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Using first-principles electronic-structure calculations, we studied the structural and magnetic properties of
various hydrogen clusters, including hydrogen monomer, dimers, trimers, tetramers, and hexamers adsorbed on
a graphene surface. The magnetic behaviors of such defective systems were shown to strongly depend on the
geometrical configuration of hydrogen atoms. The stability of the structures was demonstrated to be dependent
on two important factors: the distance between hydrogen atoms and the strength of exchange couplings
between the defect-induced magnetic moments. For the magnetic structures, the electron spins populate the
quasilocalized pz-type states on specific carbon atoms. The presence of such quasilocalized pz-type states was
shown to yield relatively strong hyperfine couplings at particular carbon sites in the neighborhood of hydrogen
atoms.
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I. INTRODUCTION

Since the discovery of graphene by Novoselov et al.,1 this
material has attracted a great deal of attention due to its
unique physicochemical properties. Ideal graphene is known
to be a nonmagnetic �NM� zero-gap semiconductor, in which
the carbon atoms are positioned in a perfect honeycomb lat-
tice. However once doped, the graphene can yield very dif-
ferent electronic properties, depending on the types and/or
concentrations of guest species. For instance, very recent ex-
periments by Elias et al.2 indicate that graphene can become
a wide-band-gap insulator, known as graphane, if its both
sides are alternately covered by hydrogen atoms. On the
other hand, the theoretical work by Yang3 predicts that the
similar coverage of both sides of graphene by Li would re-
sult in a conductive system. Alternatively, the scanning tun-
neling microscopy �STM� images by Balog et al.4 further
revealed that the chemical modifications caused by hydrogen
adsorption on one side of a graphene layer grown on Ir �111�
substrate can have substantial impact on its electronic prop-
erties. These are a few examples revealing that the
electronic-structure properties of graphene can be easily ma-
nipulated by chemical adsorption of guest atoms, e.g., hydro-
gen. It is worth mentioning that with new developments in
techniques, such as STM imaging and feedback-controlled
lithography, it is now practically feasible to control the de-
sorption of single hydrogen atoms on the surface of
materials.5,6 In this way, one can ideally create predefined
patterns of hydrogen clusters on the graphene surfaces. Thus,
there seems to be a huge potential for creation of new
graphene-based surfaces with highly controlled electronic
and magnetic properties in the near future.4

As regards magnetism, it is already well understood that
hydrogen adsorption may be a promising way to create mag-
netic graphene surfaces.7–10 Such magnetism is intriguing, as
it does not originate from any magnetic d- or f-type impurity.
While many studies have been carried out to determine the
origin of magnetism in single-atom vacancies and hydrogen
chemisorption on graphene and graphite surfaces,11–15 there
have been few reports on magnetism induced by clusters of

hydrogen atoms.16–18 This is despite the fact that it has been
experimentally found that hydrogen atoms prefer to form
different shapes of clusters on carbon-based materials.19–23

Therefore, detailed studies on stability and magnetic proper-
ties of hydrogen clusters on graphene appear to be of essen-
tial importance in hydrogen-graphene-based technologies.

Experimentally, the binding energy of hydrogen atoms to
a surface is estimated using thermal desorption
spectroscopy23 and the dynamics and coordination of these
atoms on the surface can be considered by nuclear-magnetic-
resonance experiment.24–26 The unpaired electron-spin states
in such hydrogenated carbon structures can be detected by
electron-spin-resonance spectroscopy.27 Probing hyperfine
interactions with magnetic resonance techniques also pro-
vides a wealth of information about structure and dynamics
of carbon materials.28 In the present work, based on a set of
first-principles electronic-structure calculations, we have ac-
cordingly attempted to gain a deeper insight into the struc-
tural and magnetic properties of hydrogen clusters adsorbed
on the graphene surface. In this regard, we have considered
various types of hydrogen clusters, including monomer,
dimers, trimers, tetramers, and hexamers. The possible ge-
ometries of some of these hydrogen species have already
been experimentally or theoretically identified.19–23,29,30 Be-
low, we compare the relative structural stability of these clus-
ters. We show that, depending on the geometrical arrange-
ment of hydrogen atoms on the surface, the whole system
can become magnetic or nonmagnetic. For the magnetic sys-
tems, we further calculate and analyze both the Fermi contact
and dipolar hyperfine fields for hydrogen atoms and their
nearby carbon atoms. The respective hyperfine results are
expected to provide valuable information for engineering
new electronic devices based on hydrogen-graphene materi-
als.

