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A first-principles pseudopotential density functional method for studying the gating of adatoms
on graphene is presented. A variation in gate voltage is assumed to vary the number of electrons
in the adatom-graphene system. The method is applied to the cases of Li and Co on graphene.
The projected density of states, charge density, and local electrostatic potential are computed as a
function of gate voltage. In the case of Li, the calculations show that the Li adatom can be ionized
by changing the gate voltage, and that the ionization is accompanied by a sharp change in the
electrotstatic potential of the adatom. In the case of Co, correlation in the 3d shell is treated using
the LDA+U method, with several values of the U parameter considered. For U = 2 eV or greater,
an ionization effect analogous to the case of Li is found for the Co adatom. This result is consistent
with recent scanning tunneling spectroscopy experiments for Co on graphene.

PACS numbers: 73.22.Pr, 73.20.Hb, 73.20.At, 31.15.A-

I. INTRODUCTION

Graphene, a two-dimensional (2D) honeycomb lattice of carbon atoms, has been studied intensely in the past
several years.1,2 By now, many of its remarkable properties, such as its zero gap semiconducting electronic structure,
massless Dirac quasiparticles, and anomalous Quantum Hall effects3,4, are well known. The modification of pristine
graphene is crucial for the study and elucidation of its properties, as well as for tailoring it for practical applications.
Modifications that have received attention recently include growing or placing graphene on a variety of substrates,5–9

applying mechanical strain,10,11 patterning graphene into nanoribbons or dots,12–14 and forming bi- or multi-layer
graphene.15,16

Two important modifications are the variation of the carrier concentration of graphene via an applied gate voltage
and the adsorption of adatoms or molecules on the graphene surface. It has been shown that gate voltages applied to
graphene on a SiO2 substrate can induce both electron and hole carriers up to a concentration of n ∼ 1013 cm−2 via the
field effect.17 With electrochemical gating, carrier concentrations of n >

∼ 1014 have been reported for graphene.18,19

The field effect is possible because of the semimetallic nature of graphene, with linear DOS that vanishes at the
charge neutrality point (NP) or Dirac point, and the 2D nature of graphene makes for a straightforward experimental
geometry. The field effect was important in early measurements on graphene confirming high mobility and Dirac
quasiparticles in graphene.3–5,17

As a 2D material, graphene is naturally amenable to the addition of adsorbates. Experimentally, adsorbates on
graphene have been used as dopants that change the number of charge carriers,20–22 as sources of scattering in
transport measurements,23 or as a method of band gap opening or otherwise altering the electronic structure of
graphene.16,24,25 In addition to considering the above phenomena, theoretical work on adsorbates on graphene has
explored other possibilities, such as the formation of regular arrays of adsorbates, the existence of local moments,
Kondo physics, and magnetically ordered arrays, and exotic phenomena such as atomic collapse.26

In graphene, variation of the gate voltage and adatom or molecule adsorption can be combined in the same system.
In this way, the chemical potential of the adsorbate-graphene system can be precisely controlled. In some cases, such
control can be used to explore the electronic structure of an adatom-graphene system over a range of energies;23

in other cases, it can be used to carefully tune the properties of the adsorbate-graphene system, such as in the
optimization of a graphene chemical sensor22 or in the possible tuning of the Kondo effect.27,28

A recent scanning tunneling spectroscopy (STS) experiment demonstrated the ability to controllably ionize a Co
adatom on graphene using either a back gate voltage or the STS tip bias voltage.29 The charging of a localized state
on a surface has been demonstrated using STS on other systems,30–33 but those experiments lacked the precise control
of ionization via backgate voltage that is possible on graphene. Given that STS is a natural tool for studying single
adatoms on graphene, the amount of experimental data for STS on such systems should grow in the near future.

