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Condensation of Na metal on graphite studied by photoemission

M. Breitholtz, T. Kihlgren, S.-Å. Lindgren, and L. Wallde´n
Physics Department, Chalmers University of Technology, Go¨teborg, Sweden

~Received 15 January 2003; published 23 June 2003!

Above a submonolayer threshold coverage of around 0.2 monolayer~ML ! Na deposited on graphite forms
adsorbed islands. Via photoemission from quantum well states~QWS’s! the islands are detected down to less
than 1% surface coverage and are characterized with respect to thickness via the QWS binding energies. Below
90 K monolayer islands form while at around 110 K the thickness of the initially observed islands is 3 ML.
Below 90 K and for coverages slightly above the submonolayer threshold the islands form slowly enough from
a dispersed phase that the process can be monitored in real time. Below the threshold coverage the existence
of a dispersed Na phase is indicated by the changes of the work function and of the energies for graphite
emission lines. One graphite line, which is due to a final state populated by secondary electrons, allows
observation of atomic-layer-dependent energy shifts for the substrate. The shifts indicate that Na valence
electrons are transferred predominantly to the topmost carbon layer. The work function change and the energy
shifts saturate near below the coverage needed for islands to form. The QWS energies for 1 ML Na are well
understood in terms of a quasi-two-dimensional free-electron gas having the density expected for a nearly
neutral monolayer of Na metal.

DOI: 10.1103/PhysRevB.67.235416 PACS number~s!: 73.21.Fg, 79.60.2i
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I. INTRODUCTION

As recently demonstrated by photoemission and scan
tunneling microscopy~STM! data, Na metal films on graph
ite realize simple metal quantum wells in which all fille
states are confined and are thus discrete.1 Although graphite
is a semimetal so there is an overlap in valence elec
energies, the states in the Na film are decoupled from th
in the substrate since the wave vectors are different.
quantum well states~QWS’s! in the overlayer form energy
bands, which fall well above the highest filled band in grap
ite throughout the range of wave vectors populated by e
trons independent of film thickness. For previously stud
metal quantum wells supported by metal or semicondu
substrates, confinement is restricted to a modest fractio
the valence electrons in the overlayer.2 The limiting factor is
the substrate band gap, which provides the confinemen
the back side of the film and typically covers a small fracti
of the filled bandwidth of the overlayer metal. Figure
shows calculated energy bands of graphite3 with a shaded
area representing the range of energies and parallel w
vectors for populated states in Na metal.

Aside from providing prototype examples of simple me
quantum wells Na/graphite is of interest for observing
onset of alkali-metal condensation on graphite and for ch
acterization of the initially formed condensate. This on
has received attention following the observation
K/graphite of a structure change at a low submonolayer c
erage from a dispersed phase to a 232 ordered K conden-
sate, which above the threshold coverage coexists with
dispersed phase.4 A 232 structure means that the K atom
are nearly close packed and have the order found also fo
K layers in the C8K intercalation compound.5 No similar
structure change is observed for alkali metals adsorbed
metal substrate,6 and the difference is ascribed to the sem
metal character of graphite.7 The experimental data sug
gested that the condensed 232 phase consists of adsorbed
0163-1829/2003/67~23!/235416~7!/$20.00 67 2354
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metal islands.8 Electronic structure calculations for the sy
tem therefore have been based on the assumption tha
condensate is an adsorbed 232 K monolayer.9–11 Recent
QWS spectroscopy results indicate that the first formed
condensate instead is a subsurface 232 K monolayer.12 In
view of the many previous experimental studies
K/graphite13–17 this result is surprising and motivates furth
investigations of the condensation for other alkali metals

Na/graphite turns out to be quite different fro
K/graphite. While Na has a greater tendency for thre
dimensional~3D! growth, a low enough substrate temper
ture (,90 K) allows a large fraction of the surface to b
covered with an adsorbed Na metal monolayer. The app