II. COMPUTATIONAL METHODS

A. Electronic-structure calculations

All the electronic and magnetic calculations were carried
out within the context of the density-functional theory �DFT�
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using the Perdew-Burke-Ernzerhof �PBE� exchange-
correlation functional31 and the projector augmented wave
method,32 as implemented in the VASP code.33 We considered
a relatively large orthorhombic supercell containing 96 car-
bon atoms and an appropriate number of �one, two, three,
four, and six� hydrogen atoms. To avoid any interaction be-
tween the graphene sheet and its periodically repeated im-
ages, the lattice constant c of the supercell was considered to
be 14 Å. The corresponding Brillouin zone was sampled by
a 5�5�1 Monkhorst-Pack mesh. The structures were fully
optimized using the conjugated gradient method until the
magnitude of force on each ion became less than
0.04 eV /Å. The convergence criterion on the total energy
was set to 1�10−6 eV. It should be noted that the nonmag-
netic states of hydrogenated graphene were obtained through
the spin-restricted scheme while the magnetic configurations
�ferro and antiferro� were found using spin-polarized calcu-
lations.

B. Hyperfine structure calculations

The hyperfine field Bhf may be written as a sum of four
contributions

Bhf�I� = Bc + Borb + Bdip + Blat, �1�

where Bc is the Fermi contact term, and Borb and Bdip are the
contributions from the on-site magnetic dipolar interaction of
the nuclear magnetic moment with the electronic orbital and
spin momentum, respectively. Blatt is classical dipolar field
from all other atoms in the system that carry the magnetic
moment. For the magnetic structures in this work, Bc and
Bdip were the dominant contributions, and were thus the fo-
cus of our study. The actual calculation of the hyperfine field
follows the approach suggested by Blügel et al.34 The Fermi
contact field Bc

� and dipolar hyperfine field Bdip
� are computed

with

Bc
� =

8�

3
�Bm� av, m� av =� dr�� �T�r�� �m� �r�� � , �2�

m� �r�� � = ����� ��r� − r�� ���� , �3�

�T�r�� � =
1

4�r2

rT/2
��1 + �/2mc2�r + rT/2�2 , �4�

and

B� dip = 2�B���
S�r�
r3 �3�s�r̂��r̂� − s�����, r̂� = r�/r , �5�

where �� and s� are the Pauli matrices and the electron spin,
respectively, �B is the Bohr magneton, � is the large com-
ponent of the relativistic wave function, m is the electron
mass, rT=Ze2 /mc2 is the Thomas radius, and S�r�� is the re-
ciprocal of the relativistic mass enhancement that is defined
as

S�r�� = 	1 +
� − V�r��

2mc2 
−1

�6�

The values of the hyperfine fields in our study were obtained
within the DFT framework using full-potential all-electron
spin-polarized electronic-structure calculations utilizing the
augmented plane-wave plus local-orbital method within the
WIEN2K code.35 For the exchange-correlation potential, we
used generalized-gradient approximation in the PBE scheme.
Scalar-relativistic effects were included but spin-orbit cou-
pling was neglected. The convergence of the basis set is con-
trolled by a cut-off parameter expressed as the product be-
tween the smallest muffin-tin radius in the unit cell �RMT�
and the magnitude of the maximum reciprocal-lattice vector
�Kmax�. The muffin-tin radii for carbon and hydrogen atoms
were selected as 1.32 a.u. and 0.66 a.u., respectively, achiev-
ing convergence for a cut-off value of RMTKmax=4.0. The 1s
state was selected as a core state while the 2s and 2p states
were treated as valence states. In all the cases, the valence
charge densities were expanded up to a Gmax value of
20.0 a.u.−1, equivalent to kinetic energy Ecut=400 Ry.
Finally, the corresponding Brillouin zone was sampled by
5�5�1 k points.

