distributed in the Xe layer.

For the Cu impurities in the system Cu/Xe/HOPG we d
duce a dipole momentp0 of 1.560.2 e Å .14 It is interest-
ing to note that this large dipole moment is comparable to
values found for the dipole moments of alkali atoms
metal surfaces.4 In contrast, the case of Xe on Al~111! ~Ref.
6! shows that if the adsorbate-substrate interaction is we
the dipole moment is small: 0.049e Å . Our data analysis
yields a polarizabilitya of 140615 Å 3.16 The calculated
value for the polarizability for isolated Cu atoms is mu
lower: 6.1 Å3.15 However, the fact that the experiment
values reported for alkali atoms~K or Rb! have the same
order of magnitude15 indicates that the 4s outer shell of iso-
lated Cu adatoms on Xe/HOPG shows a striking similarity
the one of alkali adatoms. The values found for the in
vidual dipole momentp0 and the polarizabilitya indicate
that the Cu impurities on Xe/HOPG are similar to alka
impurities on metal surfaces.

In order to determine the microscopic structure from
theoretical point of view, we have investigated the system
on Xe/HOPG with DMol3 density functional
calculations.17,18 In the calculations, the self-consistent fie
~SCF! is realized with a slab periodicity of 75 a.u.;k-point
integrations are performed with a shifted 43431 mesh in
all cases; a DMol3 DNP ~Double Numerical basis set with
Polarization function! is used with atomic cut-off at 8 au
Calculations were performed using the Perdew-Wang~PWC!
local density functional.19 The results are resumed in Table

The starting system is a five layer graphite slab at exp
mental bulk geometry, covered with 1-ML Xe~no Cu ada-

n

Cu
to a

ter
TABLE I. Results of DMol3 density-functional calculations for the system Cu on Xe/HOPG. Each line corresponds
different calculation; the schematic drawings show the different systems~top view!; the graphite layers are not shown.~large
circles: Xe atoms; gray circles: Cu atoms!. Line 1: 1-ML Xe; line 2: 0.25-ML Cu substitutional to Xe atoms; line 3: 0.25-ML
Cu sub-Xe layer~hollow site!; line 4: 1-ML Cu sub-Xe layer~hollow site!. Total energy(Etot), and energy of the Cu atoms
(ECu) resulting from the optimization are indicated for each calculation.eDf is the variation in the WF with respect to the
value found for the starting system~line 1!. hXeandhCu denote the distance of Xe and Cu atoms, respectively, from the cen
of the slab.
7-3
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toms! ~line 1!. The use of adatoms placed symmetrically
both sides eliminates long-range electric fields from the b
of the slab. The carbon atoms are kept fixed at the b
graphite positions during optimization of the adsorbate18

The bulk geometry we used gives 12.85 a.u. for the heigh
the top layer carbon above the slab center. The second
tem we have studied consists of 0.25 ML of Cu substitut
Xe atoms~line 2 in Table I!. The position of the Fermi en
ergy suggests a WF lowering of 0.77 eV with respect to
starting system. The next calculation is done for 0.25 ML
Cu on 1-ML Xe ~line 3!. This optimization required the us
of thermal occupations with an artificial electro
temperature.20 The calculation was started with Cu in a to
layer in a hollow site, and the optimized final position
sub-Xe surface, as indicated by the value ofhCu , which
represents the optimized distance of the Cu adatom from
center of the slab.

The reoptimization with Cu below the Xe layer was do
with zero temperature again~see Fig. 3, line 3!. The result of
these simulations strongly suggests that the Cu adatom
more stable than the Xe-substitutional Cu atom, as indica
by the values for the total energyEtot for the systems of lines
2 and 3. These values forEtot also suggest that it is energet
cally favorable for the system to keep the Xe layer on top21

Interestingly, the adatom Cu ends up in a sub-Xe surf
position ~line 3!, which was somewhat unexpected. T
1-ML Cu 1-ML Xe ~line 4! is less bound than the 0.25 M
Cu, suggesting a tendency against the formation of Cu
lands. Calculations for all Cu on Xe/HOPG systems yield
very significantly lowered WF as compared to Xe on HOP