FIG. 1. A calculated band structure of graphite~Ref. 3! with a
shaded area enclosed by the dispersion of Na valence electro
the free-electron approximation.
©2003 The American Physical Society16-1
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BREITHOLTZ, KIHLGREN, LINDGREN, AND WALLDÉN PHYSICAL REVIEW B 67, 235416 ~2003!
ance of Na islands can be monitored via the photoemis
of electrons that occupy QWS’s. These have thickne
dependent binding energies, which means that the is
thickness can be determined unless many different thickn
values are represented. We observe QWS characteristic
Na adlayers above a submonolayer threshold coverage.
result suggests that Na/graphite can provide an exampl
the transition from a dispersed to a condensed alkali-m
adsorbate on a semimetal.

Regarding the low-coverage dispersed phase our data
only indirect information about the Na adsorbate. We o
serve no emission lines that can be ascribed to the Na
lence electrons, and the 2p line is not well resolved within
our photon energy range since the line is superposed o
large background of secondary electrons. The indirect in
mation comes from the change of the work function and
shift in binding energy of graphite emission lines as Na
deposited. Initially these quantities change gradually with
creasing Na deposition time but then saturate at a slig
lower coverage than required to observe QWS emission
of Na metal islands. As discussed below the results obta
at low coverage are well understood in terms of a disper
Na adsorbate.

II. EXPERIMENT

The measurements were made using as substrate sam
of highly oriented pyrolytic graphite~HOPG!. This consists
of microcrystals which have a nearly commonc axis but
which are azimuthally disordered. The disorder means tha
low-energy electron diffraction~LEED! the pattern consists
of rings rather than spots. In one experiment an epita
graphite layer formedin situ by heating SiC~Refs. 18 and
19! was used as substrate. The photoemission spectra
recorded in the MAX synchrotron radiation laboratory, Lu
University, at BL52 where a normal incidence monoch
mator provides photons in the energy range from 3.5 to
eV. The alkali metal is evaporated from a heated break
ampoule, which is kept at constant temperature typically
to give a monolayer within 3–10 min. With HOPG as su
strate a temperature of around 40 K is reached with LHe
around 90 K with LN2. During an experimental run the tem
perature is checked with a thermocouple clamped to one
of the sample. The temperatures given above were obta
from a calibrated diode, which was attached to the sam
after one of the experiments. The holder used for the
sample gave a lower-temperature limit of around 100 K.

III. RESULTS

A. Low Na coverage

At low Na coverages, less than 0.2 monolayer~ML !, the
work function decreases rapidly with increasing deposit
time and emission lines due to the substrate shift to gradu
lower energies. Both changes saturate at approximately
same coverage, which marks the limit of a low-covera
range~1 ML is the coverage of a full Na monolayer, and
as discussed below, this is a close-packed bcc plane,
number of C atoms per Na atom is;5). The work function
23541
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change, which is obtained from the low-energy cutoff
photoemission spectra, depends on temperature~Fig. 2!. At
90 K the change also depends on how rapidly the cover
dependence is measured. As discussed in Sec. IV C a r
measurement gives a lower work function due to a tempor
oversaturation of the dispersed Na phase characteristic o
low-coverage range. The weak minimum in Fig. 2 for 90
is thus only observed if the coverage dependence is m
sured in a few minutes time or less.

The spectra recorded along the surface normal sh
graphite emission lines which all shift to lower energy up
Na deposition; i.e., filled states shift towards higher bindi
energies and states above the Fermi level shift towards
Most detail is given by an emission peak, which is due to
state 7.6 eV above the Fermi level populated by second
electrons. This emission peak has been obser
previously20,21 and was ascribed to as state.20 Particular
with this peak is that it splits into components upon Na de
sition with one component remaining at constant energy. T
splitting suggests that the escape depth of the electron
sufficient to allow observation of atomic-layer-resolved e
ergies for the substrate. In Fig. 3 two components are s
clearly and for the highest Na coverage a shoulder on
low-energy side of the stationary component indicates a th
component. The splittingDE of the two main components i
linear with the change in work function,DE50.44DeF.

