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Modeling the physisorption of graphene on metals
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Many processes of technological and fundamental importance occur on surfaces. Adsorption is one of these
phenomena that has received the most attention. However, it presents a great challenge to conventional density
functional theory. Starting with the Lifshitz-Zaremba-Kohn second-order perturbation theory, here we develop
a long-range van der Waals (vdW) correction for physisorption of graphene on metals. The model importantly
includes quadrupole-surface interaction and screening effects. The results show that, when the vdW correction
is combined with the Perdew-Burke-Enzerhof functional, it yields adsorption energies in good agreement with
the random-phase approximation, significantly improving upon other vdW methods. We also find that, compared
with the leading-order interaction, the higher-order quadrupole-surface correction accounts for about 25% of the
total vdW correction, suggesting the importance of the higher-order term.
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Since the discovery of graphene, it has received consid-
erable attention from scientists and technologists, due to its
many remarkable properties and a variety of commercial
applications. For example, it can be used in optoelectronic
devices and nanoelectronics [1] for high delocalization of
surface electrons, gas sensing [2–4], hydrogen and natural gas
storage [5], energy conversion [6], etc.

A striking property of graphene is its strong ability to
adsorb, due to its large surface area and high polarizability. To
fundamentally understand this interface problem, many van der
Waals–corrected density functionals have been employed to
calculate binding energies and equilibrium distances between
graphene and metal surfaces [7–19]. In particular, Ruiz et al.
proposed a vdW method [20] to model the adsorption of
molecules on the surface of a transition metal based on
the Zaremba-Kohn theory. But their vdW coefficient C3 for
physisorption was calculated from C6. To calculate C3 from C6,
the screening effect of valence electrons of substrate (metal)
has to be neglected. Nevertheless, this model can describe the
adsorption of molecules on the surface of a transition metal
quite well [21].

Adsorption on metals is of broad interest. Metal can be
used for the preparation of highly ordered graphene layers of
different thickness which are transferred onto an insulating or
polymer support. In the latter case, the obtained material can be
used to fabricate touch screens. In the application to electronic
devices such as transistors, graphene has to contact metals.
These facts have made the graphene industry very promising.

In recent years, a large literature on 2D layered materials
has appeared [22]. Understanding the interaction between
graphene and metal surfaces can provide insights into the
properties of other 2D materials, which have presented a
major challenge to conventional DFT, due to the dominant
interlayer vdW interactions. The random-phase approximation
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(RPA) calculation [23] of graphene on nickel reveals that
there is a double well in the binding energy curve: one well
arises from the short-range dominant chemisorption or orbital
overlap of surface electrons of graphene and nickel, while
the other arises from the long-range vdW interaction. While
the RPA may underestimate the strengths of normal chemical
bonds [24,25], it is reliable for weak vdW bonds. Recent
studies [23,26,27] showed that, while some semilocal DFT
methods are able to reproduce this double-well feature, the
second well located further away from the surface is not deep
enough, indicating the need for the long-range interaction.
Recently, it has been shown that the nonlocal functionals vdw-
DF-cx [28], optB88-vdW [23,29], and SCAN+rVV10 [30]
agree with one another for the physisorption of graphene on
nickel (1,1,1), and with the RPA value. For the chemisorption
minimum, optB88-vdW agrees with RPA, while vdW-DF-cx
and SCAN+rVV10 provide deeper minima that agree between
them. While the RPA provides a benchmark for vdW bonds,
it typically underbinds covalent bonds. Therefore, its use as a
benchmark for the chemisorption minimum is questionable. In
addition, its computational cost requires the use of constrained
geometries. For graphene at a metal surface, the metal lattice
constants are taken from bulk experimental values, and the
in-plane graphene lattice constants are stretched or compressed
into registry with the surface.

According to the distance d between graphene and metals
(see explicit definition for d below), adsorption of graphene can
be classified into two types. One is chemisorption, occurring at
about 2–2.5 Å, while another is a relatively weak physisorption,
which occurs at a longer range of �3.0 Å. The former involves
a dramatic electron density redistribution and stronger bonding
between electrons of graphene and surfaces, while the latter
involves little electron redistribution. Here we aim to address
the physisorption problem. For this purpose, we develop a vdW
correction to model the physisorption of graphene on metals.
Then, in the same spirit as our work on lattice constants and
cohesive energies of ionic and transition-metal solids [31],
we combine it with DFT-GGA to study the physisorption
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of graphene on metals. Our calculation shows that, with the
vdW correction, the DFT-GGA can reproduce the adsorption
energies with a mean absolute error of 6 meV, improving upon
many other vdW-corrected DFT methods. We find that the
higher-order term can contribute as much as about 25% of
physisorption energy.

