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Sodium atoms and clusters on graphite by density functional theory
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Sodium atoms and clusters (N<5) on graphite~0001! are studied using density functional theory, pseudo-
potentials and periodic boundary conditions. A single Na atom is observed to bind at a hollow site 2.45 Å
above the surface with an adsorption energy of 0.51 eV. The small diffusion barrier of 0.06 eV indicates a flat
potential energy surface. Increased Na coverage results in a weak adsorbate-substrate interaction, which is
evident in the larger separation from the surface in the cases of Na3 , Na4 , Na5, and the (232) Na overlayer.
The binding is weak for Na2, which has a full valence electron shell. The presence of substrate modifies the
structures of Na3 , Na4, and Na5 significantly, and both Na4 and Na5 are distorted from planarity. The calcu-
lated formation energies suggest that clustering of atoms is energetically favorable, and that the open shell
clusters~e.g., Na3 and Na5) can be more abundant on graphite than in the gas phase. Analysis of the lateral
charge density distributions of Na and Na3 shows a charge transfer of;0.5 electrons in both cases.

DOI: 10.1103/PhysRevB.69.205404 PACS number~s!: 68.43.Hn, 73.22.2f, 36.40.Cg
ri-
v
t

n
th

nc
-

tru

m
tie
p

rb
er

i-
o

co
a

a
ar
al-
o
t
n

.
ls
G
iu

,
kl

na

-

n
-
tial
m-

nds
t of
pa-
rary
ical
ects,

ly
y

be-
may

les

e

etal

ow
yers
s the
is to

ted

stic
ing
are

er-

dic
I. INTRODUCTION

Graphite is a semimetal that is widely utilized in expe
mental surface physics. The planar geometry and weak
der Waals–type interlayer interaction make it possible
split flat, chemically inert, and clean graphite~0001! surfaces
@highly oriented pyrolytic graphite~HOPG!#, which are ideal
for studying adsorption layers and clusters. The electro
2D semimetal properties of graphite are well-known bo
experimentally and theoretically. For instance, density fu
tional theory~DFT! has provided information about the va
lence charge density, electronic density of states, band s
ture, elastic constants, and equation of state.1–4

An interesting research field considers alkali metal ato
and clusters on graphite. Reactivity and metallic proper
make alkali metals exciting both for nanotechnological a
plications and basic science, and the properties of adso
alkali metal atoms on HOPG evolve as a function of cov
age. Initially, a dispersed and highly polarized phase~‘‘cor-
related liquid’’! is found where alkali atoms maintain a max
mum distance between each other. After a critical density
adatoms is reached, a nucleation to more closely packed
figurations~islands! occurs.5 Alkali metals seem to have
higher charge transfer to HOPG with lower coverage, and
increase in adatom density tends to reorganize the ch
into the alkali metal layer forming a two-dimensional met
lic state that has a small surface corrugation and is alm
decoupled from the substrate.5–9 It has been proposed tha
alkali-metal-plated graphite could have practical applicatio
as a substrate in studying normal and superfluid He films6,10

Despite the similar electronic structure of alkali meta
deviations in island formation and interaction with HOP
are observed as the atomic number increases. While lith
atoms either intercalate between the graphene layers4 or form
a planar incommensurate hcp superstructure on HOPG11 it
has been suggested that sodium nucleates only in buc
~110! bcc overlayers.12,13 The larger alkali atoms~K,Ru,Cs!
are found to intercalate via surface defects6,9 or to adsorb in
a (232) phase occupying hollow sites of the hexago
0163-1829/2004/69~20!/205404~7!/$22.50 69 2054
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substrate.6,9,14,15 In addition, cesium can exist in an incom
mensurate hexagonal or a more sparse (A73A7)R19.11°
phase,6,14,15 and a dense (A33A3)R30° structure has bee
proposed for potassium.16,17 Obviously, the above observa
tions are related to the atomic radius and ionization poten
of the alkali atom in question, which affect both the adato
adatom and adatom-surface interactions.

