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We propose a mechanism to control the interaction between adsorbates on graphene. The interaction

between a pair of adsorbates—the change in adsorption energy of one adsorbate in the presence of

another—is dominated by the interaction mediated by graphene’s � electrons and has two distinct

regimes. Ab initio density functional, numerical tight-binding, and analytical calculations are used to

develop the theory. We demonstrate that the interaction can be tuned in a wide range by adjusting the

adsorbate-graphene bonding or the chemical potential.
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Graphene is a one-atom-thick sheet of carbon. It is of
interest for a variety of applications including transport,
photovoltaics, and DNA manipulations [1–3]. The unique
electronic transport properties of graphene stem from its
two-dimensional honeycomb carbon network structure.
However, wider applications are limited by difficulties in
opening a band gap and its lack of processability. Chemical
modifications can address both limitations via changing
the electronic, chemical, and mechanical properties of
graphene [4–7]. As a result, design and control of function-
alization has become an important challenge.

Atoms or molecules can adsorb on graphene via van der
Waals interactions (physisorption) or by forming chemical
bonds with one or several carbon atoms on the surface
(chemisorption). Functionalization of graphene is typically
based on chemisorbed atoms or molecules that remain
chemically active or provide other functions, e.g., influ-
ence conductance. Adsorbate-graphene interactions for
various types of adsorbates have been discussed [8–17].
Recently, it has been recognized that the adsorption energy
of an atom or molecule can depend on other adsorbates.
This can become especially important at large adsorbate
concentrations [18–22]. Therefore, understanding the
nature of the adsorbate-adsorbate (A-A) interactions is a
key to the design and control of the functionalization of
graphene.

In this Letter we investigate the microscopic mecha-
nisms underlying the interaction between two atoms or
molecules chemisorbed on graphene at a distance from
each other. We demonstrate that A-A interaction is domi-
nated by an exchange interaction mediated by graphene’s
� electrons and has two distinct regimes. The change of the
interaction energy as a function of distance between adsor-
bates involves three phases: (i) change of sign associated
with graphene sublattice, (ii) variations due to the momen-
tum difference between the two Dirac cones of graphene,
(iii) change of sign due to change in the scattering mecha-
nism. The first two phases are enforced by graphene’s

lattice [18] and are also present in magnetic RKKY inter-
action in graphene [23,24]. The third phase appears due to
significant restructuring of the electron-mediated interac-
tion and has not been noticed to date. This phase, �ðRÞ,
changes dramatically only once at some critical distance
RC between the two adsorbates. The change takes place on
the scale of a single carbon-carbon bond resulting in an
abrupt sign reversal. The critical distance RC depends on
the bonding mechanism between each adsorbate and gra-
phene as well as the chemical potential. As a result, A-A
interaction can be controlled in a wide range by adjusting
RC. We use a combination of first-principles density func-
tional theory (DFT) calculations [25], numerical tight-
binding (TB), and analytical functional integral approaches
to identify the role of different microscopic mechanisms
responsible for the interaction. We illustrate the results
with fluorine (F) and amine (NH2) adsorbates.
Chemisorbed atoms or molecules can form one (mono-

valent) or several (multivalent) bonds with the graphene
carbon (C) atoms. Monovalent adsorbates, including F and
NH2, adsorb on top of one of the C atoms forming (typi-
cally) a mixed covalent-ionic bond. For example, in the
case of F the covalent component of the bond is formed by
the overlap of the F pz orbital and the s-pz hybridized
orbital of C. The C atom participating in this bond changes
its hybridization from sp2 to sp3 taking one pz electron out
of the � system. This leads to creation of more complex
states near each adsorbate site as well as local deformation
of graphene. These modifications can lead to four possible
A-A interaction mechanisms: (i) direct overlap of the
adsorbate’s electron orbitals; (ii) gain or loss of energy
due to change of elastic deformation energy of the gra-
phene; (iii) Coulomb (or electrostatic) interaction between
charges on each adsorbate; and (iv) interaction induced
by multiple scattering of graphene’s � electrons off the
adsorption sites. The first contribution is effective only
for atoms adsorbed in direct proximity of each other
[26]. Lattice deformation produces 1=R3 contribution
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[27,28] that is weak �1–10 meV, except at the shortest
distances. In what follows we demonstrate that the primary
contribution to A-A interaction at larger distances comes
from the interplay between Coulomb and �-electron
scattering-induced interactions.

