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Interaction of lithium with graphene: An ab initio study
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The interaction potential of a Li atom with a graphene layer is calculated using the local density approxi-
mation to the density functional theory. Two configurations corresponding to different separations between Li
in neighboring supercells were considered to determine the effect of Li-Li interaction on the binding of Li to
graphene. The equilibrium position of Li is not affected by the Li-Li interaction and remains the same in both
cases. It is equal to 3.1 a.u. above graphene with the Li at the center of a hexagonal ring formed by the carbon
atoms. However, the binding energies differ substantially in the two configurations. The binding energy of Li
is 0.934 eV in configuration A when the Li-Li separation in adjacent supercells is 9.22 a.u. The binding energy
is 1.598 eV in configuration B corresponding to a separation 18.45 a.u. between adjacent Li atoms. There is
substantial charge transfer from both lithium and carbon at@n@uding those that do not surround the
lithium) to a region between the Li and graphene at the minimum energy configuration. The interaction
potential for both configurations can be fitted to a sum of a screened Yukawa potential and a linear superpo-
sition of power-law functions of type™", wheren is an integer. The density functional theory underestimates
the attractive contribution of dispersion forces for large separations. The attractive interaction potential calcu-
lated for Li positions much greater than the equilibrium distance from graphene may therefore need to be
corrected.
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[. INTRODUCTION density functional theory in this paper. The interactions in the
Li-nanotube system using the same methodology will be dis-
The first synthesis of lithium metal intercalated into cussed separately elsewhere.
graphite resulting in a graphite intercalation compound Many types of electronic structure calculation schemes
(GIC) was made in 1955 by HeroldExtensive research has have been used to elucidate charge transfer and the interac-
been carried out since then on Li-GIQIsiCg) to investigate  tion of Li atoms in GIC’s(Refs. 27-31and SWCNT's?-16:32
charge transfer and staging structure which is of interest foln contrast, we are aware of only one stbidgf the
the development of rechargeable Li-ion battefidsCarbon  Li-graphene system. The binding energy of Li onto a
nanotubes consist of one or more concentric rolled up planegraphene layer was found to be 1.70 eV at an equilibrium
of graphite’® Currently, many theoretica® and distance of 3.97 a.u.. from the graphene pfajtiee adsorp-
experimentdf’ 22 studies have focused attention on lithium tion site was at the top of the hexagon's centeased on a
intercalated carbon nanotubes because these offer muskemiempirical Hartree-Fock linear combination of atomic or-
higher Li capacity ranging from LigCq to Li, /Cs (Refs. 20  bitals scheme. The electron transfer from Li to graphene was
and 22-2% depending on processing conditions. Addition- 0.72 electrons. The interaction potential of Li as a function of
ally, the doping of single wall carbon nanotuli@WVCNT's) its separation from graphene was not calculated in that work.
by Li and K is known to enhance conductivity and hydrogenThe adsorption energy of Li on graphene may be compared
storage capacit§? with the intercalation energy per carbon atom of Li in graph-
Both scientific and technological progress requires a sysite which saturates around 1.4 eV for a composition of
tematic understanding of interactions in Li-graphitic systemsLig 3:C .16
The potential energy curves for the interaction of Li with
graphitic systems and the nature of electron transfer in these Il. LITHIUM-GRAPHENE INTERACTION
structures are of particular interest. In this paper, we consider
the simplest system, Li atoms interacting with a single layer We use the density functional theof@FT) to determine
of graphite(graphene laygr The van der Waals interactions the interaction between a Li atom and a graphene sheet. The
in the graphitic systems are unique in that the potential encalculations were done using thaiosMbD code developed by
ergy of interaction between graphene sheets and betwedscheffleret al®3 This code uses supercell geometry and the
nanotubes can be described by a single universal graphitielectronic wave functions are expanded in a basis of plane
potential?® Both the Li-graphene and Li-nanotube systemswaves. The electrons explicitly included in the calculation
are characterized by a combination of ionic and van depre the(2s?2p?) electrons of carbon and ti{@s') electron of
Waals forces. We present the charge distribution and the pdithium. The core electronéls?) of carbon and lithium are
tential energy of interaction in the Li-graphene system usingeplaced by pseudopotentidfsNonlocal, norm-conserving
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TABLE |. Structural properties of bulk lithium and comparison with other calculations and
experiments.
Lithium Structure Cohesive energmRy) ag (a.u) B (kban
hcp 136.78 5.64c/a=1.633 149.7
Present calculation fcc 136.07 8.03 148.2
bce 135.06 6.35 148.18
hcp 137.01 5.71c/a=1.630 152
Choet al? fcc 136.99 8.09 151
bce 136.45 6.34 153
hcp 5.83c/a=1.633 133
Staikovet al® fec” 8.20 134
bce 6.51 135
Dacorogna and Cohén hcp 5.71(c/a=1.630 137
fcc 8.09 138
bce 6.43 130
Experiment hcp 1245 5.88/a=1.637 126.5
Experiment bcc 6.60 116