III. RESULTS AND DISCUSSION

A. Stability and magnetic properties

To compare the stability of hydrogen dimer, trimer, tet-
ramer, and hexamer clusters on graphene, we first briefly
describe the electronic structure of a single hydrogen atom
adsorbed on a graphene sheet, although it has been well stud-
ied before.12,36,37 Throughout this paper, we refer to this sys-
tem as hydrogen monomer. Experimentally, it has already
been proven that a hydrogen atom can be singly adsorbed on
graphene or graphite when hydrogen atoms are exposed to
the sample at high temperatures.19,38

Our calculations show that the adsorption energy, EA, for
a single hydrogen atom adsorbed on graphene is about
−0.83 eV. Here, we define the adsorption energy as
EA=Egr+mH−Egr−mEH, where Egr+mH, Egr, and EH are the
total energies obtained for a graphene sheet with m hydrogen
atoms adsorbed on it, a perfect graphene sheet and an iso-
lated H atom, respectively. Energetically, the hydrogen atom
prefers to be adsorbed on a carbon site rather than on C-C
bonds or hollow sites. Considering the fact that the hexago-
nal primitive cell of the pure graphene has a basis of two
carbon atoms, the graphene lattice can be divided into two
sublattices A and B, such that all the C atoms in a sublattice
are symmetrically transformable to each other by the lattice
translation operations �graphene is a bipartite lattice�. For the
sake of simplicity, we suppose that the hydrogen monomer is
adsorbed on an A site, labeled as A0. With respect to A0, all
the other C sites can be labeled as An and Bn, where n indi-
cates the nth nearest neighborhood of A0 �see Fig. 1�. The
corresponding C-H bond is nearly 1.125 Å, which is slightly
longer than the experimentally observed 1.120 Å bond dis-
tance for a free CH molecule.39 As a result of the adsorption,
the C atoms below and at the vicinity of H impurity drift
outward from the graphene plane so that the bond distances
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between the C atoms at A0 and B1 increase to 1.495 Å,
whereas the corresponding B1-A2 bond lengths decrease to
1.403 Å. Such a trend of increase and decrease in bond
lengths appears to be consecutively repeated between the re-
spective A-B and B-A bonds in the neighborhood of A0. Ad-
ditionally, the hydrogen atom bounded to its nearest carbon
atom makes a hybridized sp3-like state. This result is consis-
tent with the previous theoretical studies.12,18

Furthermore, the adsorption of monomer hydrogen results
in spin polarization of the graphene surface with a total mag-
netic moment of 1 �B. Yazyev et al. have also concluded
that the monomer defect gives rise to strong Stoner ferro-
magnetism �FM� �Ref. 40� with a magnetic moment of 1 �B
per defect at all the concentrations they studied.12 In other
words, adsorption of one hydrogen atom at the carbon site in
sublattice A introduces a zero-energy state in the comple-
mentary sublattice. Such zero-energy states extending over
large distances are called quasilocalized states since they
show power-law decay.15,41,42 Our Bader charge analysis43

reveals that the H atom maintains a small portion of the total
magnetic moment while the spin density becomes mainly
�about 60% of total magnetic moment� localized on C atoms
at B1 and B3 sites. The respective local magnetic moments on
H and C atoms at B1, A2, B3, B4, A5, and B6 are 0.070, 0.103,
0.00, 0.070, 0.005, 0.00, and 0.021 �B. As shown in Fig. 1
and in accordance with the previous calculations,18,44 the
area encompassed by these atoms looks like a triangle, which
hereafter we term a spin triangle �ST�. Figure 1�b� clearly
indicates that the electron spins have populated the quasilo-
calized pz-type states on B-type carbon atoms. To better un-
derstand the character of these species, the total and orbital-
projected density of states �DOS� for the hydrogen monomer
system are shown in Fig. 2. For the sake of comparison, the

figure also contains the corresponding DOS obtained for a
pure graphene sheet. The figure clearly shows two sharp
peaks close to the Fermi level �EF� split by exchange inter-
action; one below EF in spin-up channel and the other in the
opposite spin channel and slightly above EF. Both peaks are
commonly of pz character and predominantly contributed by
C atoms, as discussed earlier, in the B sublattice. This ac-
cordingly implies that the spin density is localized in non-
bonding � orbitals �due to rather large distance between the
nearest B sites�. Except for these two peaks, the partial den-
sity of states of the monomer system is quite similar to that
of pure graphene.