Theory. The vdW interaction for physisorption arises from
instantaneous charge fluctuations of particles and induced
multipole moments on the surface of a substrate. In the large-
separation limit, the vdW interaction between particles and a
clean surface is given by the asymptotic expansion [32,33]

EvdW = − C3

(Z − Z0)3
− C5

(Z − Z0)5
, (1)

where Z is the distance between the centers of the particles and
the planar surface of the outermost metal slab (or background
edge for a jellium surface) and Z0 is the distance between a
vdW reference plane and that planar surface. In this formula,
we have eliminated the need for an explicit C4/Z

4 term by
the appropriate choice of Z0. The reference position Z0 is
usually small, compared to the equilibrium distance Zeq. The
vdW coefficient C3 describes the dielectric response of the
bulk solid to the instantaneous dipole moment of particles.
C5 = C

q
5 + Cnl

5 + Cd
5 represents the fluctuating quadrupole,

nonlocal, and diffuse contributions of particles. Since the
diffuse part is small [33] in comparison with the quadrupole
and nonlocal parts, we neglect it in this work. In the above
formula, there are additional terms that describe the lateral
interaction between particles on the surface, but they are
also small [34] and vanish exponentially with the distance
between particles. Here we only consider the lateral average
V (Z) = ∫

dX dY V (X,Y,Z)/A, with A being the surface area.
From Eq. (1), we can see that the long-range vdW inter-

action beween particles and surfaces is quite different from
the vdW interaction between particles, whose asymptotic
expansion is given by −C6/R

6 − C8/R
8 − · · · . The difference

between the correct C3 and that predicted by summation of
pairwise interactions is largely due to the strong screening
effect of the substrate [35]. However, when the distance
between particles and surface approaches the lattice constant,
their interactions can be approximated as pair interactions.

For a clean surface, the vdW coefficients C3 and C
q
5 arising

from the fluctuating dipole and quadrupole moments can be
calculated from second-order perturbation theory [36,37] by

C2l+1 = 1

4π

∫ ∞

0
du αl(iu)

ε1(iu) − 1

ε1(iu) + 1
, (2)

where iu is the imaginary frequency. αl(iu) is the mean
dynamic multipole polarizability of the adsorbate particle
defined in terms of the dynamic multipole polarizability
tensor, αl(iu) = [αl,xx(iu) + αl,yy(iu) + αl,zz(iu)]/3. ε1(iu) is
the isotropic dielectric function of the substrate [38]. The
nonlocal part of C5 can be evaluated by [33]

Cnl
5 = 3

4π

∫ ∞

0
du α1(iu)

ε1(iu)[ε1(iu) − 1]2ξ 2

[ε1(iu) + 1]3
, (3)

where ξ = β/
√

ω2
p + u2 and β2 = 3k2

F /5 [39]. Note that,
in this expression, the dipole polarizability rather than the
quadrupole polarizability of graphene appears.

For a clean surface, the reference plane position is given by

Z0 = 1

4πC3

∫ ∞

0
du α1(iu)

ε1(iu) − 1

ε1(iu) + 1
dIP(iu), (4)

where dIP is the dynamic image plane given by dIP = [d‖ +
ε1(iu)d⊥(iu)]/[ε1(iu) + 1]. Here d⊥(iu) is the gravity center
of the density induced on the surface and d‖ reflects the spatial
distribution of the currents parallel to the surface induced by a
uniform tangential electric field [40]. Because of translational
invariance of the surface, d‖ = ZB [40], the edge of the positive
background.

Dynamic multipole polarizability per atom of graphene. It
has been shown [41,42] that the hollow-sphere or solid-sphere
[43] model within the single-frequency approximation (SFA)
for the dynamic multipole polarizability can yield accurate
vdW coefficients for fullerenes, clusters, and molecules. The
nonsphericity of the density can enter the formula by the
input static polarizability, which can be obtained from ab
initio many-body calculations. Therefore, the model polar-
izability can also be useful for nonspherical densities. Since
the surface electron density of graphene is quite uniform, the
hollow-sphere or solid-sphere model within the SFA should
be suitable to graphene. As such, the model dynamic multipole
polarizability per atom of graphene can be written as

αl(iu) = αl(0)
ω2

l

ω2
l + u2

, (5)

where ωl = ωp

√
l/(2l + 1) is the plasmon frequency of a

sphere and ωp = √
4πn is the plasmon frequency of the

extended electron gas, with n being the electron density of
graphene. In this expression, αl(0) is the input static multipole
polarizability per atom of graphene, from the next paragraph.

For nanostructures, the input static higher-order polariz-
ability can be estimated from the static dipole polarizability
via αl(0) = [α1(0)](2l+1)/3. Therefore, we only need the static
dipole polarizability as input in this model. The average
valence electron density of graphene can be obtained by
n = Nvalence/Vcell, with Nvalence = 4 being the number of va-
lence electrons of carbon atoms in the outermost subshell
(two carbon atoms in the unit cell). For hcp unit cell, the
cell volume is Vcell = abc, with b = a sin(π/3) and c be-
ing the vdW thickness of graphene, which we set to be
3.4 bohr. This is a value used to confine the relatively
constant and size-independent charge density of fullerene
[44,45]. Considering the similarity of graphene to the large-
size limit of fullerene, we take the same c to confine the
electron density of graphene. The lattice constant a = 2.46 Å,
which is calculated from the DFT-LDA [46]. Thus n̄ =
4/[(2.46/0.529)((2.46 × √

3/2)/0.529) × 3.4] (atomic units
e = me = h̄ = 1 are used). The static dipole polarizability per
atom of graphene is taken to be 11.7 × 0.85 = 9.945 [47], as
estimated from the Hirshfeld partitioning scheme [48,49].