The unique opportunity that graphene presents to control the chemical potential of adsorbates on graphene using
a gate voltage motivates the theoretical study of the gating of adatoms on graphene. In this work, we present a
first-principles method for studying gated adatom-graphene systems. The method is applied to a prototype system,
a Li adatom on graphene, as well as a more experimentally relevant case, Co on graphene. The electronic structure,
including the density of states, charge density, and local electrostatic potential, is computed as a function of gate
voltage. For both Li and Co on graphene, we find the presence of atomic-like states that remain localized on the
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FIG. 1: (Color online) Adatom on hollow site in 6 × 6 unit cell. The view is along the −z direction, perpendicular to the
graphene plane. A circle of radius s centered around the adatom in the x-y plane is indicated.

adatom. Our results show that such states can be ionized by variation of the gate voltage, and that such ionization
induces a sharp change in the local electrostatic potential, in agreement with the recent STS experiment. This method
has the potential to be applied to a wide variety of other adatoms and molecular adsorbates.

The paper is organized as follows. In section II we present the model and details of the calculation. Sections III
and IV present the results for Li and Co adatoms on graphene, respectively. In section V we discuss our results in
relation to experiment, as well as some implications of our results. Section VI concludes the paper.

II. METHOD

A. Computational Framework

Our calculations are performed using the first-principles plane-wave pseudopotential method34 and density-
functional theory (DFT)35,36 using the spin-polarized generalized gradient approximation functional of Perdew, Burke,
and Ernzerhof (PBE).37 The Quantum-ESPRESSO package38 is used to perform the calculations. Ion cores are mod-
eled using ultrasoft pseudopotentials.3964 For C and Li, the n = 1 shell is treated as core and n = 2 as valence; for
Co, 3s and 3p electrons are treated as core, while 4s and 3d are treated as valence. A nonlinear core correction is
included for Li.40 The electronic valence states are modeled using plane-waves with an energy cutoff of 45 Ry for the
wavefunctions and 180 Ry for the charge density for Co on graphene, and 30 Ry and 120 Ry respectively for Li.

In the case of Co, we consider the possible strong correlations in the 3d shell using the so called LDA+U method41

(or GGA+U in this work). In this approach, a Hubbard U term is added to the functional to model the Coulomb
repulsion between 3d electrons localized on the Co atom. We use the rotationally-invariant formulation within a
plane-wave psuedopotential framework, as described in Ref. 42. Note that a single Coulomb parameter U is used (the
exchange parameter J = 0 eV). We consider three values for U : 0, 2 and 4 eV.

The calculations are performed for an adatom on graphene in a supercell with periodic boundary conditions. For
the graphene in-plane (x-y) directions, a 6 × 6 supercell containing 72 C atoms and 1 adatom is used (Fig. 1). We
use the lattice constant of 2.463 Å that we calculated for clean graphene; thus the distance between adatoms in our
supercell arrangement is 14.78 Å. In the out-of-plane z direction perpendicular to the graphene plane, the unit cell
length is 15 Å. The Brillouin zone is sampled using a 3 × 3 × 1 Γ-centered k-point grid, and a Gaussian smearing of
0.05 eV is used for the electronic occupations.

The electronic density of states (DOS) is computed using a 21× 21× 1 Γ-centered k-point grid (a 0.1 eV Gaussian
smearing is used in the plots). The projected DOS (PDOS) is computed by projecting the electronic wavefunctions
onto orthogonalized pseudoatomic orbitals; orbital occupations are obtained from the Löwdin analysis.

We consider three adsorption sites of high symmetry (as in Ref. 43): hollow (H), at the center of a hexagon; bridge
(B), at the midpoint of a C-C bond; and top (T), on top of a C atom. The adsorption height h of the adatom,
defined as the perpendicular distance between the adatom and the graphene plane (Fig. 2), is optimized such that
the force on the adatom is less than 0.001 Ry/a.u. The C atoms in graphene are kept fixed at their coordinates for a
perfect graphene sheet. For calculations of the same adatom at different levels of doping (discusssed in Section II B),
the adatom height is optimized at zero doping (neutral charge) and then kept constant across all doping values. The
effects of the approximation of fixed adatom height and C positions are discussed in Section V.
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FIG. 2: (Color online) View of an adatom on graphene along the +y direction of the unit cell. The height h is defined as the
perpendicular distance above the graphene plane.