The Coulomb and electron exchange interactions in the
system of two adsorbates on graphene can be described by
a TB Hamiltonian [29]

H ¼ �X
hiji0

tcyi cj þ
X

n¼1;2;s

un;sa
y
n;san;s

� X
hini;s

t0n;sðcyi an;s þ ayn;sciÞ þ
X
i�j

Ui;jn̂in̂j

þ X
i;n¼1;2;s

UðsÞ
i;nn̂in̂n;s þ

X
s;s0

Uðs;s0Þ
1;2 n̂1;sn̂2;s0 þHI: (1)

Here the first term describes graphene’s � electrons, the cyi
(cj) are creation (annihilation) operators of pz states on C

atoms, and t is the hopping integral between the nearest pz
states. The two adsorbates (n ¼ 1, 2) can form chemical
bonds with several nearby C atoms removing their pz
states from the graphene’s � system, as indicated by the
prime in hiji0. The TB model is formulated by first con-
sidering each adsorbate together with C atoms towhich it is
bonded as an isolated adsorbate-carbon complex (ACC).
The states on ACC that are accessible to itinerant � elec-

trons, ayn;s (an;s), are not single electron states. They are

formed as a result of overlap of atomic orbitals and strong
Coulomb interaction between multiple electrons occupy-
ing these orbitals. The ACC is then connected (by tunnel-
ing and Coulomb interaction) to the nearby graphene’s pz
orbitals. The hopping integrals between ACC states and pz
states on other C atoms are denoted by t0n;s in the third term.

This approximation is justified by the fact that the
Coulomb interaction and tunneling within ACC is stronger.
Formation of these states is, in general, a complex problem
that goes beyond the scope of the present Letter, and we
extract un;s and t

0
n;s from DFT calculations. The fourth term

in (1) is the Coulomb interaction between the � electrons
(n̂ ¼ cyc). The fifth term represents the Coulomb interac-
tion between the � electrons and electrons that occupy
ACC states (n̂ ¼ aya). The last two terms encode the
Coulomb interaction between electronic densities and
ionic cores of different ACCs.

The parameters u and t0 of the Hamiltonian (1) can be
obtained from DFT calculations [25,31–34] by analyzing
either the electronic spectrum or the density of states
(DOS) of graphene with a single adsorbate. We consider
F as an example to illustrate this parametrization. As we
see in Fig. 1(a), the attachment of F creates a peak in the
DOS near the Dirac point. This peak, however, does not
come from ACC. It is a boundary defect (or Tamm) state
(TS) formed as the result of excluding one carbon’s pz
orbital from the � system [35]. This peak is shifted away
from the Dirac point due to interaction (tunneling) with the

nearest ACC states. In the case of F it is sufficient to
consider only one ACC state that is nearest in energy
(NS) and that can be identified approximately as a C-F
antibonding [see projected DOS (PDOS) in Fig. 1(a)]. To
extract the values of u and t0 we compute the TB DOS [36]
for one adsorbate using the first three terms of (1). The
resulting DOS [see Fig. 1(b)] has two peaks associated
with the adsorbate that are used to fit the DFT data. We
obtain t0 � 0:27t and u � 0:75t. The shift of these peaks
due to tunneling between the TS and NS can also be
obtained analytically in the limit of the linear dispersion

relation as "ð"�uÞ¼�
ffiffiffi
3

p
t02=2logj31=4 ffiffiffiffi

�
p

t="j. For small

t0, " � u� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ð3t0=2Þ2p

=2. The parametrization for
other types of adsorbates can be done similarly; e.g.,
for NH2 we obtain t0 � 0:25t and u � 1:11t [37,38].
The A-A interaction energy, EðRÞ, between two adsor-

bates a distance R ¼ R2 �R1 apart involves two compo-
nents: electrostatic interaction energy EC and �-electron
scattering-induced interaction energy EeðRÞ. In the case of