Adsorption on jellium. Jellium is a simplified yet realistic
model for simple metals. In this model, the valence electrons
are evenly distributed over the positive background with ion
cores smeared. Study of physisorption of graphene on jellium is
quite indicative for graphene on transition metals. The real part
of the dielectric function of bulk jellium in the long-wavelength
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TABLE I. Electron density parameter rs = [3/(4πn̄)]1/3, vdW
coefficients, and Z0 for graphene on simple metals, all in atomic units.
Al has rs = 2.07.

rs C3 C
q
5 Cnl

5 C5 Z0

2.0 0.291 1.406 0.773 2.179 0.965
2.07 0.284 1.365 0.768 2.133 0.949
3.0 0.201 0.955 0.689 1.644 0.795
4.0 0.147 0.692 0.615 1.306 0.695

limit is

ε1(iu) = 1 + ω̄2
p

u2
, (6)

where ω̄p = √
4πn̄ is the plasmon frequency of the extended

uniform electron gas and n̄ is the average valence electron
density of the jellium substrate. From Eq. (2), the vdW
coefficients arising from the dipole and quadrupole moments
of particles for graphene and the jellium surface can be
analytically evaluated as

C2l+1 = 1

4π

∫ ∞

0
du

(
αl(0)

ω2
l

ω2
l + u2

)(
ω̄2

p/2

ω̄2
p/2 + u2

)

= αl(0)

8

ωlω
sur

ωl + ωsur
, (7)

where αl(0) is the static multipole polarizability per atom of
graphene and ωsur = ω̄p/

√
2 is the surface plasmon frequency

of the jellium substrate. Note that ωl is the plasmon frequency
of graphene defined below Eq. (5).

The dynamic image plane dIP of Eq. (4) for jellium can be
calculated as follows. Choosing the origin of coordinates to
coincide with the jellium edge of the background ZB, we have
d‖ = ZB = 0. Thus we obtain

dIP(iu) = ε1(iu)d⊥(iu)/[ε1(iu) + 1]. (8)

Persson and Zaremba [40] proposed a simple approximation
for d⊥(iu), which assumes

d⊥(iu) = d⊥(0)

1 + η[u/ωsur]2/2
. (9)

The form is consistent with the sum rule [40]. Here η =
d⊥(0)/λ and d⊥(0) is the static centroid position. For simple
metals, λ and d⊥(0) for rs = 2,3,4 are given by the Lang-
Kohn self-consistent surface calculation [50]. Tao and Rappe
[51] have parametrized λ and d⊥(0) for 2 � rs � 6. They
are given by the simple analytic formulas λ = −0.0105r2

s +
0.1285rs + 0.248 and d⊥(0) = 0.02r2

s − 0.27rs + 2.06. The
reference position Z0 of jellium can be evaluated with Eq. (4).
Summarized in Table I are the vdW coefficients and Z0 of
graphene on jellium. From Table I, we see that both vdW
coefficients and Z0 decrease slightly with increasing electron
density parameter rs , as expected.

Adsorption on transition metals. The dielectric function of
transition metals is more complicated, due to the d-electron
participation. It can be split into two contributions. One is from
the s valence electrons of transition metals (εf ) and the other
is the contribution from d-electron participation (εb). Then the

TABLE II. Electron density parameter rs , vdW coefficients, and
Z0 for graphene on the (1,1,1) transition metals Ni, Pd, Pt, Cu, Ag,
and Au, and on the (0,0,0,1) surface of Co, all in atomic units.

rs C3 C
q
5 Cnl

5 C5 Z0

Ni 2.60 0.298 1.442 0.869 2.311 0.600
Co 2.61 0.300 1.452 0.875 2.327 0.588
Pd 2.90 0.353 1.721 1.047 2.768 0.358
Pt 2.87 0.354 1.730 1.053 2.783 0.349
Cu 2.67 0.312 1.514 0.912 2.426 0.525
Ag 3.02 0.316 1.537 0.908 2.445 0.424
Au 3.01 0.345 1.684 1.026 2.710 0.346

real part of the dielectric function can be written as [40]

ε1(iu) = 1 + εf + εb, (10)

where εf = ω̄2
pf /u2 and εb = 
2/(ω2

0 + u2). ω̄2
pf =

(1/mopt)ω̄2
p is the plasmon frequency of the uniform gas,

but with the density parameter rs replaced by the corrected
density parameter r

f
s = (1/mopt)1/3rs , where mopt is the

optical mass [40]. The parameters mopt, 
, and ω0 can be
obtained from optical experimental data. For convenience,
all the parameters rs , mopt, 
, and ω0 for several commonly
used transition metals are listed in the Supplemental Material
(Table S1). From the dielectric function, we can evaluate vdW
coefficients C3 and C5 from Eqs. (2) and (3) for physisorption
on transition metals.