The first experimental studies considered metal isla
and metal layers on graphite. A more controlled treatmen
adsorbates is challenging, and it is difficult to study se
rated atoms and size-selected small clusters. Contempo
experimental techniques are able to deal with the pract
difficulties such as the substrate temperature, surface def
kinetic energy of cluster deposition~‘‘soft-landing’’ !, and
cluster aggregation.18 Theoretical studies concern most
single atoms19–22 or atomic layers on graphite formed b
periodic boundary conditions.7,8,23 However, research on
supported clusters is needed because they form a bridge
tween isolated atoms and ordered nanolayers, and they
have nanotechnological importance~quantum dots, cataly-
sis!. Several attempts to model small clusters and molecu
on HOPG have been made,8,20,21,24–29but the large number
of substrate atoms and the semimetallic nature of graphit~k
points! make reliable calculations very demanding.

Various theoretical methods are capable of studying m
atoms and clusters on graphite~0001!. In addition to decid-
ing which theoretical tools to use, a crucial question is h
to model a graphite surface, i.e., how many graphene la
are needed, how large should the substrate be, and doe
adsorbate change the surface geometry? One approach
place the metal cluster under study onto an isola
hydrogen-terminated piece of graphite~‘‘cluster’’ ! that mim-
ics a continuous surface.19–21,29 The question then is how
large should the graphite cluster be in order to get reali
results? On the other hand, there is a problem in optimiz
the geometry of the substrate if several graphene layers
involved. This is due to the fact that the layers are int
locked, and the system~Bernal graphite, stackingABAB! is
not fully symmetric at the substrate edges. With perio
©2004 The American Physical Society04-1
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boundary conditions one can describe, in principle, a c
tinuous infinite system~‘‘slab’’ ! in the lateral dimensions. In
this case, the problem is the distance between adsorbate
licas, which should be large enough to exclude charge d
sity overlap. The large substrate that must be used incre
the computational cost greatly.

In the present work, a DFT method with periodic boun
ary conditions has been used to model Na atoms and clu
(N<5) on HOPG. The substrate consisted of three graph
layers with 32~60! carbon atoms each. It was found that t
HOPG potential energy surface~PES! is very flat with the
hollow site of the carbon hexagonal structure being p
ferred. Although alkali metal atoms tend to be more wea
bound to the surface when the coverage increases, this
dency is not so clear in small Na clusters. The calcula
cluster energetics favor clustering processes on HOPG,
the stability of open shell clusters (Na3 and Na5) is in-
creased.

II. SIMULATION METHODS

The calculations have been performed using the C
Parrinello molecular dynamics~CPMD! package,30 which is
based on density functional theory. The electron-ion inter
tion is described by ionic pseudopotentials having the n
local, normconserving, and separable form suggested
Troullier and Martins.31 Periodic boundary conditions ar
employed, and the plane wave basis has a kinetic en
cutoff of 70 Ry. The generalized gradient-corrected appro
mation of Perdew, Burke, and Ernzerhof~PBE!32 is adopted
for the exchange-correlation energy functional. The el
tronic Hamiltonian is rediagonalized after each geometry
timization step, and a finite temperature functionalT
51000 K) by Alaviet al.33 is used for the Kohn-Sham~KS!
orbital occupancies due to the small energy gap between
occupied and unoccupied states~band gap!. The ionic posi-
tions are optimized using a conjugate gradient method u
all the components of nuclear gradient are below
31024 a.u.

We model two periodic substrates of Bernal graph
which consist of three graphene layers~stacking ABA! in
orthorhombic supershells of 9.8438.53316.70~96 C atoms!
and 12.30312.79316.70 Å3 ~180 C atoms!. The smaller
substrate with Na3 is shown in Fig. 1 from two perspective
Our tests for different numbers of graphene layers h
shown that at least three layers are needed in order to rea
convergence in Na adsorption.34,35 The spacing between th
layers is fixed to the experimental value 3.35 Å, since
PBE functional used has problems in describing weak
der Waals–type interactions.4 The choice ofz dimension
keeps the slab replica 10 Å apart, which is sufficient for m
applications. However, a weak binding of Na2 ~and large
separation from the surface! forced us to use 2 Å larger spac-
ing in this case. For Na4 and Na5 the interaction between
cluster replicas becomes significant in the smaller box, an
larger substrate inx and y dimensions is needed, where th
minimum distance between the clusters is now 7.62 and 6
Å, respectively.