Another final state is observed only after deposition o
small amount of Na. For clean graphite this state lies near
vacuum level and is therefore revealed only after a reduc
of the work function. In previous work the state has be
observed by inverse photoemission22 and with near-edge
x-ray-absorption fine structure23 ~NEXAFS!. Although the
state can be monitored in a restricted Na coverage range,
this state shifts and at saturation the energy is around 4.3
above the Fermi level. As discussed below this state is
interest for the interpretation of spectra recorded at 1
thickness. The upper filleds state in graphite~Fig. 1! gives

FIG. 2. Work function change vs Na deposition time for tw
different sample temperatures. The minimum for 90 K at;30 s is
due to a temporary oversaturation of the dispersed phase. At 4
island formation proceeds more slowly, allowing a larger reduct
of work function.
6-2
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CONDENSATION OF Na METAL ON GRAPHITE . . . PHYSICAL REVIEW B 67, 235416 ~2003!
an emission line which shifts in energy but also broade
Although the broadening makes the shift less well defined
is not significantly different from the shift observed for th
state 7.6 eV aboveEF .

B. High Na coverage

If the deposition is continued beyond the saturation of
work function, emission peaks characteristic of QWS’s in
films and islands are observed. Spectra for 1 ML Na sh
two populated states at the center of the Brillouin zone
0.17 eV and 1.65 eV binding energy, respectively~Fig. 4!. As
explained in Sec. IV A the peaks are labeled with the num
of nodes,m, the states have in the overlayer.1 Low photon
energies are used since the cross section is strong on
photon energies in the vicinity of the plasmon energy,~5.7
eV for Na! or lower than that.24,25 As the photon energy is
increased and the QWS intensity becomes weaker emis
from the substrate is observed. An example of this is
peak labeledS in Fig. 4. This peak is due to the final state 4
eV above the Fermi level mentioned in Sec. III A. The inte
sities in Fig. 4 are compared with reference to the curren
the storage ring. This is an acceptable reference since
light from the monochromator has a flat intensity in th
spectral range compared to the strong variations of the Q
intensity.

The QWS emission appears at a coverage slightly hig
than required for saturation of the work function. The hi
intensity of the peak at 0.17 eV binding energy is useful

FIG. 3. Na adsorption induced splitting of a secondary emiss
peak due to a state in graphite 7.6 eV aboveEF . The splittingDE
is proportional to the work function changeDeF, which is given
for each spectrum.
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observing the onset of island formation. At the lowest co
erages for which the state is observed the emission p
appears with some delay after the deposit. Figure 5 sh
the development with time after a deposit made with
sample held at 90 K. The intensity saturates after around
min. In the case shown the intensity is around 0.5% of
maximum intensity for the 1 ML state. The increase of t
QWS intensity is accompanied by an increase of the w
function observed in Fig. 5 as a shift of the low-energy cut
of the spectrum. The difference between the work funct
curves in Fig. 2 is thus explained by the time it takes for t
Na atoms to reach an equilibrium arrangement. For lar
deposits the QWS emission is present immediately after
deposition and the delay is less apparent.

Assuming a constant Na sticking probability the depo
tion time required to saturate the work function divided
the time it takes to obtain maximum intensity for the QW
characteristic of a monolayer gives a saturation coverag
0.2 ML. Another uncertainty in this value is that the surfa
may not be fully covered with a monolayer before there
patches with thicker Na metal. Judged by the QWS emiss
intensity the largest surface coverage is obtained with
sample temperature in the range between 40 and 90 K. A
K the film is disordered while at 90 K there are 2-ML-thic
areas before the monolayer is complete. The thickness o
initially formed islands is well defined but depends on t
temperature. At 90 K monolayer thickness is preferr
whereas at somewhat higher temperature~110 K!, the first