The reference position Z0 for transition metals can be
calculated as follows. First, we split d⊥(iu) as a sum of
two contributions [40] weighted by the dielectric func-
tion, i.e., d⊥(iu) = [εf (iu)df

⊥(iu) + εb(iu)db
⊥(iu)]/[εf (iu) +

εb(iu)]. Here d
f

⊥(iu) is assumed to take the same form as
for jellium, but with rs replaced by the corrected density
parameter, as discussed above. We also listed λ and d

f

⊥(0)
in Table S1. Second, we choose the origin to coincide with
the planar surface of the outermost metal slab. This leads to
db

⊥(iu) ≈ ZB = 0. Then we obtain

d⊥(iu) = εf (iu)df

⊥(iu)/[εf (iu) + εb(iu)]. (11)

Then we can calculate Z0 by combining d⊥(iu) of Eq. (11)
with Eqs. (4) and (8). The results for C3, C5, and Z0 of some
common metals are listed in Table II.

Now we turn to the vdW part of the adsorption energy. This
part can be evaluated with Eq. (1). The equilibrium distance
between graphene and metal substrate can be reliably taken
from the RPA calculation [25]. However, the reported RPA
value is not really the distance from the background edge of
metals Zeq, but the distance d from the plane of graphene
nuclei to the outermost plane of metal nuclei, as shown by
Fig. 1 of Ref. [26]. According to Zaremba and Kohn [36], the
background edge of a metal is located at c/2 from the outermost
plane of metal nuclei, as shown by Fig. 2 of Ref. [52], where
c is related to the lattice constant a via c = a/

√
h2 + k2 + l2,

with k,k,l being Miller indices for Al, Ni, Pd, Pt, Cu, Ag, and
Au. For Co, with the hexagonal close-packed structure, c is
half the lattice constant (4.07 Å) along the z axis. The reported
RPA distances d need to be subtracted by c/2. The value c/2
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TABLE III. Physisorption energies (in meV/atom) of graphene on (1,1,1) surfaces of Al, Ni, Pd, Pt, Cu, Ag, Au and (0,0,0,1) surface of
Co. d is the RPA equilibrium separation [25] between the plane of graphene nuclei and the outermost plane of metal nuclei and c is the distance
between neighboring planes of metal nuclei, both in Å. All calculations employ the constrained geometries that were used in the RPA reference
calculation, and all except our PBE+vdW use a relaxed d or are estimated from a binding energy curve.

d d − c/2 PBE+vdW RPA LDA PBE vdW-DF vdW-DF2 vdW-DF2-C09 B86bPBE-XDM

Al 3.51a 2.34 67 52a 29a 2a 35b 34c

Ni 3.26d 2.24 70 70a 50a 2a 45d 44d 75d 81c

Co 3.25a 2.23 70 66a 2a 30e

Pd 3.34a 2.22 83 90a 43a 4a 49d 52d 72d 66c

Pt 3.42a 2.29 82 84a 36a 5a 52d 54d 68d 71c

Cu 3.09a 2.05 78 68a 40a 2a 44d 46d 62d 73c

Ag 3.31a 2.13 75 78a 30a 2a 42d 42d 53d 72c

Au 3.22a 2.04 83 95a 34a 2a 47d 49d 59d 66c

ME 0 −39 −74 −33 −30 −16 −9
MAE 6 39 74 33 30 19 17

aFrom Ref. [25].
bFrom Ref. [55].
cFrom Ref. [56].
dFrom Ref. [26].

just defines the background edge of metals. Then we can find
the vdW energy from

EvdW =
[
− C3

(Z − Z0)3
− C5

(Z − Z0)5

]
fd. (12)

At equilibrium, Zeq = d − c/2 corresponds to the Zaremba-
Kohn equilibrium distance from graphene to the (1,1,1) metal
surface [36], and the vdW energy at Zeq = d − c/2 corre-
sponds to the binding energy. In this formula, we need to
add a damping function to avoid double counting, due to the
long-range part. fd is the damping function given by

fd = x5/
√

1 + gx2 + hx4 + x10, (13)

where x = (Z − Z0)/b > 0. The parameters g = 2b2C3/C5

and h = 10b4C2
3/C2

5 are chosen to zero out the x2 and x4

terms of the Taylor expansion of Eq. (12) so that the damped
vdW interaction is a monotonically nondecreasing function of
Z. Both parameters are safely positive for any combination of
C3, C5, and b. The parameter b = 3.35 bohr is determined by a
fit to the RPA values of the binding energy and is interestingly
close to our vdW thickness of graphene (3.4 bohr). Figure
S1 of the Supplemental Material [53] shows the damping
functions for graphene on the (1,1,1) surfaces of Al, Ni, and
Au. From Fig. S1, we see that the damping is significantly
important at equilibrium.

Finally, taking the lattice constants of metals from Ref. [54]
and the RPA values d, we obtain Zeq = d − c/2, as listed
in Table III. Based on Zeq, we calculate the vdW binding
energies of graphene on metals. Then we combine the vdW
part with the PBE (Perdew-Burke-Ernzerhof) GGA value [25],
which is almost free of vdW contributions [31]. The results are
displayed in Table III, where they are compared with the results
of other methods. As a comparison, we have also calculated
the undamped vdW energy at the RPA geometry, finding
that the undamped vdW energy is about three times bigger

than the damped vdW energy, suggesting the significance
of damping.