At this point it might be worth mentioning why a non-
magnetic impurity like hydrogen can induce such a delocal-
ized magnetization throughout the graphene, while in a con-
ventional magnetic system, the impurity is usually magnetic
and, moreover, maintains a considerable portion of induced
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FIG. 1. �Color online� �a� Top view and �b� side view of spin-
density distribution around a hydrogen atom adsorbed on the
graphene. The red and green �dark and light in the grayscale� isos-
urfaces correspond to spin-up and spin-down dominated
contributions.
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FIG. 2. �Color online� �a� Total density of states as obtained for
pure graphene and the monomer, �b� and �c� are the respective
partial density of states for carbon and hydrogen atoms in monomer.

FIG. 3. �Color online� �a� Excess and depletion charge contours.
�b� Side view of isosurface for the excess �red� and depletion
�green� charge distributions as obtained for monomer.
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magnetic moment. The reason can be attributed to the unique
two dimensionality of graphene whose distortion requires an
imbalance between the C-C bonds, e.g., as described above.
Such an imbalance leads to a charge redistribution. As Fig. 3
clearly shows, the redistribution produces excess charges lo-
calized on C atoms at B sites. Such excess charges can only
be distributed into the nonbonding � orbitals as all the �
orbitals placed in graphene plane are already covalently oc-
cupied. As the excess charges in the � orbitals are not suffi-
cient to fully occupy these states, they become partially oc-
cupied and hence spin polarized.

Having described the electronic structure of the hydrogen
monomer, it is now convenient to extend our discussion to
dimer, trimer, tetramer, and hexamer clusters of hydrogen
adsorbed on graphene. Prior to any further discussion, we
should mention that there are some theoretical studies on
stability of particular hydrogen clusters in the
literature.11,18,21,45 In the case of hydrogen dimers, our calcu-
lations show that depending on the position of the second H
atom with respect to the initial monomer H atom, the entire
system can become either magnetic or nonmagnetic. For the
former, a total magnetic moment of 2 �B is obtained, which
is exactly twice as large as that in the monomer system.
Assuming that the first hydrogen atom is again adsorbed at
the A0 site, the whole system can exhibit magnetism if the
second H atom is adsorbed on one of carbon atoms in the A
sublattice, whereas it is totally nonmagnetic if the second H
atom is located on any of the host C atoms in the B sublat-
tice. The value of total magnetic moments in a bipartite lat-
tice, e.g., graphene can also be obtained by Lieb’s theorem.46

From this theory the total magnetic moment per supercell is
M = �NB

d −NA
d �, where NA

d and NB
d are the numbers of defects

created in sublattices A and B, respectively. For the nonmag-
netic dimers, NA

d =NB
d =1, consequently, M =0. Instead, in the

case of magnetic dimers, NA
d =2, NB

d =0, and M =2 �B. As a
result, the total magnetic values of dimers as obtained from
DFT calculations are in agreement with Lieb’s theorem.

An overall comparison between the nonmagnetic and
magnetic dimer structures reveals that the former are ener-
getically more stable than the magnetic ones. Table I lists the
total-energy values obtained for different magnetic configu-
rations of dimer species, as well as their respective adsorp-
tion energies in total, EA, and per H atom, Ea. The table