aReference 40.
bReference 41.
‘Reference 39.
dReference 42.
®Reference 43.

pseudopotentials of the Troullier-Martins foftrwere used lithium is the simplest metal, it is well known that its phase
for both carbon and lithium in the Kleinman-Bylander sepa-structure is quite difficult to reproduce fromb initio
rable form3® The nonlocality in the pseudopotential was re- calculations®®-4! Some calculatior¥*! predict the fcc phase
stricted tol =2 while thes component was treated as a local to be the lowest energy structure while experim&ftsand
part of the pseudopotential. The local density approximatiorpther calculation®“° predict the hcp phase to be the lowest
(LDA) as parametrized by Perdew and Walngas used for in energy. The difficulty lies in the small energy difference
exchange and correlation. betwepn the' hcp and fcc phases._ Both Harffarand
The carbon pseudopotential was tested for pure graphitd roullier-Martins typé® pseudopotentials have been em-

The in-plane C-C bond length was to be 2.66 a.u. and thg'loyed with and without the nonlinear core-valence correc-

; . : 0
separation between planar graphitic layers was 6.27 a.u, THPN in previous calculation¥:# .
P b grap y We used a plane-wave basis set with an energy cutoff of

corresponding experimental valdesre 2.68 and 6.34 a.u., e :
respectively. The C-C bond length for a single graphene40 Ry and minimized the total energy with respect to the

layer was fixed to be 2.66 a.(he same as for graphjteThe interatomic distance for each structure. The number of spe-
Y/ A ’ . grap ial k points in the irreducible Brillouin zone was 50 for hcp,
Li pseudopotential includes an additional nonlinear treatmeni

o . 0 for fcc, and 8 for bcc phase. The convergence criterion
of the exchange-correlation interaction between core and Va4 such that all energies were converged to 2.7 meV. The

lence electrons. The pseudopotential energy without this cOlsqijibrium lattice parameter, cohesive energy, and the bulk
rection treats this interaction as linearly dependent on theodulus obtained for the lowest energy configuration for dif-
valence electron density. The nonlinear correctidfis usu-  ferent structures are listed in Table I. These were calculated
ally needed to describe the alkali metals. This correction iy fitting to Murnaghan’s equation of st&teWe also list
implemented by adding a partial core density to the valencgesults from other theoretical calculations and experiments in
density in the unscreening of the pseudopotential. The partiafable | for comparison. The lowest energy phase is indicated
core density reproduces the full core density outside a chosdry an asterisk. We find the hcp phase to be the lowest energy
cutoff radius(a value of 1.6 a.u. was used for)lwhile it and the ordering of the phasesHg,,< Ej.c<Ey. The equi-
gives a smoother function within this radius. librium properties of all the phases are in agreement with

The pseudopotential for lithium was tested by calculatingresults of Choet al*° and differ 5-10% from experiments in
the structural stability of lithium in hcp, fcc, and bec phasesthe range expected from density functional calculations using
and comparing the results with previous studies. AlthougHocal density approximation.
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FIG. 2. The interaction energy of Li with graphene in configu-
ration A(curve labeled Aand in configuration Bcurve labeled B

of static calculations was performed to determine the inter-
action potential of Li with graphene. The Li atoms were kept

fixed at different distances along a line perpendicular to the
graphene layer through the center of a hexagon of carbon
atoms. The energy was minimized by relaxing the electronic
degrees of freedom. The interaction energy at a fixed Li dis-