FIG. 3. Central part of the repeated slab cell, containing 1
atoms, used in the calculation~0.25-ML Cu!~1-ML Xe! ~Table I,
line 3!. The total height of the cell~corresponding to the slab per
odicity used! is 75 a.u., while the thickness of the slab is appro
mately 40 a.u. Both sides of a five-layer graphite slab are cove
with Xe ~large white spheres! and, below the Xe surface, with
0.25-ML Cu ~grey spheres! in a hollow site.
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and suggest a much larger WF lowering from the sub-Xe
atoms than for the substitutional case. The WF lowerings
we find numerically are comparable to the one expected
alkali adatoms, confirming the results of our WF chan
measurements. However, because of the well-known
dency of the PWC functional for exaggerating binding en
gies, the numerical values should not be taken at face va

Figure 4 shows normal emission UPS spectra in an ene
range close to the Fermi level measured for:~a! 1-ML Xe/
HOPG ~bottom! and after deposition of Cu~top!; ~b! 1-ML
Kr/HOPG ~bottom! and after deposition of Cu~top!; and~c!
1-ML Ar/HOPG ~bottom! and after deposition of Cu~top!.
The Cu concentration corresponds to 5% of 1 RG ML.

As already found for Xe, Kr and Ar layers likewise induc
a folding of the graphitep band. The spectral density mea
sured at the Fermi level is less intense in the two la
cases.2 After deposition of 5% of 1 RG ML of Cu the spectr
measured for the Cu/Xe/HOPG system present a Fano r
nance profile, as shown in Fig. 4~a!~top!. After deposition of
the same amount of Cu on Kr/HOPG, a less developed re
nance profile appears in the UPS spectra@Fig. 4~b!~top!#.
Finally, for Cu deposition on Ar/HOPG, no Fano resonan
is observed at all@Fig. 4~c!~top!#.

In the light of our WF measurements and their analy
within the Topping model these findings are rationalized
follows. The Xe layer fixes isolated Cu atoms and preve
them from diffusing on the surface. Consequently, at l
concentrations, the Cu atoms can be treated as single im
rities. Every Cu atom contributes to the Fano resonance
photoemission attributed to the interference between
graphitep-band continuum and the discrete Cu 4s atomic-
like level. For the Cu adatoms on the Ar layer diffusion se
in, leading to the subsequent formation of islands. The c
comitant broadening of the Cu 4s atomiclike levels into the
metallic sp-band is consistent with the absence of a Fa
resonance in the UPS spectra: no isolated Cu atoms

0

d

FIG. 4. UPS spectra~HeI, normal emission,T550 K) of ~a!
1-ML Xe/HOPG~bottom! and after Cu evaporation~top!; ~b! 1-ML
Kr/HOPG ~bottom! and after Cu evaporation~top!; and ~c! 1 ML
Ar/HOPG ~bottom! and after Cu evaporation~top!. The Cu concen-
tration is about 0.05 RG ML. The spectra measured after Cu eva
ration have been displaced vertically for clarity. The spectra in~b!
and ~c! have been multiplied by a factor of 5.
7-4
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present at the surface. The Cu adatoms on the Kr layer
resent an intermediate situation, where already a part of
adsorbed Cu atoms are forming islands. Here only the
atoms which remain isolated contribute to the Fano re
nance.

Thus our WF measurements confirm that the appeara
of the Fano resonance in photoemission is directly linked
the random distribution of isolated Cu atoms on the RG s
strate.

IV. SUMMARY

We have studied the WF of Cu/Xe/HOPG as a function
Cu concentration. Our data for the WF change are well
scribed within the Topping model based on a random dis
bution of isolated Cu impurities on the surface. This analy
ey

ur

m

v.

.
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yields high values for the dipole momentp0 and the polar-
izability a, indicating that Cu impurities on Xe/HOPG re
semble in their outer electronic structure closely alkali imp
rities on metal surfaces. This finding has been confirmed
DFT calculations.

The geometric information on the arrangement of the
impurities on the surface contained in the Topping model a
in the theoretical modeling is very important for understan
ing the appearance of a Fano resonance in photoemis
spectra. The presence of isolated Cu impurities at the sur
is primordial: it is the atomiclike Cu 4s level that interferes
with the foldedp band of graphite leading to the observe
Fano resonance.
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