clearly indicates that the dimer structures can be categorized
in two groups based on their energy values. The first group
includes D1, D3, D5, and D7 structures, for which the total
energy in nonmagnetic configuration, ENM, is noticeably
lower than that in ferromagnetic configuration, EFM. On the
other hand, the group consisting of D2, D4, and D6 struc-
tures is energetically lower in FM configuration than in NM
and antiferromagnetic �AFM� configurations. A more precise
comparison reveals that, the highest ENM value in the first
group, belonging to D7, still lies below the EFM value of D2,
which is the lowest in the second group. This indicates how
strongly the stabilization of nonmagnetic dimer species can
differ from their magnetic counterparts. It should be noted
that in our calculations, we could not obtain EAFM for the
nonmagnetic species, while Ferro et al.18 in their recent work
apparently could succeed in calculating EAFM for D5 and D7
structures. We believe that the reason for this discrepancy is
due to the fact that our calculations allow full structural op-
timization, whereas Ferro et al.47 only allowed the hydrogen
atoms and their surrounding first- and second-nearest neigh-
bors to be relaxed while the rest of the C atoms were fixed at
their pure graphene positions.

To explain why the nonmagnetic group of dimers are en-
ergetically more stable than the magnetic group, we calcu-
lated the adsorption energies for each dimer cluster �see
Table I�. Evidently, D1, D3, D5, and D7 have relatively
lower EA when compared with the corresponding values for
magnetic D2, D4, and D6 structures. Among the first group
of clusters, D1 and D3 have the highest stability and, hence,
the lowest EA. This is in accordance with previous experi-
mental and theoretical findings.18,19 The trend of stability
among these species is such that EA

D1�EA
D3�EA

D5�EA
D7. On

the other hand, a comparison between H-H distances, LHH,
reveals that LHH

D1 �LHH
D3 �LHH

D7 �LHH
D5 . Thus, as a general rule

it seems that the relative stability of nonmagnetic dimers
increases as LHH decreases. The only exception is D5, which
is energetically lower than D7 while its LHH is relatively
longer than LHH

D7 . The reason is attributed to the higher mono-
mer spin density at B6 as compared to that at B4. This implies
that the second hydrogen is expected to make a stronger
bonding if it is adsorbed at B6 than when it is bound to B4.
Considering the fact that the second adsorption sites in D5
and D7 are B6 and B4, respectively �see Fig. 4�, it is then

TABLE I. Total energies �in eV� as obtained for nonmagnetic �ENM�, ferromagnetic �EFM�, and antiferromagnetic �EAFM� configurations
of hydrogen monomer and dimers. EA and Ea denote the adsorption energies in total and per H atom, respectively. Jx is the dimensionless
exchange factor. MST and Mt refer to the magnetic moment confined inside spin triangle�s� and the total magnetic moment, respectively.

Structures ENM EFM EAFM EA Ea EFM−EAFM EFM−ENM Jx MST Mt

Monomer −887.83 −887.88 −0.83 −0.83 −0.05 −0.12 0.59 1.00

D1 −890.96 −890.08 −2.81 −1.41 0.88 0.00 0.00

D3 −890.90 −889.99 −2.75 −1.38 0.91 0.00 0.00

D5 −890.32 −889.70 −2.17 −1.09 0.62 0.00 0.00

D7 −889.92 −889.66 −1.77 −0.89 0.26 0.00 0.00

D2 −889.64 −889.80 −889.69 −1.65 −0.83 −0.11 −0.16 −0.50 1.30 2.00

D4 −889.57 −889.73 −889.65 −1.58 −0.79 −0.08 −0.16 −0.48 1.44 2.00

D6 −889.72 −889.83 −889.76 −1.68 −0.84 −0.07 −0.11 −0.37 1.30 2.00

RANJBAR et al. PHYSICAL REVIEW B 82, 165446 �2010�

165446-4



understandable why D5 is energetically more stable than D7.
It should be noted that both host carbon atoms in D1 move
out of the graphene plane by 0.78 Å, which is about 0.2 Å
larger than the corresponding nonmagnetic dimer values. Ad-
ditionally, the hydrogen atoms experience lateral
displacement45 by �0.29 Å relative to the on-top positions
�the relaxed LHH of D1 is 2.12 Å instead of 1.56 Å for the
strict on-top positions�. It is worth mentioning that D1 is the
most stable dimer among all others due to this lateral dis-
placement, which is not observed significantly in the other
dimer cases.