FIG. 1. The arrangement of Li atoms above the graphene plang, . .
The Li (big circleg are positioned at the center of a hexagonal ring(iance was obtained by subtracting the energy of the graphene

formed by carbon atom@mall circles. (a) Configuration A where p!ane and the |_solate_d Li atom from the energy of the
the separation between adjacent Li atoms is 9.22(a)Configu-  Li-graphene configuration. o _
ration B where the separation between adjacent Li atoms is |he€ interaction potential is shown in Fig. 2 for configu-
18.45 a.u. rations A and B. The binding energjminimum interaction
energy) for configuration A is 0.934 eV when the Li atom is
Two different configurations of the Li-graphene system3.1 a.u.(1.64 A) from the graphene plane above the center
shown in Figs. {a) and 1b) and referred henceforth as A and of a hexagon of carbon atoms. The binding energy for con-
B were used in the DFT calculations. These configurationgiguration B, 1.598 eV, is higher than in configuration A.
were chosen to determine the effect of interaction betweehlowever, the equilibrium position of Li above graphene
closely spaced Li atoms on the binding of Li to graphene (3.1 a.u) is the same for configuration B as for configuration
The hexagonal unit cell of the Li-graphene system in Fig.A. The energy when the Li is located on the graphene plane
1(a) (configuration A contains eight carbon atoms and oneis 7.40 eV in configuration A and 6.91 eV in configuration B.
lithium atom. The separation between neighboring Li atomsAn earlier study of the same problem by some of the
is 9.22 a.u. in Fig. (@). The hexagonal unit cell in Fig.(th)  authord’ using Hamann-type pseudopotentials for Li and C
(configuration B contains 32 carbon atoms and 1 Li atom. with linear core-valence exchange correlation gave the erro-
The linear dimension of the supercell is twice as big as imeous result that the energy of the Li on the graphene plane
Fig. (@ and the separation between adjacent Li equalsvas lower than the energy of Li at very large separations. As
18.45 a.u. It is necessary to ensure that thaxis of the the distance of the Li atom reaches its asymptotic value of
periodic supercell(perpendicular to the graphene layés 10 a.u.(which is the largest separation allowed for a super-
large enough that there is no interaction between graphenattice of size 20 a.u. in the direction perpendicular to the
sheets belonging to adjacent superc®I§his is required to  graphene planethe interaction energy is-0.1 eV in both
study the binding of Li to an isolated graphene sheet. Aconfigurations.
distance of 20 a.u. along tlzaxis was found to be sufficient It is clear from Fig. 2 that the interaction between Li
to ensure energy convergence for both configurations showftonfiguration A has a significant effect on the binding en-
in Fig. 1. This is in conformity with earlier studi#son the  ergy of Li to graphene. A comparison of curves A and B in
adsorption of H on graphene layers. Fig. 2 shows that the Li-Li interaction between Li separated
A plane-wave basis set with an energy cutoff of 50 Ryby 9.22 a.u(configuration A is repulsive and persists even
was used. The integration over the Brillouin zone was donevhen the Li ions are 10 a.u. from graphene. The repulsive
using the Monkhorst-Pack scherffeThe number ok points  interaction originates due to the charge transfer that takes
for configuration A was 20 while that for configuration B place between Li and graphene leaving a positively charged
was 8. The convergence criterion was such that all energiesation at the original location of the Li atom. The charge
were converged to 2.7 meV. The energy of the configuratioransfer remains significant even when Li is 10 a.u. from
when Li is on top of a carbon atom is always much highergraphene. The Li-graphene interaction remains nonzero at
than the energy when the Li is at the center of the hexagothis distance because the screening of Coulomb interaction
formed by carbon atoms. We therefore present results onligetween negatively charged regions close to the graphene
for the case when Li is at the center of the hexagon. A serielyer due to the presence of cations is not adequate when Li

