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A B S T R A C T

The long rang Coulomb on-site repulsion between π electrons in hydrogen (H) adsorbed graphene has been studied based on DFT + U calculations. This study
demonstrates that the rigidity of π electronic structure of graphene is partially destroyed in the cases of H adsorption due to the introduction of un-paired electron in
this system. The softness of π conjugation is largely depending on the concentrations as well as the periodicity of H adsorption. Due to the destruction of the rigidity
of π conjugation, the Coulomb on-site repulsion increases. The results show that the Coulomb on-site repulsion between π electrons is very sensitive to the periodicity
of H adsorption. A considerable enhancement of Coulomb on-site repulsion occurs for the systems with ×n n3 3 peroidcity. More importantly, the strength and the
patterns of Coulomb on-site repulsion in the graphene plane are significantly size-dependent, which further induces the band gap opening at Fermi level. Especially
for ×6 6 system, the on-site repulsion induces a stabilized non-ferromagnetic state. Our results reveal for the first time that the considerable long rang Coulomb on-
site repulsion between π electrons exists which plays an important role in the electronic characteristics of H adsorbed graphene. The finding in this investigation
provides new insight into the many-body interaction between localized impurities with delocalized π electrons in graphene related materials.

1. Introduction

Graphene, a singleatomic layer of graphite, exhibits fascinating
electronic characteristics, such as mass-less Dirac fermions [1–3], novel
transport properties [4–7] and topological phase [8–10], which have
attracted immense attention in scientific community. In graphene,
thesp2 hybridization of three of the valence electrons stabilizesthe
hexagonal planar structure. The extra valence electron of carbon de-
localizes out-of-plane, called π electrons, which contributes to the Dirac
cone of the band structures near Fermi level. These π electrons are very
sensitive to the external perturbations. For example, due to interlayer
vdW interactions in graphite or physisorbed molecules on graphene
[11], the linear dispersion of Dirac cone is destroyed [12–14]. On the
other hand, by introducing localized electronic states [15,16], the π
electrons in graphene are locally perturbed but the perturbation decays
very slowly, which shows long-range characteristics. One way to in-
troduce localized electronic states is chemical adsorption [17–20],
which can shift the Dirac point or split the degenerated states there,
resulting in n-type (p-type) doping and band gap opening in graphene.
And more importantly, ferromagnetism can be observed by chemical
adsorption [21–23].

It is well known that the hydrogen (H) adsorption on graphene can
induce band gap opening [24–28] and finite magnetic moment
[29–32], which are of significant technological importance in emerging

graphene-based semi-conductor and spintronic applications. The fully
hydrogenated graphene, graphane, exhibits a large band gap due to the
transformation from sp2 hybridization to sp3 hybridization [33], where
the pervious π electrons in graphene are fully localized. However, for
partially H passivated graphene, the behavior of the electronic struc-
tures are much more complex. Theoretical work showed that the band
gap opening in graphene depends not only on the concentration of H
adsorption but also strongly on the adsorption patterns [29,34]. More
importantly, mid-gap states [4] are introduced nearby Fermi level,
which contributes considerably to the electronic conductivity [35].
Thus, appropriate discreption of this system is of significant im-
portance.

Most of the existing theoretical studies are based on tight-binding
and/or conventional DFT methods. Due to the delocalization of π
electrons, both methods can appropriately describe the π electronic
structures of perfect graphene. However, the situations are largely
different for graphene with adatoms, where the strong localized elec-
tronic states are introduced into the delocalized π electron “sea”. This
picture cannot be properly described within single electron approx-
imation due to the tendency to delocalize the electrons [36–38].For
example, based on PBE functional, a non-magnetism ground state has
been predicted for fluorinated graphene [39,40], which, however, has
to be corrected with a hybrid HSE method according to Kim and Cho
[41]. Unfortunately, the hybrid HSE method is very computationally
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expensive and is not suitable to study the long range interactions in the
adsorbed systems.

DFT + U method is an efficient approach for this purpose, which
describes localized electrons differently from the delocalized electrons
[42,43]. In this method, the behavior of delocalized electrons are
treated with conventional DFT theory, while the localized electrons are
described with a HF-like manner (called on-site interactions) since HF
description contains the exact exchange interaction. However, in
practice, the on-site interaction are treated not with exact HF method
but a parameterized Hamiltonian, where the averaged Coulomb and
exchange interactions are determined by parameters U(Coulomb in-
teractions) and J(exchange interactions) respectively for the electrons
at the same angular momentum of the same atom. Generally, the ef-
fective on-site interaction Ueff, defined as Ueff=U-J, is used [44–46]. We
will simply use U as the parameter of the effective on-site interaction.