n

FIG. 4. Photoelectron energy spectra recorded along the sur
normal for 1 ML Na on HOPG show emission peaks due to sta
0.17 eV (m51) and 1.65 eV (m50) belowEF . The peak, at 2.0
eV, labeledS in the spectrum obtained athn56.3 eV is due to a
final state 4.3 eV aboveEF . Note the decrease in intensity as th
photon energy is increased.
6-3
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formed islands are 3 ML thick. The thickness is determin
via the QWS binding energies.1

The temperature dependence of the thickness is exem
fied in Fig. 6, which gives characteristic emission lines at
eV and 0.9 eV characteristic of 3 and 4 ML thickne
respectively1 ~bottom spectrum!. When the cooling is inter-
rupted and the temperature increases, the emission chara
istic of the 4 ML thickness increases while the emission ch
acteristic of 3 ML Na decreases. The change is
accompanied by any emission characteristic of 1 or 2
thickness, which means that there must be areas with c
graphite or more likely areas covered with dispersed Na
oms. As the temperature is increased further lines chara
istic of 5 and 6 ML thicknesses are observed. In a previ
study of morphological changes via QWS spectroscopy, L
et al.26 observed thatN-atomic-layer-thick Ag overlayers on
Fe~100! can bifurcate upon a temperature increase intoN
61 monolayer thickness. For the present system we obs
only a change to larger thickness as the temperature is
creased.

IV. DISCUSSION

A. QWS’s for NaÕgraphite

Ideal as samples for a study of QWS’s would be th
unbacked films. In such films all electrons are confined a
have discrete energies determined by the potential in o
one substance. For photoemission experiments, when a

FIG. 5. Photoelectron energy spectra recorded along the su
normal for Na/HOPG at a coverage slightly higher than the thre
old coverage for Na metal condensation. SpectrumA is recorded
immediately after deposition andB 10 min later. The peak at 0.1
eV binding energy is characteristic of 1 ML islands. The isla
formation is accompanied by a small increase of the work funct
DeF.
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ducting sample is needed, the next best choice may be a
backed by graphite since this provides confinement ove
wide range of energies and parallel wave vectors. A sim
fied picture of the situation for Na/graphite is given in Fig.
which shows the energy bands of graphite and the fr
electron dispersion for a metal with the density of Na. A
occupied valence states in a film of this metal are expecte
fall within the area~shaded in Fig. 1! enclosed by the free
electron parabola. Within this area the substrate lacks st
and a state in the film can extend on the substrate side o
interface only with a tail. Every state in the film is therefo
expected to be discrete and characterized by a perpendi
wave vector componentk' , given by the quantization rule
2k't1F52pm, where t5Nd is the thickness of a film
consisting ofN atomic layers each with thicknessd, F the
sum of the phase shifts at the vacuum barrier and the in
face, andm a quantum number, which is here chosen to
the number of nodes in the film.27

A simplification made in Fig. 1 is that the graphite ban
are unperturbed by the contact between the two solids tho
the Fermi level is common. In reality this level becom
common via a transfer of electrons to the substrate, the
ergy levels of which are downshifted in the uppermo
graphene layers. The shifts are not large enough to be
consequence for the discussion above regarding the con
ment. Another simplification is neglect of the fact that t
states in the film have tails in the substrate and there
sense the lateral variation of the substrate potential. This m
be expected to affect the band mass for the lateral disper
of the QWS and introduce band gaps at the lateral bou
aries of the graphite Brillouin zone. As shown in Fig. 1 the
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-

,

FIG. 6. Morphological change with gradually increasing te
perature for a Na film with 3-ML- and 4-ML-thick areas~bottom
spectrum!. With increasing temperature, islands with 5 ML and
ML thickness form.
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boundaries are, however, remote from the range ofki values
populated by the QWS’s. Likewise neglected is the influen
of the periodic potential in the overlayer on the propagat
of the electrons in the substrate. In principle the folding
the graphite zone caused by the spatial period in the
could be important for the present experiment since it me
that substrate electrons may be emitted in new directio
The reason for neglecting this diffraction effect is that w
have found no evidence of it in the measured spectra.