Recalling our definition of ST in the monomer system,
one can clearly see in Fig. 4, that for the nonmagnetic
dimers, the two ST’s have opposite directions. In other
words, the spins of the two triangles are paired. For the sake
of simplicity, we suppose that a hydrogen dimer consists of
two hydrogen monomers. Moreover, the spin density of a
dimer system is assumed to be reproducible by merging the
spin densities of the corresponding hydrogen monomers. Ac-
cordingly, for the nonmagnetic dimer structures, it turns out
that the excess charges are distributed into nonbonding �
states at both A and B sites. The short distance between the
two neighboring A and B carbon atoms allows the overlap
between the partially occupied � states, resulting in the for-
mation of additional � bondings �see the supplementary
file48�. Consequently, the excess charges in nonmagnetic
dimers contribute to strengthening the C-C bonds rather than
to spin polarization of the graphene surface.

On the other hand, for the D2, D4, and D6 structures
where both the hydrogen impurities are adsorbed at A sites,
the corresponding ST’s appear to be parallel to each other.
Consequently, the superposition of monomer spin densities
results in an enhancement of the excess charge contributions

to the nonbonding � states on carbon atoms at B sties. Ow-
ing to the relatively long distance between the B sites, the
excess charges would have no overlap with each other and
hence no tendency to contribute to any kind of bonding.
Thus, the entire system remains magnetic as in the case of a
monomer system, albeit with a larger magnetic moment
�2 �B�. The spin density maps corresponding to D2, D4 and
D6 are shown in Fig. 5. As the figure clearly shows, the
spin-density map of each dimer appears to be made up of the
merger of two separate monomer spin maps with each other.
Due to the superposition of the monomer spin densities, the
commonly shared carbon B sites between the two monomer
ST’s gain the largest local magnetic moments, as represented
in Fig. 5 by dark �brown� and bright �yellow� spots.

To discuss the stability of magnetic dimers, we should
consider two important factors. The first factor is the distance
between the hydrogen atoms and the second one is the effect
of exchange couplings between the defect-induced magnetic
moments �electron spins� at B sites. As regards the H-H dis-
tance, in contrast to the nonmagnetic dimers, the stability of
magnetic dimers increases as the distance between the H
atoms increases. This is attributed to the effect of repulsive
Coulomb interaction between the electron spins at B sites.
Such an interaction evidently is much stronger if the parallel
ST’s are closer to each other. This further explains why the
magnetic dimers are less stable than their nonmagnetic coun-
terparts. In the latter, since the excess charges contribute to
the bonding, the electron Coulomb repulsion becomes rela-
tively much lower than that in the former cases, where the
excess charges have no option but to partially occupy the
nonbonding � states, as described above. According to Table
I, the respective total energies of the magnetic dimers can be
ordered as EFM

D6 �EFM
D2 �EFM

D4 while a comparison between the
H-H distances indicates that LHH

D2 �LHH
D4 �LHH

D6 . In other

FIG. 4. �Color online� Geometrical configurations of dimers �la-
beled D1, D2, D3, D4, D5, D6, and D7�, trimers �labeled T1, T2,
T3, and T4�, tetramers �labeled Q1 and Q2�, and hexamers �labeled
S1 and S2�. The yellow �shaded� areas denote the regions com-
monly shared between the spin triangles. The white points indicate
the position of hydrogen atoms. The red filled circles indicate the
carbon atoms of interest for hyperfine calculations.

D2 D4

T2

D6

T1 T3

T4 Q1 Q2

FIG. 5. �Color online� Spin-density distributions of magnetic
dimers, trimers, and tetramers mapped on a plane close to the
graphene surface. The dark points indicate the position of hydrogen
atoms and the spin triangles are shown by white lines.
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words, D2 with a smaller LHH is energetically more stable
than D4. To rationalize this unexpected trend we should con-
sider another important factor, the exchange interaction be-
tween the electron spins at B sites. The importance of this
factor was pointed out in Refs. 12 and 18.