Actually, U is not only a parameter but also carries its physical
meanings. In extended system, the exchange correlation potential
shows discontinuity for insulating states, since partially occupied state
is not described by an exact wave-function but by a statistical way:

= + +E w E wE(1 )n N N 1, which has a linear dispersion with w0 1.
Conventional DFT based on LDA and GGA exchange correlation func-
tionals cannot reproduce this linear characteristic due to their un-
proper treatment of Hartree energy. In DFT + U method, the dis-
continuity of the potential is estimated with on-site parameter U, which
is computed as the effective second derivative of the energy with re-
spect to the occupation of the localized orbitals, and thus the reasonable
band gap can be predicted in this way. Till now, DFT + U method has
been mostly applied to describe localized d and/or f electrons [47–51],
while not much attention has been paid to localized p electrons. Atomic
adsorptions of light elements on graphene have always been a hot topic,
but their appropriate electronic structures cannot be correctly predict
within GGA (or LDA) level as discussed above. For H partially adsorbed
graphene, since the frontier orbitals are contributed by the localized
electronic states, the electronic characteristics of graphene, such as the
values of band gaps and the magnetism, can be significantly altered.
Therefore, appropriate description of these localized electronic states is
very important in these systems.

In this paper, using DFT + U method, we investigated the strength
of on-site repulsion correlation between π electrons by estimating the
Coulomb on-site repulsion in graphene plane. It is found that H ad-
sorption not only induces localized mid gap states nearby Fermi level,
as demonstrated previously, but also shows aperiodicity-dependent
distribution of Coulomb on-site repulsion. It was reported that the band
gap opening for partial H adsorbed graphene is mainly originated from
the perturbing potential of the H+ ion [26]. However, García-Lastra
[29] predicted that for the system with ×n n3 3 unit cells of graphene,
only a tiny gap has been opened, about one order of magnitude smaller
than the gap opened for ± × ±n n(3 1) (3 1) periodicities. In this paper,
by considering the Coulomb on-site repulsion between pz electrons, we
found that in the system with ×n n3 3 periodicity, the perturbing po-
tential of the H+ ion can be well screened by the Coulomb on-site re-
pulsion at the sites nearest to the absorbing carbon site, which weakens
the effect of the perturbing potential. Despite the fact of the screening
effect, a band gap still evidently open at Fermi level due to the sym-
metry breaking induced by the Coulomb on-site repulsion.

2. Results and discussions

In order to study the long rang interactions, extremely larger su-
percell up to ×12 12 unit cells of graphene was used to study the in-
teraction between π electrons. To save the computational time, geo-
metric optimizations were carried out using LDA exchange correlation
functionals. The optimized geometric structures were obtained until the
atomic forces are less than 0.01 eV/Å. Pseudo-potentials and DZP
atomic orbitals basis sets available in SIESTA software [52–54] were
applied. The volume between graphene layers was set larger than 15 Å

to ignore the unphysical interaction between neighboring cells. The
values of Coulomb on-site repulsion U were estimated with linear re-
sponse method [55], based on first-principles calculations with PWSCF
software [56]. The electronic structures were studied with a DFT + U
method [57], as implemented in SIESTA-LDAU version. For confirma-
tion, an additional DFT + U calculations were carried out with VASP
package.

Due to the hybridization between pz orbital of carbon and s orbital
of hydrogen, the carbon atom bonding with H protrudes out of the
plane, as shown in Fig. 1. Depending on the concentration of hydrogen
adsorption, the amount of protrusion (dz) of the adsorbent carbon is
variable, which indicates different strength ofsp2-sp3 re-hybridization.

Since H adsorption breaks the coupling between π electrons at ad-
sorbent site, three pz electrons were un-paired. Due to the rigidity of the
π conjugation, these un-paired electrons can hardly couple with the π
electrons, acting as magnetic impurities, propagated by the conductive
π electrons in the graphene plane, the so-called Ruderman-Kittel-
Kasuya-Yoshida (RKKY) coupling [58]. However, since the un-paired pz
electrons show largely localized characteristics while π electrons are
much delocalized in graphene plane, such significant distinct electronic
states between π and unpaired pz electrons cannot be properly in-
tegrated into non-local (semi-local) approximation. Actually, with
single-electron approximation, controversial conclusions have been
drawn for the magnetism of graphene with H adsorption: from first
principles calculations, on one hand, based on numerical atomic orbital
basis sets, the system possessed a uniform 1 μB magnetic moment [59],
on the other hand, when applying plane wave basis sets, the magnetism
of the system decays to zero with the decreasing of H concentration
[60].