From Table III, we can see that if we take the RPA values to
be the standard, our PBE+vdW yields the most accurate results,
with a mean absolute error (MAE) of only 6 meV. Our study
also shows that the C3 term contributes only about 75% of
the absorption energy, while the higher-order term contributes
much of the rest.

In conclusion, we have developed a physically motivated
vdW method for physisorption of graphene on metals. The
theory is based on the Lifshitz-Zaremba-Kohn second-order
perturbation theory, in which metal surfaces must be clean.
Then we have calculated the vdW coefficients C3, C5, and Z0,
the reference plane position with respect to which the position
of the particle is determined, from the dynamic dielectric
functions of metals. Using the predetermined RPA distance
d between the plane of graphene nuclei and the outermost
plane of metal nuclei, we calculate the adsorption energies for
the PBE+vdW method. The results are quite close to the RPA
values for physisorption, suggesting the promise of the model.
Extension of this work to other molecular adsorption is under
study. Our model can be also adapted to recent meta-GGAs
such as SCAN [57] and TM [58] by scaling up b by a constant
fit factor greater than 1.

Acknowledgments. J.T. was supported by NSF under Grant
No. CHE 1640584. J.T. was also supported by Temple Uni-
versity start-up from J.P.P. H.T. acknowledges support from
the DOE Office of Science, Basic Energy Sciences (BES),
under Grant No. DE-SC0018194, J.P.P. was supported by the
Center for the Computational Design of Functional Layered
Materials, an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Basic Energy
Sciences, under Grant No. DE-SC0012575. A.P. and P.B. were
supported by NSF under Grant No. DMR-1607868 (to J.P.P.).
Computational support was provided by NERSC and HPC of
Temple University. J.T. and J.P.P. designed the project and
contributed to the writing. H.T., A.P., and B.P. contributed to
the computation and writing.

165403-4



MODELING THE PHYSISORPTION OF GRAPHENE ON METALS PHYSICAL REVIEW B 97, 165403 (2018)

[1] R. M. Westervelt, Science 320, 324 (2008).
[2] F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I.

Katsnelson, and K. S. Novoselov, Nat. Mater. 6, 652 (2007).
[3] O. Leenaerts, B. Partoens, and F. M. Peeters, Microelectron. J.

40, 860 (2009).
[4] V. Dua, S. P. Surwade, S. Ammu, S. R. Agnihotra, S. Jain, K. E.

Roberts, S. Park, R. S. Ruoff, and S. K. Manohar, Angew. Chem.,
Int. Ed. 49, 2154 (2010).

[5] P. Martin, Energy Environ. Sci. 4, 668 (2011).
[6] P. V. Kamat, J. Phys. Chem. Lett. 2, 242 (2011).
[7] E. Khan, T. S. Rahman, and S. Subrina, J. Appl. Phys. 120,

185101 (2016).
[8] J. Wintterlin and M.-L. Bocquet, Surf. Sci. 603, 1841 (2009).
[9] M. Andersen, L. Hornekær, and B. Hammer, Phys. Rev. B 86,

085405 (2012).
[10] T. Chanier and L. Henrard, Eur. Phys. J. B 88, 31 (2015).
[11] M. A. O. Quiroga and G. F. Cabeza, Braz. J. Phys. 43, 126 (2013).
[12] B. B. Kappes, A. Ebnonnasir, S. Kodambaka, and C. V. Ciobanu,

Appl. Phys. Lett. 102, 051606 (2013).
[13] Z. Xu and M. J. Buehler, J. Phys.: Condens. Matter 22, 485301

(2010).
[14] P. Janthon, F. Vines, S. M. Kozlov, J. Limtrakul, and F. Illas,

J. Chem. Phys. 138, 244701 (2013).
[15] M. Fuentes-Cabrera, M. I. Baskes, A. V. Melechko, and M. L.

Simpson, Phys. Rev. B 77, 035405 (2008).
[16] P. A. Khomyakov, G. Giovannetti, P. C. Rusu, G. Brocks, J. van

den Brink, and P. J. Kelly, Phys. Rev. B 79, 195425 (2009).
[17] P. Sutter, J. T. Sadowski, and E. Sutter, Phys. Rev. B 80, 245411

(2009).
[18] G. Giovannetti, P. A. Khomyakov, G. Brocks, V. M. Karpan,

J. van den Brink, and P. J. Kelly, Phys. Rev. Lett. 101, 026803
(2008).

[19] V. M. Karpan, G. Giovannetti, P. A. Khomyakov, M. Talanana,
A. A. Starikov, M. Zwierzycki, J. van den Brink, G. Brocks, and
P. J. Kelly, Phys. Rev. Lett. 99, 176602 (2007).

[20] V. G. Ruiz, W. Liu, E. Zojer, M. Scheffler, and A. Tkatchenko,
Phys. Rev. Lett. 108, 146103 (2012).

[21] W. Liu, A. Tkatchenko, and M. Scheffler, Acc. Chem. Res. 47,
3369 (2014).