Extensive tests for different numbers ofk points have
20540
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shown that the simpleG-point approximation is not reliable
for the systems studied. This is manifested by an artific
planar elongation of the graphite hexagons during geom
optimization, and is probably related to a strong downwa
dispersion of the uppers bands at theG point.1,2 The prob-
lem does not occur with a 23231 Monkhorst-Packk-point
mesh, and a variation of lateral dimension results in a va
1.421 Å for the C-C nearest-neighbor distance~experimental
value 1.420 Å!. The Na adsorption energies obtained sh
that a 53531 mesh is adequate~see also Table I!, whereas
the forces are already well converged for the 23231 mesh.
We have also tested whether it is possible to use a sm
kinetic energy cutoff: In comparison with 70 Ry, a calcul
tion with 50 Ry yielded 0.17 eV~33%! weaker binding of
Na, and the related perpendicular distance from the sur
increased by 0.19 Å~7.8%!. This is surprising since it is
generally accepted that 50 Ry is appropriate for C us
Troullier-Martins pseudopotentials, and a proper treatmen
the smooth Na pseudopotential requires even fewer p
waves. Presumably, the underlying reason is the relativ
weak interaction between the Na atom and the substrate
involves charge transfer. The situation is analogous
hydrogen-bonded systems where a high kinetic energy cu
is required.

The effect of substrate relaxation has been studied by

FIG. 1. ~Color! Optimized Na3-HOPG system shown from two
perspectives. The supershell size is 9.8438.53316.70 Å3. Each
graphene layer consists of 32 atoms.

TABLE I. Na atom on graphite~0001! at different locations.
DE' is calculated for both the 23231 and 53531 k-point
meshes, but the geometries are optimized using the 23231 mesh
alone. The vertical distance from the graphite layer (d'), the Na-C
distance, and the carbon coordination number (NC) are given also.

Point DE' ~eV! d' (Å) Na-C (Å) NC

0 0.12/0.51 2.45 2.83 6
1 0.08/0.47 2.49 2.59, 2.78 3
2 0.06/0.44 2.53 2.53 1
3 0.07/0.45 2.53 2.63 2
4 0.06/0.44 2.54 2.54 1
5 0.09/0.47 2.50 2.60, 2.78 3
4-2
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leasing the six nearest C atoms and reoptimizing the
HOPG system geometry. The changes are small~e.g., the
C-C distance 1.424 Å! which validates the use of fixed sub
strate in real applications. A bench mark calculation for N
HOPG shows that the local spin density~LSD! approxima-
tion does not improve the results because of the large num
of KS states involved and the nonmagnetic nature of
system. The calculations below are done with sp
degenerate KS orbitals except for isolated Na atom and
clusters.

III. RESULTS

In order to map the potential energy surface of a N
HOPG system, we have optimized the Na atom position
different locations along the surface~see Fig. 2!. The results
for adsorption energy (DE'), separation from the surfac
(d'), nearest carbon atom distances~Na-C!, and carbon co-
ordination numbers (NC) are presented in Table I. Here, w
do not approach the real zero-density limit of Na, but t
atoms are distributed in 9.8438.53 Å intervals due to the
periodic boundary conditions applied.36 Inclusion of morek
points enhances binding in a systematic way yielding to
estimate of 0.51 eV for the energy minimum~point 0, 535
31 mesh!. Comparison with other locations shows on
small deviations inDE' and d' , indicating a flat potential
energy surface with a maximum variation of 0.07 eV. T
points 2 and 4 aboveCa andCb ~Fig. 2! give similar results,
which causes increased symmetry in the PES. These find
resemble the results by Lamoen and Persson8 who obtained
DE'50.52 eV for a K-HOPG system and a small diffusio
barrier ~variation 0.05 eV!. No k points were used in thes
calculations, but we expect a systematic shift inDE' similar
to the one we found.