FIG. 1 (color online). The results of DFT, TB, and analytical
calculations. (a) DFT DOS (and PDOS) for the system of
graphene with a single adsorbed F. The inset shows the shift
of the DOS peak due to nonzero t0. The (spin-restricted) DOS of
graphene with one C removed is shown for reference. (b) TB
DOS as a function of t0. The two solid (blue) curves are the
analytical solutions, as discussed in the text. The white curves
are total DOS. The background density plot is the difference
between TB DOS with and without a F atom: the two main peaks
(darker shade) follow the analytical solution for small-to-
intermediate values of t0=t. (c) Interaction energy between two
F’s as a function of neighbor order (NO) distance as shown in
panel (d). (d) Numbering convention for the distance between
the two adsorbates: one adsorbate is at position ‘‘0’’ (red) and the
other at any of the other marked sites. (e) Interaction energy
between two NH2’s (crosses show the spin-unrestricted result).
(f) Comparison between numerical TB and analytical estimates
to the interaction energy.
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a monoatomic adsorbate, such as F, EC can be approxi-
mated well by e2Z2=4�"0r, where Z is the effective charge
drawn to the adsorbate complex obtained from DFT
(Z � �0:39 for F). Multipole components can become
significant for more complex adsorbates. For example, in
the case of NH2, the net charge on the adsorbate molecule
is small and the electrostatic interaction is dominated by
the dipole-dipole interaction [see Fig. 1(e)].

The screening [due to the fourth and the fifth terms
in (1)] does not alter the electrostatic interaction signifi-
cantly at distances of interest. This can be seen either from
the interaction energy, as we will see shortly, or from the
DFT calculations, e.g., by restricting C atoms to their
original (clean, flat graphene) positions [see ‘‘DFT, flat’’
curve in Fig. 1(c)]. This restriction enforces sp2 hybrid-
ization on the C atoms under adsorbates and eliminates
elastic deformation of the graphene sheet. In the case of F,
it makes the C-F bond essentially ionic. As a result, the
electron scattering due to the second and the third terms in
(1) is attenuated. By comparing ECðRÞ and the DFT, flat
results in Fig. 1(c) we conclude that the fourth and fifth
terms in (1) do not contribute significantly to the A-A
interaction. To further demonstrate the dominant role of
the first three terms in (1) we compare EðRÞ computed
with fully relaxed DFT to that from numerical TB [36]
[together with ECðRÞ]. The energies for two F and two
NH2 are shown in Fig. 1(c) and 1(e), respectively. The
DFT and TB curves show remarkable agreement at dis-
tances starting from about NO ¼ 3 [Neighbor Order dis-
tance, see Fig. 1(d)]. Larger deviations at short distances in
both cases can be attributed to a combination of local
deformation, direct overlap of adsorbate orbitals, and the
next-nearest neighbor hopping, which are not included in
(1). Note that the modification of the interaction energy due
to possible formation of magnetic moments [37] is several
orders of magnitude smaller compared to the magnitude of
the A-A interaction energy, cf. theNH2 DFT results for spin-
restricted and spin-unrestricted DFT in Fig. 1(e).