B. Modeling of the applied gate voltage

In experimental studies, the application of a gate voltage to the adatom-graphene system changes the total charge
of the sample by adding or removing electrons and changing the chemical potential. We model this effect in our
calculation by varying the total charge of the system from the neutral value by adding or removing electrons (doping
the system). We consider several values of the total charge that range below and above neutral. For each given value
of total charge considered, we fix the corresponding number of electrons per unit cell and perform a full self-consistent
calculation of the electronic structure. Thus the Kohn-Sham electronic orbitals are allowed to relax according to
the doping level. This method can be contrasted with a rigid-band model in which addition or removal of electrons
changes the occupation of the electronic orbitals, but the orbitals themselves remain unchanged.

For a doping level away from neutral, the calculation involves a charged supercell. We employ a standard method for
cancelling the divergence of the total energy for charged supercells, which is to add a compensating uniform (constant
in space) background charge of opposite sign and with total magnitude equal to the net charge of the electrons plus
ions in the system. (See, for example, Ref. 44.)

C. Supercell interactions

We briefly discuss the supercell interacations present in our calculations. In the z-direction perpendicular to the
plane, the 15 Å separating periodic images is sufficient to make overlap of wavefunctions on neighboring images
negligible. However, monopole (for charged systems), dipole, and higher order electrostatic interactions between
periodic images are present. It is possible to correct for such interactions;45,46 such corrections are not included in
this work but are left for future study.

For the graphene in-plane directions, we take the 6 × 6 supercell containing one adatom and 72 C atoms to
approximate a single adatom on an infinite graphene sheet. The choice of supercell size minimizes the bandwidth
of localized atom-derived states while maintaining a reasonable computational cost. Due to their long range nature,
electrostatic interactions between periodic images are not negligible. Therefore, we do not expect the long-range
effects of gating adatoms on graphene to be captured accurately by our calculations. Note also that in order to
model effects such as ionization of the adatom, one must dope the system on the order of 1 electron (e) per adatom,
which corresponds to a charge density of 1 e/72 C, while in experiments for graphene on SiO2, the doping range is
approximately ± 1 e/1000 C. Despite the presence of long range electrostatic interactions between periodic images
and the discrepancy with experimental doping level, we believe the 6 × 6 supercell is a reasonable approximation for
the local behavior (within several Å) of the adatom on graphene under applied gate voltage.

Alternatively, for a system consisting of an adatom layer at a concentration of ∼ 1 adatom/72 C (as opposed
to a single adatom) on graphene, the supercell interactions are physical and the 6 × 6 supercell is a reasonable
approximation. However, in this case the large doping of ∼ 1e/72 C may not be experimentally achievable.

III. LITHIUM ADATOM ON GRAPHENE

We consider the adsorption and gating of Li adatoms on graphene as a prototype. Li and other alkali atoms are
often used in carbon nanotube and graphitic systems as a dopant, for example in graphite intercalation compounds.47

Possessing one valence electron, an alkali adatom binds to graphene at the hollow site, transferring close to one electron
to the graphene sheet, according to theoretical calculations.43 In the present calculation, the Li atom is modeled with
a pseudopotential with one valence electron in the 2s state.
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FIG. 3: (Color online) PDOS for Li adatom on graphene for various dopings: (a) 0 e (b) +1 e (c) +2 e (d) +3 e. Projections
onto C 2p (solid red), Li 2s (dashed green), and Li 2p (dotted blue) are shown. Arrows indicate majority (up) and minority
(down) spin channels. A state localized on the Li adatom is labeled A. Energies are relative to the Fermi energy EF .

We reconfirm that the lowest energy binding site for Li on graphene is the hollow site. Our calculated adsorp-
tion height of 1.89 Å is somewhat larger than previous DFT-PBE calculations that treat Li 1s semicore states as
valence43,48,49 but is in good agreement with calculations for which Li 1s semicore states are treated as core.50 Figure
3a shows the PDOS for the neutral Li-graphene system. The spin-up and spin-down states are degenerate. There
is an atomic-like state A deriving from the Li 2s and 2p orbitals 1 eV above the Fermi level (EF ), while the Dirac
point of the graphene DOS lies 0.7 eV below EF . We interpret this result as a complete transfer of the single valence
electron of the Li atom to the graphene sheet.