Table II shows the formation energetics of Na atoms a
clusters. The formation energyDE is divided into two com-
ponents: the binding energy of a free cluster or a separ
monolayer (DEb), and a term (DE') describing the adsorp
tion energy. Three phases of Na-HOPG are included in Ta
II, where Na~I! refers to the initial sparse system, Na~II ! is a
commensurate periodic structure with twice as many Na

FIG. 2. Numbered locations of Na atom on top of a graph
hexagon.
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oms per unit shell as Na~I! ~Na-Na separation 6.51 Å!, and
Na~III ! corresponds to the (232) Na monolayer with four
times the coverage of Na~I! and hexagonal symmetry. Th
phase Na~II ! was encountered as a by-product of Na2 stretch-
ing, and it corresponds to the maximal separation of Na
oms allowed by the smaller supershell used. The effec
nearby Na atoms becomes clear in Na~III !, where the sepa-
ration from the surface is 0.76 Å greater. The loss in surf
binding is compensated by the interaction with other Na
oms, and the resultingDE per atom is slightly larger than fo
Na~I!. A similar (232) structure is stable for potassium9

and theoretical studies have shown that K forms a meta
state on HOPG.6–8 Our results corroborate this finding
but—in the case of Na monolayer—the spacing between
atoms~4.92 Å! does not match typical Na-Na distances~see
Na clusters in Table III!, and the energy difference with th
lower coverage phase Na~I! is relatively small.

The cluster formation energies in Table II reveal sign
cant differences between individual clusters. Na2 binds only
very weakly due to its closed valence electron shell, and
dimer separation from the surface is 1 Å larger than for Na3
and Na4. The same effect is apparent in theDE' values. It is

TABLE II. Na atoms and clusters on graphite~0001!. DE and
DE' are calculated for both the 23231 and 53531 k-point
meshes, but the geometries are optimized using the 23231 mesh
alone.

DE/atom ~eV! DEb /atom DE' /atom d' (Å)

Na~I! 0.12/0.51 0.12/0.51 2.45
Na~II ! 0.15/0.33 0.09 0.07/0.24 2.81
Na~III ! 0.46/0.57 0.19 0.27/0.38 3.21
Na2 0.40/0.48 0.34 0.06/0.14 3.95
Na3 0.56/0.68 0.35 0.21/0.34 2.95, 2.98
Na4

a 0.65/0.64 0.45 0.20/0.19 2.88, 3.12
Na5

a 0.68/0.71 0.46 0.22/0.25 3.08, 3.77

aLarger substrate of 60 atoms per layer and simulation box
12.30312.79316.70 Å3.

TABLE III. Optimized structures of adsorbed Na clusters. D
tances in Å and angles in degrees. The values in parentheses re
the gas phase structures.

Na2 Na3 Na4 Na5

Na-Na 3.07~3.05! 3.35 ~3.17! 3.53 ~3.43! 3.24 ~3.33!
3.26 ~3.97! 3.27 ~3.02! 3.34 ~3.42!

3.62 ~3.36!
4.11 ~3.46!

d' 3.95 2.95, 2.98 2.88, 3.12 3.08, 3.77
Na-C 4.52 3.10 2.92, 3.30 3.09-4.12
Angle 58.2~77.7! 55.2 ~52.2! 58.1 ~61.8!

62.4 ~63.7! 66.7 ~59.5!
124.2~127.8! 55.3 ~58.7!

75.9 ~60.5!
155.2~177.7!

Torsion 8.7 14.9, 30.7
4-3
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interesting that the deviation ofDE for 23231 and 535
31 k-point meshes becomes smaller as the distance betw
Na atoms and surface increases~see, e.g., Na3). This implies
changes in charge transfer. The larger substrate used for4
and Na5 requires fewerk points to converge the formatio
energy, which can be seen as nearly identicalDE values. The
DE values of Na3 , Na4, and Na5 are larger than for the (2
32) Na monolayer, which shows that the clustering of
atoms is preferred.