The A-A interaction energy, EeðRÞ, oscillates depending
on whether adsorbates are on the same or different sub-
lattices [1]. In addition, the interaction varies on the scale
of 1=jK�K0j in a fashion similar to the RKKY interac-
tion between magnetic impurities on graphene [24]. There
is an additional phase factor �, however, that depends on
the values of u and t0 and causes a dramatic change in the
interaction at some distance RC. This can be most easily
seen in the numerical TB results. Figure 2(a) shows the
interaction energy vs distance between adsorbates placed
at AC sites [Arm-Chair sites, see Fig. 1(d)]. At shorter
distance adsorbates attract when on different sublattices.
At large distance attraction takes place when adsorbates are
on the same sublattice. The transition between these two
regimes happens abruptly at RC on the scale of a single C-C
bond length [see shaded area in Fig. 2(a)]. The location
of RC varies as a function of both u and t0. The overall

amplitude of the interaction crosses over slowly, approach-
ing 1=R3 as R ! 1. In order to track these changes we
analyze the interaction energy at specific sites [NO ¼ 3,
AC ¼ 3, AC ¼ 5, and AC ¼ 11 in Fig. 2(b)] as a function
of u and t0. At large u and/or small t0 the interaction
approaches a constant value and is attractive when the
adsorbates are on different sublattices. We will denote
this as a strong scattering regime (the limits u¼0, t0 !0
and t0 ¼ t, u ! 1 are equivalent). For smaller values of u
and larger t0 the sign of the interaction changes indicating a
different, weak scattering, regime. This change occurs at
different values of u and t0 for different distances between
the adsorbates with RC going to infinity when u ! 1 or
t0 ! 0 [see Fig. 2(b)].
The values of u and t0 represent the bond between

each adsorbate and graphene. As a result, changes in the
bonding characteristics, e.g., due to changes in internal
structure of an adsorbed molecule, can shift RC leading
to dramatic modification of the A-A interaction at diffe-
rent distances. This is an interesting fundamental effect
rooted in the physics of adsorbate-graphene interaction,
and it also provides the control necessary for a variety of

FIG. 2 (color online). Adsorbate-adsorbate interaction energy
for different scattering strengths and distances. (a) Transition
from strong to weak scattering regimes with distance: at short
distances the minima occur when adsorbates are on different
sublattices [odd sites along AC in Fig. 1(d)]; at RC of about
AC ¼ 10 and above the phase changes, and the minima occur
when adsorbates are at the same sub-lattice sites (even sites
along AC). The dashed line is the weak coupling limit. (b) The
A-A interaction as a function of t0 and u at NO¼3 (and AC ¼ 3)
distance between the adsorbates. The dashed curve represent
the transition boundary (RC). The values corresponding to F
and NH2 are marked (approximately) on the shaded plane. The
bottom inset shows EeðuÞ at t0 ¼ t (solid curve). It starts quad-
ratically in u (dashed curve). The right inset shows interaction
energy for AC ¼ 5 and AC ¼ 11. In all surface plots red
corresponds to positive values and blue to negative (the lighter
shade reflects larger numbers). (c) The A-A interaction energy
between two F atoms as a function of distance for different
chemical potentials �=t ¼ 0, 0.15, 0.3, 0.5: solid (red), dashed,
dash-dotted, and dotted (blue) lines, respectively. The top sub-
panel shows the values of � relative to graphene’s spectrum.

PRL 111, 115502 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

13 SEPTEMBER 2013

115502-3



applications involving, e.g., surface molecular transport
and assembly [16].

To understand EeðRÞ and � we examine an analytical
solution for the two limiting cases: (i) the weak scattering
case, small u, and strong scattering case, u ! 1. In both
cases we set t0 ¼ t for definiteness and work at zero
chemical potential. The value of EeðRÞ can be obtained
from the electron free energy using the linked cluster
expansion [39]. The expression for EeðRÞ can be rear-
ranged to EeðRÞ ¼ 2

R
drdr0V1ðrÞV2ðr0ÞJðRþ r� r0Þ,

JðrijÞ � JijðrijÞ ¼
Z d!