{b) Configuration B
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is far away from graphene. The long-ranged Coulomb inter- 18
action between the cations does not vanish even when the 16
distance between cations is 18.45 a.u. However, at the equi-
librium position, the screening is almost total in both con- 14
figurations irrespective of the strength of Li-Li interactions. 12
These and other features of the interaction potential can be
better understood by examining the charge distribution and 10 )
charge transfer in the two configurations. This is discussed in 8 2
the next section. 5
lll. CHARGE REDISTRIBUTION, CHARGE TRANSFER, 4
AND INTERACTION POTENTIAL 2
Let pior(r) represent the calculated charge density for the 0
total system(Li and graphenk p(r) the charge density of a
graphene layefwithout Li), andp;(r) the charge density of
an isolated Li atom located at the same position as in the 18
total system. The charge density difference is defined by the 16
relation
14
paitt (1) = pror) = [pg(r) + pri(r)]. (1) 12
Figures 8a) and 3b) show the total charge density of the 10
Li and graphene system in configurations A and B, respec- 8 3
tively, when the Li is located 3.1 a.u. above graphé¢ihne v
minimum energy position The charge density is shown on a B8
plane 3.1 a.u. above the graphene lajmarallel to thexy 4
plane in Figs. (&) and Xb)] and containing the Li atom. The
charge density of pure graphene on a plane 3.1 a.u. above the 2
layer is comparable to that due to only lithium atoms located 0

at z=3.1 a.u. The charge density distribution in Figsa)3
and 3b) reflects the triangular network of Li located at the
centers of hexagonal rings of carbon atoms. There is little 5 3 contours of constant electron density(r) of Li
difference in the maximum charge density observed insidgyaphene on a plane 3.1 a.u. above the plane of the carbon nuclei in
the hexagonal rings containing Li and surrounded by C inconfigurations Aa) and B(b). The units for the electron density are
configurations A and B. However, the charge density in and ox 10-3%/(a.u)3. The contours are equally spaced with an inter-
around carbon rings not containing Li differ in FiggaBand  val 1.0x 1073/ (a.u)3.
3(b). There is considerable overlap of charge density due to
interaction between Li separated by 9.22 a.u. in Fi@ 3 when Liis 3.1 a.u. above graphene. The single Li atom in the
resulting in higher charge density and distorted elliptical pro-supercell is located &2.66, 3.3 a.u. Positive values indicate
file over hexagonal rings not containing Li. There is minimal net gain of electronic charge and vice versa. There is net gain
interaction between Li ions separated by 18.45 a.u. in conef electronic charge in the region between Li and graphene
figuration B as seen from the charge density profile in Figwhile there is net loss of electronic charge just above the
3(b). graphene layer and above the Li. The net gain of charge is
It is useful to compare the difference of charge densitydue to charge transfer from both the Li and the carbon atoms
pairr(r) defined in Eq(1) in configurations A and B for dif- surrounding the Li. This is evident from the net loss of
ferent positions of Li from the graphene plane. We chooseharge density close to the graphene layer around the imme-
the following values to compare the effect of interactionsdiate carbon atoms surrounding the Li. The charge redistri-
between Liions on charge screening and trang&3.1 a.u.  bution in the region of the hexagonal ring surrounding the Li
(equilibrium position, (b) 2.0 a.u., andc) 4.0 a.u. The dif- is similar in appearance and magnitude in both configura-
ference of charge density is shown on a plane perpendiculaions. The equilibrium position of Li above graphene is
to the graphene lay€yz plang and containing the Li atom. largely determined by the charge redistribution that takes
In this series of plots shown in Figs. 4—6, a carbon atom iglace in this region. Consequently, it is the same for both
located at the origin and at positions along the horizontatonfigurations. The binding energy of Li is, however, deter-
axis denoted by label C. The labe¥sand M refer to the  mined by the screening and the balance between attractive
center of a hexagon and the midpoint between two closesind repulsive interactions. The charge redistribution around
carbon atoms, respectively. The vertical axis denotes posall carbon and lithium positions determines this value. There
tions perpendicular to the graphene layer. are notable differences in the charge redistribution just above
Figures 4a) and 4b) show the difference of charge den- and below the position of Li in the two cases. The Coulomb
sity corresponding to configurations A and B, respectivelyrepulsion is enhanced in configuration A due to the proximity
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FIG. 4. The difference in charge densjiy(r) on a plane per- FIG. 5. The difference in charge densjiy(r) on a plane per-

pendicular to graphene and containing the Li atom for configurafpendicular to graphene and containing the Li atom for configura-
tions A (a) and B(b). The Li is at its equilibrium position 3.1 a.u. tions A (a) and B (b). The Li is positioned 2.0 a.u. above the
above the graphene layer at the center of a hexagonal ring of cagraphene layer and its coordinates &2e56,2.0 a.u. The units of
bon. Its coordinates ar€.66,3.2a.u. The units of the electron the electron density are 1x0107%/(a.u)®. The contours are
density are 1.6 1073¢/(a.u)3. The contours are equally spaced equally spaced with an interval 2010 %/(a.u)3. The contours
with an interval 1.0< 1073/ (a.u)3. The contours closest to the corresponding to the maximum gain of electron denBitar coor-
graphene layer correspond to negative values and indicate net logénates (0.0, 0.§ a.u. and(5.2, 0.§ a.u] have the value 18.0
of electron density. X 103/ (a.u)® in configuration A and 14.8 1073¢/(a.u)® in con-
figuration B. Contours closest to the graphene layer correspond to