B. Low Na coverages

The breakpoint in the coverage dependence of the w
function from an initially rapid to a much slower change
the deposition is continued serves as a demarcation betw
two different coverage regimes. For coverages below
breakpoint the photoemission is dominated by the subst
states at all photon energies employed. The emission l
are downshifted gradually as the deposition time is
creased. Our observations are restricted, however, ts
states, the upper filled one and one 7.6 eV above the F
level. The shift of the filleds state is somewhat smaller tha
for the empty one, but since the emission line broadens u
adsorption, it is unclear whether the difference is significa
The secondary peak due to the state 7.6 eV aboveEF in
graphite is particularly interesting since it is only for this
splitting is observed upon Na deposition. We associate
splitting with bulk-surface split energies. Support for this
given by the fact that one of the components remains
nearly constant energy. At the highest coverage shown
Fig. 3 the stationary component has a shoulder on the l
energy side which suggests that a shift, by 0.2 eV, is reso
for the second graphene layer. Fors states, layer-defined an
depth-dependent binding energies may be expected due
small overlap betweens states in adjacent atomic layer
Typically depth-dependent binding energies can be obse
for core levels, but in the case of K/graphite the C 1s line did
not reveal this as clearly as the secondary peak 7.6 eV ab
the Fermi level.17

The work function change can be regarded as the sum
two contributions. One is the decrease due to the downs
Es , of the energy bands in the top graphite layer and
other the drop due to the potential difference,U, between this
layer and the layer of adsorbed Na atoms. If the charge tr
ferred to the two topmost carbon layers isq1 andq2, respec-
tively, and the transfer to deeper layers is neglected one
tains, using the parallel plate capacitor expression forU, that
DeF5Es1d(q11q2)/Ae0, whered is the distance betwee
the Na and the top carbon layer. If a value ofq1 is obtained
from a rigid shift byEs of the calculated density of electro
states near the Fermi level,17,28 the measured shiftEs
50.8 eV gives a charge transfer to the uppermost grap
layer of 0.008 electrons per carbon atom, which at 0.2
coverage means that each Na atom has lost 0.2e. When this
procedure was used to obtain the charge transferred fro
atoms on HOPG~Ref. 17! at the saturation coverage for th
dispersed phase a similar value was determined (0.18e per K
atom!. We believe, however, that a correct evaluation giv
23541
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0.36e, taking into account the spin degeneracy of the cal
lated density of states used for obtaining the charge tran

A reason for caution regarding the charge transfer val
obtained from a rigid density of states is that the obser
linear relationship between the binding energy shift and
work function change,Es50.44DeF, is not explained. The
density of states is approximately linear near its deep m
mum at the Fermi level.17,28A shift in energy byEs therefore
corresponds to accommodation of a charge proportiona
n(EF)Es1aEs

2 . This charge enters the second term of t
expression for the work function change, and a linear dep
dence onEs is obviously not expected.

A possible reason for the discrepancy is that the densit
states function in the uppermost graphene layers is sig
cantly altered due to the adsorbate such that the deep m
mum near the Fermi level is no longer present. Although
observed downshift ofs states upon adsorption signals
rigid band shift, this may not apply to thep states near the
Fermi level, which are of main interest for the charge tra
fer. These are found near the vortices of the Brillouin zo
So far it is only for clean graphite that some of the details
the intricate band structure near the zone corners have
resolved by photoemission.18 While graphene is a zero-ga
semiconductor the 3D structure introduces a splitting of
p states and this makes graphite a semimetal. The bulk c
acter of the states nearEF , or some of them, suggests th
they could respond to adsorption in the manner of bulk sta
in metals: no shift in energy but an altered amplitude near
surface due to the changed surface boundary condition.
is in contrast to surface states which can shift in energy
occupancy upon adsorption and thereby participate in es
lishing the new charge balance at the surface.29,30 Although
the s states in graphite do shift in energy, the occupancy
not changed since nos band crosses the Fermi level.