In Fig. 3, the PDOS for several levels of doping are plotted. The primary feature that we focus on is the ionization
of the Li adatom as the doping is changed from 0 e to +3 e, or vice versa (unless otherwise noted, doping levels are
quoted in number of electrons per unit cell, relative to neutral). Let us consider the progression from 0 e to +3 e
doping. At a doping of +1 e, as in the 0 e case, a localized state A deriving from the Li atom is clearly distinguishable
and remains unoccupied. At +2 e doping, the A state becomes partially occupied in the spin-up (majority) channel.
Note also the splitting between up and down spins for the localized state, which is the same in origin as the splitting
between occupied spin-up and unoccupied spin-down 2s states in an isolated Li atom. At +3 e doping, the Li spin-up
peak A is completely occupied, with the Li spin-down states remaining unoccupied. We interpret this result as the
increase in ionization state of the Li adatom by 1 e. Importantly, the A peak does not appear to hybridize with the
graphene states at any level of doping, which suggests that the state is localized on the Li atom. Therefore, orbitals
for the Li-graphene system can be assigned relatively unambigously to either the graphene or to the Li adatom.

When a free atom is ionized, the electrostatic potential due to the atom changes, since the contribution to screening
of the potential from the added or removed electron changes. We find a similar effect for the ionization of the Li
adatom on graphene. From our scf calculations, we extract the local electrostatic potential (bare ionic pseudopotential
plus electronic Hartree potential), VBH(~r), for the system. (In this work, “potential” refers to the potential energy
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FIG. 4: (Color online) Plots of ∆VBH(s, z) for a Li adatom on graphene for several doping values and at heights z = (a) 0 Å,
(b) 0.7 Å, and (c) 2.7 Å above the graphene plane. The local ionic potential for Li, V Li

B (s, z), is also plotted.

for an electron.) To compare VBH for several different dopings, we consider the difference

∆VBH(~r) = V n
BH(~r) − V gr

BH(~r), (1)

where V n
BH is the potential for the adatom-graphene system with doping level n, and V gr

BH is the potential for a clean
graphene sheet with zero doping.

We consider the quantity

∆VBH(s, z) =
1

2πs

∫ 2π

0

∆VBH(s, θ, z)dθ, (2)

the average of ∆VBH over a a ring of radius s, centered around the adatom x-y position, at a height z above the
graphene plane, and parallel to the plane (see Figs. 1 and 2); the position ~r = (s, θ, z) is expressed in cylindrical
coordinates. In Fig. 4 we plot ∆VBH(s, z) for several different heights. The plots are aligned so that the potentials
are zero at a distance from the adatom of s = 7.39 Å, equal to one-half the lattice constant of the 6 × 6 unit cell.65

For comparison, we also plot V Li
B (s, z), the local bare ionic pseudopotential for Li.

Compared with the potential at zero doping, the potential with +1 e has almost the same shape for all the heights
plotted. However, the addition of another electron brings about a sharp change in the VBH ; the potential becomes
significantly shallower. The addition of a further 1 e does not change the potential signifcantly, aside from a constant.

Comparing the potentials at different heights, we see that near the graphene sheet (h = 0.0 and 0.7 Å), the adatom
potential is already screened strongly by the graphene electrons at 0 e doping, resulting in a VBH that is much
shallower than the bare ionic Li potential. The change in potential at s = 0 from +1 e to +2 e is about 0.3 eV. In



6

FIG. 5: (Color online) Plots of ∆ρ(s, z) for a Li adatom on graphene for several doping values and at heights z = (a) 0 Å, (b)
0.7 Å, and (c) 2.7 Å above the graphene plane.

contrast, the potential at h = 2.7 Å is weakly screened up to +1 e doping but becomes more strongly screened at +2
e doping, with a change in VBH of approximately 4 eV at s = 0.