[22] A. K. Geim and I. V. Grigorieva, Nature (London) 499, 419
(2013).

[23] F. Mittendorfer, A. Garhofer, J. Redinger, J. Klimeš, J. Harl, and
G. Kresse, Phys. Rev. B 84, 201401(R) (2011).

[24] F. Furche and T. V. Voorhis, J. Chem. Phys. 122, 164106 (2005).
[25] T. Olsen and K. S. Thygesen, Phys. Rev. B 87, 075111 (2013).
[26] I. Hamada and M. Otani, Phys. Rev. B 82, 153412 (2010).
[27] W.-B. Zhang, C. Chen, and P.-Y. Tang, J. Chem. Phys. 141,

044708 (2014).
[28] T. Thonhauser, S. Zuluaga, C. A. Arter, K. Berland, E. Schröder,

and P. Hyldgaard, Phys. Rev. Lett. 115, 136402 (2015) (Supple-
mental Material).

[29] J. Klimes, D. R. Bowler, and A. Michaelides, J. Phys.: Condens.
Matter 22, 022201 (2010).

[30] H. Peng, Z.-H. Yang, J. P. Perdew, and J. Sun, Phys. Rev. X 6,
041005 (2016).

[31] J. Tao, F. Zheng, J. Gebhardt, J. P. Perdew, and A. M. Rappe,
Phys. Rev. Mater. 1, 020802(R) (2017).

[32] X.-P. Jiang, F. Toigo, and M. W. Cole, Surf. Sci. 145, 281
(1984).

[33] X.-P. Jiang, F. Toigo, and M. W. Cole, Surf. Sci. 148, 21
(1984).

[34] J. L. F. Da Silva, C. Stampfl, and M. Scheffler, Phys. Rev. Lett.
90, 066104 (2003).

[35] P. W. Fowler and J. M. Hutson, Phys. Rev. B 33, 3724 (1986).
[36] E. Zaremba and W. Kohn, Phys. Rev. B 13, 2270 (1976).
[37] E. Zaremba and W. Kohn, Phys. Rev. B 15, 1769 (1977).
[38] F. Zheng, J. Tao, and A. M. Rappe, Phys. Rev. B 95, 035203

(2017).
[39] R. H. Ritchie, Prog. Theor. Phys. (Kyoto) 29, 607 (1963).
[40] B. N. J. Persson and E. Zaremba, Phys. Rev. B 30, 5669 (1984).
[41] J. Tao and J. P. Perdew, J. Chem. Phys. (Commun.) 141, 141101

(2014).
[42] J. Tao and A. M. Rappe, J. Chem. Phys. (Commun.) 144, 031102

(2016).
[43] J. Tao, J. P. Perdew, and A. Ruzsinszky, PNAS 109, 18 (2012).
[44] Ph. Lambin, A. A. Lucas, and J.-P. Vigneron, Phys. Rev. B 46,

1794 (1992).
[45] G. K. Gueorguiev, J. M. Pacheco, and D. Tománek, Phys. Rev.

Lett. 92, 215501 (2004).
[46] H. Sahin, S. Cahangirov, M. Topsakal, E. Bekaroglu, E. Akturk,

R. T. Senger, and S. Ciraci, Phys. Rev. B 80, 155453 (2009).
[47] O. Hod, J. Chem. Theory Comput. 8, 1360 (2012).
[48] A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005

(2009).
[49] F. O. Kannemann and A. D. Becke, J. Chem. Phys. 136, 034109

(2012).
[50] N. D. Lang and W. Kohn, Phys. Rev. B 1, 4555 (1970).
[51] J. Tao and A. M. Rappe, Phys. Rev. Lett. 112, 106101 (2014).
[52] I. Loncarić and V. Despoja, Phys. Rev. B 90, 075414 (2014).
[53] See Supplemental Material at http://link.aps.org/supplemental/

10.1103/PhysRevB.97.165403 for the detail of inputs and figure
of the damping functions.

[54] N. W. Ashcroft and D. N. Mermin, Solid State Physics (Saunders
College Publishing, Philadelphia, PA, 1976).

[55] M. Vanin, J. J. Mortensen, A. K. Kelkkanen, J. M. Garcia-Lastra,
K. S. Thygesen, and K. W. Jacobsen, Phys. Rev. B 81, 081408(R)
(2010).

[56] M. S. Christian, A. Otero-de-la-Rozab, and E. R. Johnson,
Carbon 124, 531 (2017).

[57] J. Sun, A. Ruzsinszky, and J. P. Perdew, Phys. Rev. Lett. 115,
036402 (2015).

[58] J. Tao and Y. Mo, Phys. Rev. Lett. 117, 073001 (2016).