Another reference of interest is a semiconductor with s
face band bending. In that case bulk states have diffe
energies at the surface and in the bulk. The band struc
concept remains valid since the bending region typically
tends deep into the solid and the shift in energy within a u
cell is insignificant. Photoemission spectra, which probe
shallow surface layer, then merely shift in energy, byEs ,
when the band bending is quenched by lowering the te
perature and/or increasing the light intensity enough to s
rate the surface photovoltage.31,32

In the present case the observed energy shifts show
only the two uppermost carbon layers are appreciably
fected by the adsorbate. The unit cell of graphite conta
atoms in two carbon layers, so the perturbation is not u
form within the cell. Furthermore, the shift in energy b
tween the layers is on par with the band splitting, whi
means that the adsorbate-induced change cannot be reg
as a weak perturbation. Also in the lateral direction the
sorbate will introduce a nonuniform perturbation that m
make more diffuse such distinct details as the deep densit
states minimum in graphite near the Fermi level. The s
gestion is thus that the band picture is irrelevant to desc
the electronic structure near the Fermi level in the two u
permost layers of an alkali-metal-covered graphite substr
6-5
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C. Na metal condensate

The spectra recorded for 1 ML at 90 K is as expected
a near neutral monolayer of free-electron metal with the d
sity of Na. Since no solid is thinner than a monolayer, t
overlayer might be expected to provide the best exampl
nature of a 2D free-electron-like gas with metal density. F
such a gas the filled bandwidthW is given by W
5nh2/4pm wheren is the surface density of electrons an
the density of states,n(E), is constant and equal to 4pm/h2.
For a monolayer of close-packed Na atoms with the in
atomic distance equal to that in bcc Na one obtainsW
52.06 eV. This is close to the bandwidth 2.12 eV, obtain
in a band calculation for a monolayer of close-packed
atoms in vacuum.33

Atom-resolved STM images for 3 ML and thicker Na i
lands show a buckled bcc~110! surface.1 If this is the order
also for 1 ML, the free-electron approximation givesW
51.89 eV. In a photoemission spectrum recorded along
surface normal one would expect to observe one emis
peak at a binding energy equal toW. Instead the monolaye
gives two peaks~Fig. 4!, which means that not only th
bottom m50 level, but also the next higher onem51 is
occupied near the center of the Brillouin zone. Even this fi
is thus too thick to be representative of a true 2D electron
where the electrons are confined to a plane and only
band exists. The zone center states mark the low-energy
of subbands, which each gives the same contribution to
density of states. The density of states at the Fermi leve
thus twice that of the ideal 2D gas. The sum of the obser
QWS binding energies is 1.82 eV, which is close to the ba
width for the 2D gas. While the difference may be ascrib
to a band mass larger than 1 the smaller value for the c
bined width also leaves room for a small charge trans
~around 0.04e per Na atom!, from the adsorbed layer to th
substrate. For the states on the receiving end of the tran
this means 0.008 electrons per C atom if all electrons
accommodated by the uppermost atomic layer in graph
This amount of charge is the same as that at saturation o
work function and consistent with the observation that
shifts of graphite levels saturate at this coverage.