Comparison of the plots of the potential to the PDOS plots shows that filling of graphene-like states when going
from 0 e to 1 e doping does not change the potential significantly (except by a constant), while the ionization of the
Li adatom when increasing the doping from +1 e to +2 e corresponds to a sharp change in the shape of the potential.
These changes in the potential can be understood by considering how the charge density changes as the doping level
is increased. Define the charge density difference

∆ρ(~r) = ρn(~r) − ρ0(~r), (3)

where ρn(~r) is the charge density of the adatom-graphene system with doping level n, and ρ0(~r) is the charge density
at a reference doping level. For Li we take 0 e as the reference doping level. As we did for ∆VBH , we take the circular
average

∆ρ(s, z) =
1

2πs

∫ 2π

0

∆ρ(s, θ, z)dθ (4)

for radius s and height z.
Figure 5 shows ∆ρ(s, z) for various heights. Upon filling the graphene-like states when going from 0 e to +1 e

doping, the charge density near the graphene changes fairly uniformly across the 2D graphene plane, increasing at h
= 0.7 Å and decreasing slightly at h = 0 Å. At h = 2.7 Å the charge density changes little. This result is consistent
with the additional electrons occupying graphene π∗ orbitals which lie above and below the graphene plane and are



7

delocalized across the graphene sheet. The local Hartree potential due to such a uniform (in the x-y plane) charge
density is also uniform. Therefore the difference in VBH between 0 e and +1 e should be nearly constant, as is found
in our calculations.

On the other hand, when the doping is increased from +1 e to +2 e, the charge density at h = 2.7 Å shows a much
larger increase near the adatom than away from it, while nearer to the graphene plane, the charge density change
is small. (At h = 0.7 Å the charge density actually decreases near the adatom and increases away from it, but the
magnitude of charge density change is small compared with that calculated at h = 2.7 Å.) This charge density change
corresponds to occupation of an orbital localized on the Li adatom, above the graphene plane (i.e., ionization of the Li
adatom). Since the local Hartree potential is greater at points of greater charge density, the large increase in charge
density near the Li adatom increases VBH near the adatom relative to points further from the adatom, consistent
with our calculations. Furthermore, the change in VBH is sharp because the charge density is concentrated on the
adatom, rather than spread out over a plane.

A notable feature of the PDOS is the change in orbital character of the A peak. At 0 e doping, the A peak has
mostly Li 2s character, but has some 2p character, since the spherical symmetry of the potential near the Li adatom
is broken by the graphene. As the doping is increased, the 2s character of the peak decreases and the 2p character
increases. A possible explanation is that the orbital becomes more extended into the vacuum and less localized on the
Li adatom. The orbital becomes more extended because the increase in charge on the graphene increases the Hartree
potential, pushing the wavefunction away from the graphene.

To summarize the results for Li on graphene, the PDOS calculations show that the Li adatom is ionized when the
doping is increased or decreased between 0 e and +3 e. The ionization corresponds to a large change in charge density
localized on the Li adatom and a sharp change in VBH , in analogy with the ionization of a free atom.

IV. COBALT ADATOM ON GRAPHENE

Our study of Co adatoms on graphene is motivated by recent STS experiments on this system, in which it was
found that the Co adatom could be controllably ionized by gate or tip bias voltage.29 In addition, the Co atom has a
partially occupied 3d shell and therefore has the possibility of forming a local moment on graphene. Several theoretical
works have studied the Kondo physics of Co on graphene51–53 and of adatoms on graphene in general,27,54–57 but we
do not consider the Kondo effect in this work.

Following the example of Li on graphene presented in Section III, we start with the undoped case. For plain GGA
(U = 0 eV) we find that the lowest energy binding site is the H site with a binding height of 1.56 Å above graphene,
in reasonable agreement with other works.51–53,58–60 For U = 2 and 4 eV, we also find the H site to be lowest in
energy, with heights of 1.75 and 1.88 Å, respectively.66

Figures 6c, 7c, and 8c show the PDOS for the neutral Co-graphene system for the three values of U considered in this
work. Due to symmetry, the five 3d orbitals (for a given spin) split into a singly degenerate A1 orbital, deriving from
the dz2 atomic orbital, a doubly degenerate E1 orbital, derving from dzx and dzy orbitals, and a doubly degenerate
E2 orbital, deriving from dx2

−y2 and dxy orbitals. The E1 and E2 orbitals hybridize strongly with the graphene sheet,
while the A1 and 4s orbitals hybridize weakly or not at all with graphene, although they can hybridize with each
other.