. _ - . i alues and indicate net loss of electron density.
of regions of similar charge arising from closely spaced Ljnegative v y

ions. This is responsible for the lower binding of configura-energy at this position of Li in configuration B compared to
tion A compared to that of configuration B. that in configuration A.

Figures %a) and %b) show the difference of charge den-  The substantial charge transfer and redistribution that oc-
sity corresponding to configurations A and B, respectivelycurs for all positions of Li suggests the formation of dipoles
when Li is 2.0 a.u. above graphene. There is more chargm the Li-graphene system. This implies surface dipole cor-
transfer in the region between graphene and lithium when Liections to the total energy calculations based on supercell
ions interactconfiguration A compared to when the Li ions geometry?® The results presented above did not employ the
are well separated. However, the charge transfer around thdpole correction. We have repeated the same calculations
position of the Li cation is greater in B than in A. The re- including the surface dipole correctitrfor several positions
duced Coulomb repulsion makes the interaction energy obf Li both smaller and larger than the equilibrium distance
configuration B lower than A. Compared to Figgagand (3.1 a.u) in configuration A. The maximum correction to the
4(b), there is less charge transfer from the carbon positiongnergy occurs when Li is positioned closer than the equilib-
surrounding the Li just above the graphene, giving rise taium distance from graphene. The correction to the interac-
less binding at 2 a.u. compared to 3.1 a.u. tion potential is~0.03 eV when Li is 2.0 a.u. from graphene

Figures 6a) and Gb) show the difference of charge den- and less than 0.01 eV when Li is 3.1 a.u. from graphene.
sity corresponding to configurations A and B, respectively,There is no detectable difference in the charge density dif-
when Li is 4.0 a.u. above graphene. The charge redistribiference when Li is greater than 2.5 a.u. from graphene.
tion (corresponding to net loss of charge densjiist above  When Li is 2.0 a.u. away from graphene, the difference of
the graphene plane around carbon surrounding the Li is simeharge density calculated with surface dipole correction does
lar in the two configurations as in Fig. 4. There is morenot have the lobe of net charge density loss sed@.a6, 4
charge transfer from Li position to the region between Li anda.u. in Fig. %a). The rest of the charge density redistribution
graphene in configuration B than in A. The consequent intemains the same in both profile and magnitude.
crease in Coulomb repulsion is, however, offset by the The redistribution of charge density shown in Figs. 4—6
screening due to greater degree of charge redistributiosuggests that the interaction potential between the Li atom
above the position of Li compared to that in configuration A.and graphene is composed of two distinct contributions: A
These factors lead to the enhanced bindlogzer interaction  screened Coulomb interaction resulting from the charge
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FIG. 7. The interaction potential of Li with graphene fitted to
the function in Eq.(2) for Li positions in the range 1-10 a.u.
Curves A and B denote configurations A and B, respectively. The
symbols denote the calculated potential and the curve represents the
fit using the values of the parameters in Table II.

expressed in eV and distance measured in a.u.
The cohesion between graphitic atoms when they are
close together is described well by the LDA to the density
" 16 au. functional theory. Howe\{er, at large separations, this ap-
cC M C proach does not describe correctly the van der Waals
interactions'®-53 This is a consequence of treating the ex-
FIG. 6. The difference in charge densjiy(r) on a plane per- change and correlation within LDA which causes the disper-
pendicular to graphene and containing the Li atom for configurasion energy to be underestimated at large separations of the
tions A (a) and B (b). The Li is positioned 4.0 a.u. above the atoms. A comparison of DFT-LDA calculation and
graphene layer and its coordinates é2e66,4.0 a.u. The units of multipole-polarization theo? shows that in purely graphitic
the electron density are 1:010%/(a.u)®. The contours are structures, the accuracy of DFT-LDA calculations decreases
equally spaced with an interval 2010 3e/(a.u)3. Contours clos-  rapidly for separations greater than 15% beyond the equilib-
est to the graphene layer correspond to negative values and indicaeim value. A few method$°°52 have been proposed to
net loss of electron density. modify DFT-LDA methods in order to obtain thie® form for
the van der Waals attraction at large separations. Based on