Based on Hubbard-U model, in the presence of electron-electron
interaction, Annica demonstrated [58] that the spin split can be sig-
nificantly modified. Based on first-principles theory, DFT + U provides
an appropriate method to study the localized DOS in the graphene with
H adsorption. To verify the accuracy of DFT + U method, we firstly
calculated the magnetism of graphene with H adsorption using plane
wave basis sets implemented in VASP software. We took ×7 7 unit cells
of graphene as a test. Without considered Coulomb on-site repulsion,
the magnetic moment of the system is zero, which is consistent with the
results in Ref. [60]. However, when introducing on-site repulsion (set
U=2.1, which is the value in perfect graphene obtained experimen-
tally), the magnetic moment of the system is 1 μB, which is consistent
with the results based on HSE functionals [41].

It is well known that the mid-gap states appear close to Fermi level

Fig. 1. Height of adsorbent carbon corresponding to graphene plane as a
function of H concentrations.
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for the systems with strong resonant scattering [61]. As shown Fig. 2,
based on GGA functionals, evident mid-gap states exist for the systems
with ± × ±n n(3 1) (3 1) periodicity. It is reported that the evident
bandgap openings in these systems are attributed to the impurity po-
tential induced by the perturbing potential of H+ ions [26]. As the
impurity potential plays an important role on the scattering of the
electrons, large potential would induce low carrier mobility. Therefore,
higher concentration of H adsorption results in the incremental effec-
tive mass of π electrons (π bands become more flat, as shown in
Fig. 2).However, the situation is different for the system with ×n n3 3
periodicity. There is almost no modification of Dirac cone, as shown in
Fig. 3(a)(b)(c), indicatingthe potential of H+ ion is well screened there.

Since the interaction between electrons has been ignored with single
electron approximation, the distinct screening effects cannot be prop-
erly explained. To estimate the Coulomb on-site repulsion between π
electrons, we first calculated the values of U on the carbon sites nearest
to the adsorbent site. Interestingly, it is found that the trends of
Coulomb on-site repulsion show different behaviors, depending on the
periodicities of the systems, as shown in Fig. 4. Due to the considerable
increase of U for ×n n3 3 periodicities, the perturbing potential of H+

ion can be well screened. Therefore, the scattering of π electrons is
significantly reduced.

To further study the behaviors of π electrons, we calculated the
wave-functions of π orbitals, as shown in Fig. 5. For perfect graphene,
the Dirac cone is contributed from the super large π orbitals that ex-
pands to the whole graphene plane, which show a rigidity characteristic
of electronic structure [62,63]. However, after H adsorption, the ri-
gidity of π conjugation in graphene is destroyed. On one hand, for ×4 4
system, considerable coupling occurs between π orbitals of graphene
with localized orbitals at adsorbent site, which destroys the long range
delocalized π electronic structures, resulting in a relative large band
gap opening at Dirac point. Since considerable π conjugation still exists,
there is almost no increase in the strength of Coulomb on-site repulsion
for this kind of systems. On the other hand, for ×3 3 system, as shown
in Fig. 5 (b, e), the rigidity of π conjugation is largely destroyed, which
causes the increase in Coulomb on-site repulsion at the carbon site
nearest to the adsorbent site. Moreover, from the wave function dis-
tributions in Fig. 5 (b, e), we find that there is no contribution to the
highest occupied pz orbitals at the carbon sites nearest to the adsorbent
site but significant localized density of states exist at the lowest un-

Fig. 2. Band structures of H adsorbed graphene calculated with unit cells of ×4 4 (a) and ×5 5 (b) of cell sizes of graphene. Spin up and down bands are represented
with red and black lines respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Band structures based on normal DFT calculations for H adsorbed graphene with the size of ×3 3 (a), ×6 6 (b) and ×9 9 unit cells of graphene; and the
band structures based on DFT + U calculations for H adsorbed graphene with the size of ×3 3 (a), ×6 6 (b) and ×9 9 unit cells of graphene.
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occupied orbitals, indicating large Coulomb on-site repulsion there.
Therefore, the strength of Coulomb on-site repulsion is considerable
larger for ×n n3 3 systems than ×n n(3 1) (3 1) systems, as shown
in Fig. 4.

In order to study the long rang ordering of Coulomb on-site repul-
sion, we calculated the values of U at all the carbon sites. With the
rotationally invariant formulation, the total energy of the system can be
written as:

= ++ rE E n E n E n[ ( )] [{ }] [{ }]DFT U DFT Hub m
I

DC
I

where rn ( ) is the electronic density and nm
I is electronic density of the

atomic “m” orbital experiencing the Coulomb on-site repulsion, and the
last term is used to avoid double counting of the interactions contained
both in E n[{ }]Hub m

I and rE n[ ( )]DFT terms. By linear response U ap-
proach, the response function can be calculated as: = n . By changing
the rigid potential shifts α, the bare ( 0) and self-consistent ( ) occu-
pation response functions were obtained. Then, the parameter U can be
obtained from the formula: =U 1

0
1.