For U = 0 eV, the spin-up Co 3d states are almost completely occupied (occupancy 4.7), while the spin-down 3d
states are partially occupied (occupancy 3.6), with the E1 orbital lying at EF . The spin-up and spin-down Co 4s
states have occupancies close to zero (0.1). Thus the Co atom orbital occupation is 3d8.34s0.2. The Dirac point ED

of the graphene lies slightly below EF , indicating a small amount of charge transfer from Co to graphene, consistent
with the reduction in occupation on the Co atom from 9 for the free atom to 8.5 on graphene.

The addition of a U of 2 eV changes the PDOS significantly. In comparison to the U = 0 eV case, the 3d levels are
shifted away from EF , and the occupations of the 3d levels are pushed to near-integer values. These effects are typical
for the LDA+U method.41 The spin-up 3d states remain near-fully occupied (occupancy 4.9), while the spin-down
3d state occupancy is 3.0; the E1 orbitals have been pushed ∼1.0 eV above EF by the addition of the U , and their
occupation is reduced to zero. On the other hand, the spin-up Co 4s state is partially occupied (occupancy 0.7) and
lies at EF . In this case, the Co atom orbital occupation is 3d7.94s0.7. The effect of the additional U = 2 eV is to
transfer approximately 0.5 e from the 3d orbital to the 4s orbital of Co.

The U = 4 eV case is similar to the U = 2 eV case. The Co 4s states and ED have approximately the same position
relative to EF , and the occupancies of the Co 3d states are the same. However, the Co 3d states are shifted further
from EF by the larger U value.

Our PDOS calculations for U = 0 eV (plain GGA) are in good agreement with previous works.53,59,60 In addition,
our PDOS for U = 0 and U = 2 eV correspond well to two configurations found in another work (Figs. 1(a) and 1(b)
in Ref. 52).
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FIG. 6: (Color online) PDOS for Co adatom on graphene with U = 0 eV for various dopings: (a) −2 e (b) −1 e (c) 0 e (d) +1
e (e) +2 e. Projections onto C 2p (solid red), Co 4s (dashed green), Co 3d A1 (dotted blue), Co 3d E1 (small-dotted magenta),
and Co 3d E2 (dash-dotted cyan) are shown. Arrows indicate majority (up) and minority (down) spin channels. Energies are
relative to the Fermi energy EF .

We now consider the doping dependence of the PDOS for Co on graphene. Figure 6 shows the PDOS for U = 0
eV for various levels of doping. At a doping of −2 e, the spin-down E1 orbital is unoccupied, as are some graphene π
states, with ED lying above EF . As the doping is increased, the occupation of the spin-down E1 orbital increases, as
does the occupation of both spin-up and spin-down graphene states. We find that as the occupation of the spin-down
E1 orbital changes, the orbital stays pinned to EF , in contrast to the graphene-derived states. Comparing the energy
of the E1 peak to the Dirac point of graphene, we find that at low doping, when E1 is unoccupied, it lies below ED,
but at high doping, E1 becomes mostly occupied and its energy is above ED. The increase in occupation of the 3d
shell coincides with a shift towards higher energy of the occupied 3d levels as well. Increasing the doping from +1 e
to +2 e, The occupations of both the spin-down E1 and spin-up 4s orbitals increase simultaneously.

The PDOS for U= 2 eV and U = 4 eV (Figs. 7 and 8) show similar trends with respect to gating that differ from
the U = 0 eV case. We focus the discussion on the results for the U = 2 eV calculations. As for the case of Li, we
focus on the ionization of the Co adatom by gating. Just as for the zero doping case, for doping levels between −2
e and +2 e, the effect of the U is to shift the 3d levels away from EF . As a result, the effect of gating is to ionize
the Co adatom by occupying or unoccupying the 4s level, which is localized on Co and hybridizes only weakly with
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FIG. 7: (Color online) PDOS for Co adatom on graphene with U = 2 eV for various dopings: (a) −2 e (b) −1 e (c) 0 e (d) +1
e (e) +2 e. Projections onto C 2p (solid red), Co 4s (dashed green), Co 3d A1 (dotted blue), Co 3d E1 (small-dotted magenta),
and Co 3d E2 (dash-dotted cyan) are shown. Arrows indicate majority (up) and minority (down) spin channels. Energies are
relative to the Fermi energy EF .