The optimized cluster structures are related to the gro
state geometries of free Na clusters. For Na3 , Na4, and Na5
the corresponding isomers are an isosceles triangle, a rh
bus, and a planarC2v isomer. The clusters are placed o
HOPG in a way that assumes that the hollow site~point 0! is
energetically favorable for each Na atom. The related b
distances, angles, torsional angles, and distances from
surface are given in Table III. As mentioned above, N2
binds weakly, and this can also be seen in the very sm
change in dimer bondlength~0.02 Å!. For the other clusters
changes are more obvious: Na3 adopts a geometry close t
an equilateral triangle with significant changes
bondlengths and angles. Na4 bends away from planarity~tor-
sional angle 8.7°), and the bondlengths increase system
cally, but the angles remain close to the initial values. F
Na3 all atoms occupy similar sites on top of point 5~see
Figs. 1, 2!, not far from hexagon centers. The atoms of N4
are coordinated with HOPG in two ways: the two corners
the rhombus are above C atoms and bent towards the
strate@a result contradictory to the PES of Na~I!#, whereas
the other two Na atoms are close to the hexagon centers.
geometry and position of Na4 is shown in an electron densit
isosurface plot in Fig. 3.

The adsorption of Na5 leads to a significant distortion
from planarity, with the central Na atom being much farth
from the surface~0.69 Å! than the other atoms. Simulta
neously, the longest Na-Na bond is broken~4.11 Å, see Table
III !, and the resultingCs structure~Fig. 4! comprises two
identical triangles connected via their apices. As for the ot
clusters, changes in bond lengths are considerable, and
are also changes in bond angles. The Na atoms are co
nated with the surface in three ways: the central atom is o
hollow site, the two atoms that initially comprised the brok

FIG. 3. ~Color! Three density isosurfaces for Na4-HOPG sys-
tem. The corresponding density values are 0.002~yellow!, 0.004
~orange!, and 0.007 au~red!, respectively. The accumulated charg
within the cluster are 1.77, 0.98, and 0.14e, respectively.
20540
en

a

d

m-

d
the

ll

ti-
r

f
b-

he

r

r
ere
di-
a

Na-Na bond sit on top of C-C bonds, and the two corn
atoms are directly above C atoms. Here, we have optimi
the cluster geometry with respect to a substrate consistin
two graphene layers alone~120 C atoms!.37 The obvious
changes are an increased separation of the middle Na a
from the surface~0.20 Å! and a further elongation of the
longest~broken! Na-Na bond~0.11 Å!. The other bond dis-
tances and the formation energyDE are unchanged.

The electron density isosurface plot of Na5-HOPG in Fig.
4 illustrates how the density is distributed within the N5
cluster. The largest values are obtained inside the two
maining triangles, but there is a component also in the in
stitial region next to the broken~or elongated! Na-Na bond.
The Na atom in the middle has a pronounced hole in
density, but an atom-centered integration of charge den
within a small spherical volume (R51.5 Å) gives similar
results~charges! for each Na atom. This is explained by th
fact that the most coordinated Na atom has density contr
tions from both triangles. Presumably, this atom prefer
larger distance from the surface and a hollow site becaus
its higher Na coordination, whereas the lower coordina
Na atoms tend to acquire positions closer to carbons and
bonds. The same applies to Na4 but on a smaller scale~see
Fig. 3!.

We have listed on Table IV formation energies for diffe
ent cluster/atom products on top of the HOPG substrate,
culated assuming an initial state ofN free Na atoms in the
gas phase. The most obvious feature is the small forma
energy of Na2 containing products. This is caused by the fu
valence electron shell of Na2 that reduces binding with the
substrate. Even two separated Na atoms are more stab
graphite than a dimer. For larger systems Na3 , Na4, and Na5
are favored, indicating clustering processes, and the pro
Na31Na is slightly higher in formation energy than Na4.
The unpaired electron on the outermost shell of Na3 ~and Na!
increases binding with HOPG as seen in Table II. A simi
conclusion can be made about the high stability of Na5. This
indicates that open shell clusters can be more abundan
graphite than in the gas phase.