2�
Gð0Þ

ij ði!; rijÞGjiði!; rjriÞ: (2)

Here, V1ð2Þ is the scattering potential due to the second and
third terms of Hamiltonian (1), rij ¼ ri � rj is the distance

between two lattice sites, one at sublattice i and the other at

j. The function Gð0Þ
ij ði!; rÞ is the bare equilibrium Green’s

function [24] and Gijði!; rirjÞ is the dressed Green’s func-
tion, which contains multiple scattering events [39]. In the
case t0 ¼ t, VnðrÞ ¼ uVC�ðr�RnÞ (VC is the volume of
the primitive cell). The functionGði!;R1R2Þ can be found
exactly:

Gði!;R1R2Þ ¼ Nði!;Fði!;RÞÞG0ði!;RÞNði!; 0Þ;
(3)

where Nði!; XÞ ¼ ½1� uVCG
0ði!; 0Þ= ffiffiffi

2
p � X��1 and

Fði!;RÞ ¼ ðuVCÞ2G0ði!;RÞNði!; 0ÞG0ði!;�RÞ=2.
Matrix products are implied where ij indexes are dropped.

When the scattering is weak, u ! 0, G ! Gð0Þ and we
obtain EeðRÞ ¼ 2u2V2

CJ
RKKY
ij ðRÞ, recovering the standard

RKKY range function for graphene [24]

JRKKYij ðRÞ ¼ ð�1Þi�jþ1
ffiffiffi
3

p
3i�j26�ta4

� 1þ cos½RðK�K0Þ þ ð2�þ �Þ�i�j�
ðR=aÞ3 ;

(4)

where a is the lattice parameter. The A-A interaction
energy obtained numerically approaches this result at
R> RC [see Fig. 2(a), dashed curve].

In the limit u ! 1, the frequency integral in
Eq. (2) is given predominantly by !� at=R. As a
result, at large (but finite) distances we can use
Nði!;Fði!;RÞÞNði!; 0Þ � �1=Fði!;RÞ. Note that the
limits R ! 1 and u ! 1 (or t0 ! 0) do not commute.
We obtain [40]

JijðRÞ � ð�3Þi�j�
ffiffiffi
3

p
t

26ðR=aÞ
� 1þ cosRðK�K0Þ

1þ cos½RðK�K0Þ þ ð2�þ �Þ�ij� : (5)

The EeðRÞ given by (5) is shown in Fig. 1(f) with the
numerical TB results. Deviations of the analytical result

from numerical at short distances are due to approximate
integration and the use of linear dispersion. The renormal-
ization factorNði!;Fði!;RÞÞ can also provide an analyti-
cal estimate for RC, and we find RC=a� u=t (when t0 ¼ t).
From the above analytical results it is also evident that

RC will depend on the chemical potential, �. Changes due

nonzero � in Gð0ÞGð0Þ are not significant up to the point
when the scattering processes are no longer confined
to well-defined Dirac cones [see the top subpanel in
Fig. 2(c)]. The factors N, however, are more sensitive
and can change substantially as a function of �. As an
example, we consider the system of two F adsorbates. In
Fig. 2(c) we plot EðRÞ for several values of � that can be
achieved by backgating or chemical doping. Significant
changes in the A-A interaction can be seen even for rela-
tively small changes in �.
To summarize, we have demonstrated that the interac-

tion between adsorbates on graphene is a function of
adsorbate-graphene bonding. The interaction has two dis-
tinct regimes at longer (�1=R3) and shorter (�1=R)
distances. The transition between these two regimes results
in a change of the phase in the oscillatory behavior of the
interaction. It takes place at the length scale of a single C-C
bond and can shift as a function of adsorbate-graphene
bonding parameters. This provides a novel mechanism to
control and engineer adsorbate-adsorbate interaction on
graphene for a variety of applications. The transition
between two distinct interaction regimes can also be
helpful in understanding the distribution of adsorbates in
graphene. It can be particularly important in systems where
direct Coulomb 1=R repulsion or attraction is not present
(e.g., when an adsorbate induces a higher-order multipole
field, as in the case of NH2) or is effectively screened (e.g.,
due to high carrier density).
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