graphene.
The ionization of Co by changing the occupation of the 4s level is analogous to the ionization of Li by changing

the occupation of the 2s level. In Figs. 9 and 10, we plot ∆VBH(s, z) and ∆ρBH(s, z) for Co on graphene with U = 2
eV at selected heights for several doping values. The quantities ∆VBH(s, z) and ∆ρBH(s, z) are defined in Eqs. 1-4,
in the same way as for Li. The bare ionic pseudopotential for Co, V Co

B (s, z), is also plotted. Note that the Co ion
core has charge +9 e, so that even at −2 e doping of the Co-graphene system, the ionic potential is screened by ∼ 8
electrons localized on the Co adatom, unlike in the Li case. For Co, we take −2 e as the reference doping level for
ρ0(~r) in the definition of ∆ρ(~r) (Eq. 3). Just as in the Li case, VBH for the graphene case shows a sharp change upon
ionization of the Co adatom, and the added charge density that ionizes Co is localized close to the adatom (within a
few Å in the x-y plane). Furthermore, the change in the charge density near the graphene plane for Co (Figs. 10(a)
and (b)) is simlar to the case of Li (Figs. 5(a) and (b)).

Interestingly, in the U = 4 eV case, when the doping changes from +1 e to +2 e, the configuration of the 3d
shell changes abruptly. The A1 state becomes unoccupied, while the E1 state becomes occupied. Apparently, at a
large enough doping, increasing the occupation of the 3d shell becomes favorable, but in order to satisfy near-integer
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FIG. 8: (Color online) PDOS for Co adatom on graphene with U = 4 eV at various dopings: (a) −2 e (b) −1 e (c) 0 e (d) +1 e
(e) +2 e. Projections onto C 2p (solid red), Co 4s (dashed green), Co 3d A1 (dotted blue), Co 3d E1 (small-dotted magenta),
and Co 3d E2 (dash-dotted cyan) are shown. Arrows indicate majority (up) and minority (down) spin channels. Energies are
relative to the Fermi energy EF .

occupations of the orbitals (favored by the LDA+U), the doubly degenerate E1 orbital becomes (approximately) fully
occupied, rather than occupying the A1 orbital and partially occupying the E1 orbital.

To summarize the results for Co on graphene, we find that the choice of the U parameter has significant effects on
the PDOS. For U = 0 eV, the gate voltage can change the occupation of both 3d and 4s orbitals. For U = 2 or 4 eV,
the gate voltage can ionize the 4s orbital in a manner analogous to the Li adatom case.

V. DISCUSSION

In this section, we discuss some implications of this work. In Ref. 29, Co atoms on a graphene surface with a
controllable gate voltage were studied using scanning tunneling spectroscopy. Our calculations for Co on graphene are
in agreement with the experimental results in several respects. In our calculations of the PDOS, we find resonances
near EF that derive from Co adatom states, and these resonances are localized around the adatom. Similarly,
the experimentally measured differential conductance (dI/dV ) on top of the Co atom shows resonances near EF .
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FIG. 9: (Color online) Plots of ∆VBH(s, z) for a Co adatom on graphene with U = 2 eV for several doping values and at heights
z = (a) 0 Å, (b) 0.7 Å, and (c) 2.7 Å above the graphene plane. The local ionic potential for Co, V Co

B (s, z), is also plotted.

Although experimentally these resonances cannot be identified unambiguously as coming from Co atomic-like states,
their behavior with respect to a change in gate voltage was measured and is in agreement with the behavior of the
peaks in our calculation. In both cases, the position of the resonances relative to EF can be shifted by application of
the gate voltage. In particular, the peaks can be shifted above or below EF , changing the occupation of the atomic-like
state and the ionization state of the adatom.