The weak binding of Na2 compared to two separated a
oms has suggested to us to investigate the breaking of

FIG. 4. ~Color! Three density isosurfaces for Na5-HOPG sys-
tem. The corresponding density values are 0.002~yellow!, 0.004
~orange!, and 0.007 au~red!, respectively. The accumulated charg
within the cluster are 2.37, 1.44, and 0.35e, respectively.
4-4
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bond. For this purpose the Na2 bond distance has been in
creased gradually up to a point where the periodic Na~II !
phase is obtained. Each configuration has been optim
with respect to the surface, and the total energy is calcula
with the 53531 k-point mesh. Our results show a mon
tonic increase up to Na~II !, which is the upper limit of Na-Na
distance~6.51 Å! in the supershell chosen. At this point, th
energy is 0.30 eV higher, which should be considered as
lower bound of the Na2 dissociation energy on HOPG. Th
is still significantly less than the gas phase value 0.68 eV,
the substrate now causes the interaction between Na atom
be long ranged. On the other hand, Na2 stretches readily; as
the Na-Na separation is increased to 4.26 Å where both
oms sit on a hollow site~second nearest hexagons! the total
energy change is only 0.09 eV, but the distanced'

53.09 Å is 0.86 Å less. This suggests that Na2 on graphite
has very low frequency vibrational modes in both lateral a
perpendicular directions.

Charge transfer between the adsorbate and the substr
studied in detail in the case of Na-HOPG and Na3-HOPG,38

and the laterally averaged charge density differences (Dr)
are presented in Fig. 5. In both cases, the oscillating pro
of Dr shows that the presence of adsorbate affects the w
system including the lowermost~third! graphene layer. The
negative node close to the Na/Na3 indicates a charge transfe
to the substrate that is partially counterbalanced by the str
positive peak next to the first graphene layer~GR1, see Table
V!. The location and shape of the negative node is differ
for Na and Na3: for a single atom the charge is deplet
throughout the whole atomic volume causing a broad m
mum in Dr, whereas for Na3 the minimum is deeper an
biased to the lower side of the cluster. Integration over t
area gives valuesDq520.47e andDq520.48e for Na and
Na3, respectively. The similarDq values indicate that the
substrate does not support more excess charge, and i

TABLE IV. Formation energies of Na products on graph
~0001!. A large separation of end products is assumed.

Reactants~free! Products~graphite! DE ~eV!

Na Na 0.51 eV
23Na Na2 0.96 eV

23Na 1.02 eV
33Na Na3 2.05 eV

Na21Na 1.47 eV
33Na 1.53 eV

43Na Na4 2.55 eV
Na31Na 2.56 eV
Na21Na2 1.92 eV

Na2123Na 1.98 eV
43Na 2.04 eV

53Na Na5 3.54 eV
Na41Na 3.06 eV
Na31Na2 3.01 eV

Na3123Na 3.07 eV
53Na 2.55 eV
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plains the increasedd' for Na3 , Na4 , Na5, and (232) Na
monolayer.

A layer-by-layer analysis of the graphite substrate in Ta
V shows that the charge transferred is distributed over
three layers. In comparison with the middle layer~GR2!, Dq
is slightly larger for the lowermost layer~GR3!. This is prob-
ably a finite-size effect, a conclusion that is supported by
Dr profile. The inclusion ofk points leads to more pro
nounced oscillations near GR2 and GR3, whereas GR1
more accumulated charge in theG-point approximation. This
shows that the charge transferred becomes more deloca
as k points are introduced in the lateral dimension. T
G-point approximation underestimates the amount of cha
transfer also for Na, whereas for Na3 the values are similar
Lamoen and Persson8 found Dq520.40e for a (434) K
monolayer, which agrees with our resultDq520.39 for a
corresponding density of Na using a singleG point ~Table
V!.

FIG. 5. Laterally averaged charge density difference for~a! Na-
HOPG and~b! Na3-HOPG systems. The solid and dashed lin
mark the 53531 k-point mesh and theG-point approximation,
respectively. The thick vertical bars denote the positions
graphene layers~longer bars! and Na/Na3 ~shorter bar!.

TABLE V. Charge transfer in Na-HOPG and Na3-HOPG ~in
electrons!. The values in parenthesis are for theG-point approxima-
tion.