transfer between Li and C atoms and a van der Waals—typ@/€Vious studies for typical van der Waals systefitSand,
interaction. The interactions between carbon atoms in grapf10ting that the Li-graphene system is not a pure van der
ite can be written in the form of a 6-12 Lennard-Jones'vaals system due to the S|gn|f|can_t charge reo_llstr|but|on, one
potential*® The system under consideration is a graphen&@" €xpect the DFT-LDA calculations to be inaccurate for
layer and calculations show substantial changes in electrogcParations substantially larger than the equilibrium position

. ; : - : .1 a.u. in the Li-graphene system. Thus, the above fit to the
density at carbon nuclei for various positions of Li atom. We

; ) otential may not be accurate for large distances. We are
can therefore expect the van der Waals interaction to bg Y g

. urrently evaluating this correction to the DFT-LDA results.
somewhat different from the standard Lennard-Jones POteRrhere is good eviden&kthat the DFT-LDA calculation re-

tial. Itis possible to fit the intergction energy shown in Fig. 2 5r5quces well the repulsive part of the interaction resulting
to the following analytical form: from the overlap of electrons on adjacent atoms even in sys-

O =2 N W A OO N O

expax) Ja, a; a, tems where van der Waals forces are dominant. We do not
UX)=ap—— — RRvRawrI (2)  expect any additional corrections in this region of the
X potential.
This fit is shown in Fig. 7 for configurations A and B and is
valid when the Li position is greater than 1 a.u. above IV. SUMMARY

graphene. The above functional form is not adequate to de- The energy of interaction between a Li atom and a
scribe the interaction potential of Li as it approaches thegraphene layer was computed for various positions of the Li
graphene planesee Fig. 2 The fitted potential is, however, . . . .
adequate for carrying out simulations on the Li-graphene. TA!BLE Il. Fitted parameters for Li-graphene interaction poten-
system because of the high-energy barfief7 eV) as Li tal (Fig. 2.

approaches the graphene layer. The first term in(Bqrep-

resents the screened Coulomb potential of the Yukawa typeconf'gu'raItlon iy 4 i % &
The terms in the curly bracket constitute a softer and longera 562.586 -1.452 -289.287 192.685 -30.710

ranged inverse power-law potential. The fitting parameterg 854.707 -1.360 -570.601 467.301 -112.15
are listed in Table Il and correspond to interaction energies
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atom using density functional theory. The energy of Li ishexagonal ring containing Li. This redistribution is not af-
lowest when it is at the center of the hexagonal ring formedected by interactions between Li atoms provided the sepa-
by carbon at a distance of 3.1 a.u. from graphene. The equration is 9.22 a.u. or larger. The Coulomb repulsion between
librium position of Li is not affected by the presence or ab-cations vanishes slowly as the distance of Li from the
sence of Li in next-nearest-neighbor hexagonal rings formedraphene layer increases to values greater than 10 a.u. The
by carbon. The binding energy of Li is 1.598 eV when theinteraction potential of Li with graphene in configurations A
separation between adjacent Li is 18.45 a.u. and the energand B can be fitted to a linear combination of screened
is 0.934 eV when the separation is 9.22 a.u. At the minimuniukawa potential and a soft van der Waals potential repre-
energy configuration, there is a net gain of electron density isented by a sum of “4-6-12" inverse power-law functions.

the region between the lithium atom and the carbon nuclei on
planes parallel and perpendicular to graphene. Simulta-
neously, there is a net loss of electron density close to the
graphene layer and around the lithium. This redistribution We gratefully acknowledge support of the National Sci-
produces an optimum configuration of screened Coulomb inence Foundation Grant No. 010027{BISF-EC Activity)
teractions leading to a potential energy minimum. The equiwhich enabled this U.S.-Spain collaboration. The grant
librium distance of Li above graphene is largely determinedMCYT (MAT2002-04499 is also acknowledged for provid-
by the charge redistribution taking place in and around theng assistance.
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