Furthermore, our calculation shows that the change in ionization of the Co adatom is accompanied by a sharp change
in the electrostatic potential at and around the adatom. This sharp change in the potential is induced whenever the
adatom is ionized, whether by the gate voltage or by the STS tip. The sharp change in the potential upon ionization
is consistent with a large response in the dI/dV signal seen in experiment, both when varying the tip-sample bias
with the STS tip above the adatom, and when varying the tip position at fixed gate and bias voltages.

In these respects, our calculation is in good qualitative agreement with several features in experiment. Due to
several approximations in our calculation, the agreement with experiment cannot be considered quantitative, but by
treating these approximations more exactly, the calculations might be brought in better quantitative agreement. In
our calculation, we neglect the SiO2 substrate upon which the graphene sits in experiment. It is known that graphene
on SiO2 has corrugations61 and “charge puddles”62 that can affect the electronic structure of graphene. However, the
charge puddles cause fluctuations in ED of only 30 meV and have spatial width of 20 nm, so on the scale of an
atom, the charge puddles only shift the reference doping level for zero applied gate voltage. The corrugations could
have some effect on the binding site and geometry of the Co adatom on graphene.

Our calculations also assume that the C and adatom positions remain fixed as the doping level is changed. In
previous studies for a variety of adatoms on graphene, it was found that adatom adsorption on the H site induced
little distortion in the graphene lattice.43 Therefore, for the undoped adatom-graphene system, a rigid graphene
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FIG. 10: (Color online) Plots of ∆ρ(s, z) for a Co adatom on graphene with U = 2 eV for several doping values and at heights
z = (a) 0 Å, (b) 0.7 Å, and (c) 2.7 Å above the graphene plane.

lattice approximation is reasonable. Upon doping, we might expect the adatom height to change somewhat. This
could affect the hybridization between the adatom and graphene in the case of Co. We do not expect doping to distort
the graphene lattice much because the change in charge density is mostly either delocalized across the graphene plane
or, when localized, centered on the adatom, not on the C atoms. The exception might be Co for U = 0 eV, in which
case some distortion and shifting of energy levels is possible.

Another approximation is the use of Kohn-Sham eigenvalues for the electronic spectra. While this approximation
often gives reasonable results, the spectra may be modified by many-body effects. The use of three values for U in our
calculations reflects some uncertainty in the treatment of correlation in the Co-graphene system. Our results show
that the value of U affects the binding height and the character of the Co resonances near EF in the electronic DOS.
Other works in the literature have considered other approximations to correlation in this system,51–53 and further
work on this topic would be worthwhile.

The effects of the supercell approximation have been considered in Section II C. We also note that the experimental
results include the effects of the STM tip, but our calculation does not include such effects.

Despite these approximations, our calculations capture well the experimental observation of gate-induced ionization,
and there is the possibility of further quantitative improvement of these calculations.

In the case of Li on graphene, we found that the Li adatom can be controllably ionized by the gate voltage in a
manner similar to the Co case. Such ionization may not be experimentally realizable due to the large energy difference
between the Li atomic-like state and ED. Nevertheless, Li on graphene serves as a model system to understand the
gating of adatoms on graphene theoretically.

The gating of adatoms on graphene opens the possibility of controllably tuning the chemistry of adatoms or molecules
on a graphene surface by the application of a gate voltage, which would have many exciting possibilites for catalysis,
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hydrogen storage,63 and other applications which may yet be discovered. The periodic table offers a wide variety of
atoms for experimental and theoretical study, not to mention molecules. While not all atoms or molecules will be
gateable experimentally, the method described in this work can be used to search for and predict specific adsorbates
for which tuning the electronic structure by gating is experimentally realizable.

VI. CONCLUSION

In conclusion, this work presents a method for studying the gating of atoms on graphene using first principles
calculations. A Li adatom on graphene serves as a useful model for understanding the gating of adatoms on graphene.
By calculating the electronic structure, including the PDOS, potential, and charge density, we demonstrate the
ionization of a Li adatom by doping and a concomitant sharp change in the electrostatic potential. Calculations
for Co on graphene demonstrate an ionization effect, analogous to the Li case, which is in good agreement with
experimental results. We discuss the various approximations used in this work, and consider ways to improve upon
them. Using this method to study other adatoms or molecules may yield interesting new results that can be verified
in experiment and may lead to practical applications.
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