Na GR1 GR2 GR3

Na-HOPG 20.47 (20.39! 0.25 ~0.28! 0.09 ~0.03! 0.13 ~0.09!
Na3-HOPG 20.48 (20.49! 0.26 ~0.37! 0.10 ~0.03! 0.12 ~0.09!
4-5
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The electronic densities of valence states~DOS! of
Na5-HOPG and HOPG are plotted in Fig. 6. The calculatio
were done using a 53531 Monkhorst-Packk-point mesh,
and the KS eigenvalues obtained are interpolated to co
spond a 93931 mesh~this resembles the common tetrah
dron method!.39 The DOS of graphite substrate shows typic
features,1,2 including a steep rise at220 eV due to the 2D
character of graphite, a dip at213 eV after the first twos
bands, a large peak at26.5 eV followed by a shoulder in the
decreasing profile with zero weight and zero gap at the Fe
energy. Our substrate model then captures the relevant p
erties of graphite, although the system is finite in the perp
dicular direction.

A very small effect is observed due to the Na5 adsorption,
and the characteristic features of graphite substrate
clearly visible. The conduction band is now being filled
the Na5 valence electrons, which can be seen as a small p
at the Fermi energy. The band structure of the three~spin-
degenerate! Na5-HOPG conduction states reveals that t
dispersion of the first does not correspond to its grap
counterparts (p* bands!, but resembles the valence stat
more (p bands!. This is not true for the two other conductio
states, where the lower one shows only minor variation a
function of k, and the higher one resembles closely t
graphite conduction bands. The two uppermost valence s
are also affected by the presence of Na5, which can be seen
as smaller dispersion. Together with the lowest conduc
state, this results in a small hump in the DOS next to
minimum separating conduction and valence bands.

FIG. 6. Normalized DOS of Na5-HOPG and HOPG system
calculated with the 53531 k-point mesh. The data is interpolate
to correspond a 93931 mesh, and Gaussians of 0.10 eV wid
were used for each data point. The dashed line marks the F
level.
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IV. CONCLUSION

We have studied Na atoms and small Na clustersN
<5) on graphite using a DFT method that uses pseudo
tentials and periodic boundary conditions. In order to obt
reliable results the simulated slab of graphite consists
three graphene layers, and is sufficiently large to yield
appropriate separation between the adsorbate replica in
eral dimension. In addition, a high kinetic energy cutoff~70
Ry! for the plane wave basis set andk points make the cal-
culations very demanding in terms of CPU time and memo

For a dispersed phase, an Na atom has an adsorption
ergy of 0.51 eV at the hollow site 2.45 Å above the surfa
The small diffusion barrier of 0.06 eV shows that the pote
tial energy surface of the Na atom is flat. These results
similar to the recent results for NaC60 compounds, where an
adsorption energy of 0.65 eV and a diffusion barrier of 0.
eV were observed at the hexagonal site.40 A higher Na cov-
erage leads to a decreased interaction with the substra
shown for the (232) monolayer (d'53.21 Å). The dis-
persed phase and (232) monolayer differ little energeti-
cally, and neither is found to be stable experimentally.
stead, the calculated cluster formation energies fa
clustering processes~island formation! in agreement with
experiment.6,12,13 The formation energies of the open she
systems Na, Na3, and Na5 are larger than those of close
shell cases Na2 and Na4. This is related to the spin
degeneracy of the highest molecular orbital~odd-even stag-
gering! and, in contrast to free metal clusters, gives rise
increased stability of odd cluster sizes on HOPG.

A charge density analysis for Na and Na3 shows that ap-
proximately 0.5 electrons are transferred to the substrat
both cases, indicating that HOPG does not support m
excess charge, and that polarization effects weaken as th
coverage is increased. As shown before for K,6–8 this leads
to decoupling between the adsorbate and substrate, a
two-dimensional metallic film on HOPG results. In the ca
of Na clusters, the partial loss in electron density is evid
in significant changes in cluster geometries. For exam
Na3 is more similar to a closed shell Na3

1 ion, and conse-
quently, the geometry is closer to an equilateral triangle th
that of a free Na3. An interesting observation is that th
planarity of Na4 and Na5 is broken as the atoms having mo
Na-Na bonds move farther from the surface. Whether thi
related to the experimentally observed buckling of Na ov
layers remains an open question.9,12
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