165403-5

https://doi.org/10.1126/science.1156936
https://doi.org/10.1126/science.1156936
https://doi.org/10.1126/science.1156936
https://doi.org/10.1126/science.1156936
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1016/j.mejo.2008.11.022
https://doi.org/10.1016/j.mejo.2008.11.022
https://doi.org/10.1016/j.mejo.2008.11.022
https://doi.org/10.1016/j.mejo.2008.11.022
https://doi.org/10.1002/anie.200905089
https://doi.org/10.1002/anie.200905089
https://doi.org/10.1002/anie.200905089
https://doi.org/10.1002/anie.200905089
https://doi.org/10.1039/C0EE00295J
https://doi.org/10.1039/C0EE00295J
https://doi.org/10.1039/C0EE00295J
https://doi.org/10.1039/C0EE00295J
https://doi.org/10.1021/jz101639v
https://doi.org/10.1021/jz101639v
https://doi.org/10.1021/jz101639v
https://doi.org/10.1021/jz101639v
https://doi.org/10.1063/1.4966612
https://doi.org/10.1063/1.4966612
https://doi.org/10.1063/1.4966612
https://doi.org/10.1063/1.4966612
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1103/PhysRevB.86.085405
https://doi.org/10.1103/PhysRevB.86.085405
https://doi.org/10.1103/PhysRevB.86.085405
https://doi.org/10.1103/PhysRevB.86.085405
https://doi.org/10.1140/epjb/e2014-50587-0
https://doi.org/10.1140/epjb/e2014-50587-0
https://doi.org/10.1140/epjb/e2014-50587-0
https://doi.org/10.1140/epjb/e2014-50587-0
https://doi.org/10.1007/s13538-013-0124-3
https://doi.org/10.1007/s13538-013-0124-3
https://doi.org/10.1007/s13538-013-0124-3
https://doi.org/10.1007/s13538-013-0124-3
https://doi.org/10.1063/1.4790610
https://doi.org/10.1063/1.4790610
https://doi.org/10.1063/1.4790610
https://doi.org/10.1063/1.4790610
https://doi.org/10.1088/0953-8984/22/48/485301
https://doi.org/10.1088/0953-8984/22/48/485301
https://doi.org/10.1088/0953-8984/22/48/485301
https://doi.org/10.1088/0953-8984/22/48/485301
https://doi.org/10.1063/1.4807855
https://doi.org/10.1063/1.4807855
https://doi.org/10.1063/1.4807855
https://doi.org/10.1063/1.4807855
https://doi.org/10.1103/PhysRevB.77.035405
https://doi.org/10.1103/PhysRevB.77.035405
https://doi.org/10.1103/PhysRevB.77.035405
https://doi.org/10.1103/PhysRevB.77.035405
https://doi.org/10.1103/PhysRevB.79.195425
https://doi.org/10.1103/PhysRevB.79.195425
https://doi.org/10.1103/PhysRevB.79.195425
https://doi.org/10.1103/PhysRevB.79.195425
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevLett.101.026803
https://doi.org/10.1103/PhysRevLett.101.026803
https://doi.org/10.1103/PhysRevLett.101.026803
https://doi.org/10.1103/PhysRevLett.101.026803
https://doi.org/10.1103/PhysRevLett.99.176602
https://doi.org/10.1103/PhysRevLett.99.176602
https://doi.org/10.1103/PhysRevLett.99.176602
https://doi.org/10.1103/PhysRevLett.99.176602
https://doi.org/10.1103/PhysRevLett.108.146103
https://doi.org/10.1103/PhysRevLett.108.146103
https://doi.org/10.1103/PhysRevLett.108.146103
https://doi.org/10.1103/PhysRevLett.108.146103
https://doi.org/10.1021/ar500118y
https://doi.org/10.1021/ar500118y
https://doi.org/10.1021/ar500118y
https://doi.org/10.1021/ar500118y
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1103/PhysRevB.84.201401
https://doi.org/10.1103/PhysRevB.84.201401
https://doi.org/10.1103/PhysRevB.84.201401
https://doi.org/10.1103/PhysRevB.84.201401
https://doi.org/10.1063/1.1884112
https://doi.org/10.1063/1.1884112
https://doi.org/10.1063/1.1884112
https://doi.org/10.1063/1.1884112
https://doi.org/10.1103/PhysRevB.87.075111
https://doi.org/10.1103/PhysRevB.87.075111
https://doi.org/10.1103/PhysRevB.87.075111
https://doi.org/10.1103/PhysRevB.87.075111
https://doi.org/10.1103/PhysRevB.82.153412
https://doi.org/10.1103/PhysRevB.82.153412
https://doi.org/10.1103/PhysRevB.82.153412
https://doi.org/10.1103/PhysRevB.82.153412
https://doi.org/10.1063/1.4890728
https://doi.org/10.1063/1.4890728
https://doi.org/10.1063/1.4890728
https://doi.org/10.1063/1.4890728
https://doi.org/10.1103/PhysRevLett.115.136402
https://doi.org/10.1103/PhysRevLett.115.136402
https://doi.org/10.1103/PhysRevLett.115.136402
https://doi.org/10.1103/PhysRevLett.115.136402
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevMaterials.1.020802