At 90 K the condensation of the Na atoms into me
monolayer islands proceeds slowly enough that it can
monitored in real time as shown in Fig. 5. The lack of a
shift in binding energy suggests that, when detected, the
lands have areas large enough that lateral quantization
little importance for the QWS energy. Since the experimen
resolution would allow us to observe a shift of 50 meV,
estimate of the area suggests that these have lateral di
sions of around 100 Å. If the islands form from an oversa
rated phase of dispersed Na atoms, the early stage of
glomeration into small islands is thus not detected. T
reason for this is not clear but it could be associated with
excitation mechanism. The emission intensity from ultrat
or thick samples of free-electron-like metals is strong bel
the plasma frequency due to the excitation of collect
modes.24,25 How the modes are damped, and the characte
tic frequencies changed as the lateral dimensions are red
for an ultrathin island is not known.
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As implied by the phase condition satisfied by QWS’s t
level structure is expected to be similar for different alk
metals on a given substrate if the number of adsorbed ato
layers is the same. Adsorbed on Cu~111! 1 ML of Li, Na, and
Cs in all cases gives a filledm51 state atG within 0.14 eV
of EF .34–36 According to our interpretation of the prese
results this state has a binding energy of 0.17 eV for Na
graphite. An energy near this value is then expected also
K-covered graphite, but the first K-deposition-inducedG
level has a binding energy of 0.57 eV.12 It is only after depo-
sition of a second K atomic layer that the level spectrum
similar to that obtained for 1 ML of Na. The thermal stabili
of the first formed condensate is also quite different for
and Na. While the Na monolayer can be prepared only be
around 90 K the temperature can be raised to around 20
for K before theG level with 0.57 eV binding energy disap
pears. It is then not replaced by QWS’s characteristic
thicker islands which is typical of Na films. Aside from th
energy another important signature of QWS’s is the cr
section. For 1 ML of Na this is enhanced at low phot
energies as previously observed for Na both on graphite
on a metal substrate.1,2 In the case of K the characteristi
photon energy dependence of the cross section is obse
only after deposition of the second atomic layer. In additi
the splitting of the 7.6 eV state upon deposition~Fig. 3! is
followed for K by a stepwise shift upon continue
deposition.12 There are thus a number of differences betwe
the two surface systems. For K the suggested interpreta
is that the initially formed condensate is a subsurfa
monolayer.12 For Na the results are consistent with a chan
from a dispersed low-coverage phase to a condensed p
of adsorbed islands which have monolayer thickness if
temperature is below around 90 K but thicker at higher te
perature.

V. CONCLUDING REMARKS

The results show that QWS spectroscopy provides a s
sitive means of observing the formation of a condensate
adsorbed metal atoms. In the Na/graphite case QWS cha
teristics of adsorbed alkali-metal islands are observed o
when a submonolayer threshold coverage is exceeded.
low threshold a dispersed phase is indicated by the w
function change and shifts of substrate energy levels.
behavior gives support to a theoretical model which ascri
the existence of a threshold coverage for condensation to
semimetal character of the graphite substrate.7 Although the
islands formed at low enough temperatures have the ultim
monolayer thickness, the electronic structure deviates m
edly from that of a true 2D electron gas since two subba
are occupied rather than one. For a freestanding monola
by contrast, calculations predict that only one subband
tends below the Fermi level.33
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16L. Österlund, D.V. Chakarov, and B. Kasemo, Surf. Sci.420, 174

~1999!.
17P. Bennich, C. Puglia, P.A. Bru¨hwiler, A. Nilsson, A.J. Maxwell,

A. Sandell, N. Ma˚rtensson, and P. Rudolf, Phys. Rev. B59, 8292
~1999!.
23541
s.

18T. Kihlgren, T. Balasubramanian, L. Wallde´n, and R. Yakimova,
Phys. Rev. B66, 235422~2002!.

19I. Forbeaux, J.-M. Themlin, and J.-M. Debever, Phys. Rev. B58,
16396~1998!.

20A.R. Law, J.J. Barry, and H.P. Hughes, Phys. Rev. B28, 5332
~1983!.

21D. Marchand, C. Fre´tigny, M. Laguës, F. Batallan, Ch. Simon, I.
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