For the systems with ± × ±n n(3 1) (3 1) periodicity, a nearly uni-
versal Coulomb on-site repulsion, independent of sites and the size of
the cell, was found to be of the same strength as that of perfect gra-
phene, indicating that almost no changes of Coulomb on-site repulsion
between π electrons in the systems with ± × ±n n(3 1) (3 1) periodicity.

However, the situation is significantly different for the systems with
×n n3 3 periodicity. As shown in Fig. 6, the Coulomb on-site repulsion

in graphene plane is considerably modulated by the H adsorption for
×n n3 3 periodicity. Interestingly, the strength of Coulomb on-site re-

pulsion dose not simply decay away from the adsorbent site but pre-
sents different patterns depending on the cell size of adsorbed gra-
phene. Due to different patterns of Coulomb on-site repulsion, the
symmetry of the systems are also size dependent. It was reported that
for H adsorbed graphene with ×n n3 3 periodicity, based on GGA
functionals, due to the coincidence between the K-point of graphene
with Γ-point of H adsorbed graphene in Brillouin zone [64], nearly zero
band gap appears at Fermi level. However, in this paper, by con-
sideringthe effect of Coulomb on-site repulsion, we found that the
symmetries of H adsorbed graphene are totally difference with previous
studies, which may further influence the band structures of these sys-
tems. To confirm our inference, we calculated the band structures of

×3 3, ×6 6 and ×9 9 unit cells of graphene, as shown in Fig. 3. For
×9 9 H adsorbed graphene, compared with the result of conventional

DFT calculations, a sizeable band gap opens at Fermi level. The band
gap opening is attributed to the distinct strength of Coulomb on-site
repulsion on different sub-lattices. Since different Coulomb on-site re-
pulsion changes the potentials on the sub-lattices, the differential po-
tentials between sub-lattices induces the band gap opening at Dirac
point. As shown in Fig. 3(d), nearly 1 eV band gap opens for ×3 3
system. More significantly, the spin polarization has been totally sup-
pressed for ×6 6 system. Due to the complex symmetry originating
from the pattern of Coulomb on-site repulsion, spin polarization is
suppressed in this system. Note that no non-ferromagnetic (NM) states
have been reported for H adsorption on same sub-lattice of graphene.
The NM state for ×6 6 system in our study is mainly attributed to the
specific pattern of Coulomb on-site repulsion. Actually, the Coulomb
on-site repulsion between π electrons is very sensitive to the patterns of
H adsorption. It is reported that CH4-type of structure can induces
strong electron-hole correlation, which domains the optical properties
of the system. Our results reveal that even with same periodicity, the
on-site repulsion correlation between π electrons still very sensitive to

Fig. 4. Values of Coulomb on-site repulsion (U) as a function of H concentra-
tion.

Fig. 5. Wave-functions of perfect graphene (a, d), H passivated graphene with
×3 3 (b, e) and ×4 4 (c, f) periodicities at Γ special point. The upper and lower

panel denotes the highest occupied orbitals and lowest un-occupied orbitals,
respectively. It should be noted that we only show up-spin wave-functions in
this figure. Since down-spin wave functions have the similar characteristics, we
have not shown here.

Fig. 6. Distribution of Coulomb on-site repul-
sion (U) in H adsorbed graphene with different
size. The balls with different sizes and colors
represent different values of U, as shown in the
right of the figure.Hydrogen atoms are re-
presented with white balls. (For interpretation
of the references to color in this figure legend,
the reader is referred to the Web version of
this article.)
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the adsorbed H concentrations. Our finding indicates that many-body
effect need to be considered for graphene adsorbed with H atoms.

3. Conclusions

In summary, the electron correlation effect in graphene partially
adsorbed with H has been studied in this paper based on DFT + U
calculations. The strengths of Coulomb on-site repulsion (U) have been
estimated with linear response approach. It is found that the values of U
are very sensitive to the periodicity as well as concentrations of H ad-
sorption. On one hand, for the system with ×n n3( 1) 3( 1) peri-
odicity, almost no changes of U occurs after H adsorption; while the
values of U have been considerably enhanced for the systems with

×n n3 3 periodicity. On the other hand, the patterns of the enhanced U
are significantly dependent on the H concentrations in the systems with

×n n3 3 periodicity. Since the patterns of U destroys the symmetry of
the systems, band gap opens at Dirac point. More importantly, for the
case of ×6 6 unit cells of graphene, non-ferromagnetic state has been
found by considering Coulomb on-site repulsion between π electrons.
Our study provides a clear description of the interactions between de-
localized π electrons in graphene with localized impurities, which
provides new insight into the many-body effect in graphene related
materials.
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