https://doi.org/10.1103/PhysRevMaterials.1.020802
https://doi.org/10.1103/PhysRevMaterials.1.020802
https://doi.org/10.1103/PhysRevMaterials.1.020802
https://doi.org/10.1016/0039-6028(84)90082-7
https://doi.org/10.1016/0039-6028(84)90082-7
https://doi.org/10.1016/0039-6028(84)90082-7
https://doi.org/10.1016/0039-6028(84)90082-7
https://doi.org/10.1016/0039-6028(84)90026-8
https://doi.org/10.1016/0039-6028(84)90026-8
https://doi.org/10.1016/0039-6028(84)90026-8
https://doi.org/10.1016/0039-6028(84)90026-8
https://doi.org/10.1103/PhysRevLett.90.066104
https://doi.org/10.1103/PhysRevLett.90.066104
https://doi.org/10.1103/PhysRevLett.90.066104
https://doi.org/10.1103/PhysRevLett.90.066104
https://doi.org/10.1103/PhysRevB.33.3724
https://doi.org/10.1103/PhysRevB.33.3724
https://doi.org/10.1103/PhysRevB.33.3724
https://doi.org/10.1103/PhysRevB.33.3724
https://doi.org/10.1103/PhysRevB.13.2270
https://doi.org/10.1103/PhysRevB.13.2270
https://doi.org/10.1103/PhysRevB.13.2270
https://doi.org/10.1103/PhysRevB.13.2270
https://doi.org/10.1103/PhysRevB.15.1769
https://doi.org/10.1103/PhysRevB.15.1769
https://doi.org/10.1103/PhysRevB.15.1769
https://doi.org/10.1103/PhysRevB.15.1769
https://doi.org/10.1103/PhysRevB.95.035203
https://doi.org/10.1103/PhysRevB.95.035203
https://doi.org/10.1103/PhysRevB.95.035203
https://doi.org/10.1103/PhysRevB.95.035203
https://doi.org/10.1143/PTP.29.607
https://doi.org/10.1143/PTP.29.607
https://doi.org/10.1143/PTP.29.607
https://doi.org/10.1143/PTP.29.607
https://doi.org/10.1103/PhysRevB.30.5669
https://doi.org/10.1103/PhysRevB.30.5669
https://doi.org/10.1103/PhysRevB.30.5669
https://doi.org/10.1103/PhysRevB.30.5669
https://doi.org/10.1063/1.4897957
https://doi.org/10.1063/1.4897957
https://doi.org/10.1063/1.4897957
https://doi.org/10.1063/1.4897957
https://doi.org/10.1063/1.4940397
https://doi.org/10.1063/1.4940397
https://doi.org/10.1063/1.4940397
https://doi.org/10.1063/1.4940397
https://doi.org/10.1073/pnas.1118245108
https://doi.org/10.1073/pnas.1118245108
https://doi.org/10.1073/pnas.1118245108
https://doi.org/10.1073/pnas.1118245108
https://doi.org/10.1103/PhysRevB.46.1794
https://doi.org/10.1103/PhysRevB.46.1794
https://doi.org/10.1103/PhysRevB.46.1794
https://doi.org/10.1103/PhysRevB.46.1794
https://doi.org/10.1103/PhysRevLett.92.215501
https://doi.org/10.1103/PhysRevLett.92.215501
https://doi.org/10.1103/PhysRevLett.92.215501
https://doi.org/10.1103/PhysRevLett.92.215501
https://doi.org/10.1103/PhysRevB.80.155453
https://doi.org/10.1103/PhysRevB.80.155453
https://doi.org/10.1103/PhysRevB.80.155453
https://doi.org/10.1103/PhysRevB.80.155453
https://doi.org/10.1021/ct200880m
https://doi.org/10.1021/ct200880m
https://doi.org/10.1021/ct200880m
https://doi.org/10.1021/ct200880m
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1063/1.3676064
https://doi.org/10.1063/1.3676064
https://doi.org/10.1063/1.3676064
https://doi.org/10.1063/1.3676064
https://doi.org/10.1103/PhysRevB.1.4555
https://doi.org/10.1103/PhysRevB.1.4555
https://doi.org/10.1103/PhysRevB.1.4555
https://doi.org/10.1103/PhysRevB.1.4555
https://doi.org/10.1103/PhysRevLett.112.106101
https://doi.org/10.1103/PhysRevLett.112.106101
https://doi.org/10.1103/PhysRevLett.112.106101
https://doi.org/10.1103/PhysRevLett.112.106101
https://doi.org/10.1103/PhysRevB.90.075414
https://doi.org/10.1103/PhysRevB.90.075414
https://doi.org/10.1103/PhysRevB.90.075414
https://doi.org/10.1103/PhysRevB.90.075414
http://link.aps.org/supplemental/10.1103/PhysRevB.97.165403
https://doi.org/10.1103/PhysRevB.81.081408
https://doi.org/10.1103/PhysRevB.81.081408
https://doi.org/10.1103/PhysRevB.81.081408
https://doi.org/10.1103/PhysRevB.81.081408
https://doi.org/10.1016/j.carbon.2017.08.077
https://doi.org/10.1016/j.carbon.2017.08.077
https://doi.org/10.1016/j.carbon.2017.08.077
https://doi.org/10.1016/j.carbon.2017.08.077
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.117.073001
https://doi.org/10.1103/PhysRevLett.117.073001
https://doi.org/10.1103/PhysRevLett.117.073001
https://doi.org/10.1103/PhysRevLett.117.073001