Simplifying the Heisenberg model, a dimensionless ex-
change factor Jx can be defined as

Jx � − �
i,j

MiMj , �7�

where Mi and Mj indicate the nearest local magnetic mo-
ments at the atomic sites i and j in the same sublattices,
respectively. The Mi values were obtained using the Bader
method. It should be noted that, for the magnetic hydrogen
clusters, the product of the nearest magnetic moments placed
in different sublattices is nearly zero. We have accordingly
calculated Jx for all magnetic structures. The corresponding
results are summarized in Tables I and II. Our calculations
show that Jx is minimum for D2 in comparison with the
corresponding values obtained for the other dimers. As the
exchange coupling between the local magnetic moments acts
against the electron Coulomb repulsion, it can thus be seen
why D2 energetically lies below D4.

We have considered another group of hydrogen species in
our study consisting of three hydrogen atoms adsorbed on
the graphene surface in four different configurations, as
shown in Fig. 4. We call these systems hydrogen trimers and
label them T1, T2, T3, and T4, respectively. For each cluster,
the three hydrogen atoms are assumed to be symmetrically
adsorbed either at A sites or at B sites. The reason for this
assumption is based on recently obtained STM images,
which indicate a unique pattern of starlike features.22 The
structure corresponding to such a pattern is thought to be
formed from a symmetrical arrangement of three hydrogen
atoms adsorbed on a graphene �graphite� surface.22,29 Several
trimer configurations, including T1–T4, have been accord-
ingly proposed as possible structures for this pattern. Com-
mon to all these trimers is the threefold rotational symmetry
of hydrogen arrangements. Such a symmetry constraint im-

plies that the hydrogen impurities can only be adsorbed at
either A or B sites.

Our calculations reveal that hydrogen trimers are all mag-
netic with a total magnetic moment of 3 �B. This is in ac-
cordance with our discussion for hydrogen dimers where we
showed that if the impurities are in the same sublattice, the
whole structure becomes magnetic with a magnetic moment
proportional to the number of hydrogen atoms. Lieb’s
theorem also predicts the same total magnetic value
�NA

d =3, NB
d =0, and M =3 �B�. As shown in Table II, the

ferromagnetic configurations of the trimers are energetically
more stable than the corresponding nonmagnetic configura-
tions by at least �most� 0.17 eV �0.60 eV� for T3 �T2�. More
importantly, the energy difference between the ferromagnetic
and nonmagnetic configurations EFM−ENM of the magnetic
dimers and trimers is several times larger than that for the
monomer. On the other hand, the calculated Ea values for all
the magnetic dimers and trimers are nearly the same as that
for the monomer, �−0.84 eV �see Tables I and II�. In other
words, while such species yield a stronger tendency toward
ferromagnetism than a monomer, there seems to be no no-
ticeable change in the adsorption strength of hydrogen at-
oms, if they are at either A or B sites.

Similar to what was seen in magnetic dimers, the spin
triangles corresponding to T1, T2, T3, and T4 are aligned
parallel to each other. Again, the spin-density map of each
trimer appears to be reproducible by merging the spin densi-
ties of three independent monomers �see Fig. 5�. As ex-
pected, the local magnetizations are substantially pronounced
on carbon B atoms commonly shared between the three ST’s.
Moreover, the stability of hydrogen trimers can be described
in terms of two competitive factors, the H-H distance and the
exchange coupling. In other words, the trimers with shorter
H-H distances experience stronger electron Coulomb repul-
sions; however, the exchange couplings between the local
spin sites act against the repulsive Coulomb interactions and
hence tend to lower the total energy of the system. As an
example, the results given in Table II clearly show that T2
with the shortest H-H distances has the largest Jx, �−1.33.
Consequently, its total energy �in magnetic configuration�
turns out to be same as the corresponding total-energy values

TABLE II. Total energies �in eV� as obtained for nonmagnetic �ENM� and ferromagnetic �EFM� configu-
rations of hydrogen monomer, trimers, tetramers, and hexamers. EA and Ea denote the adsorption energies in
total and per H atom, respectively. Jx is the dimensionless exchange factor. MST and Mt refer to the magnetic
moment confined inside spin triangle�s� and the total magnetic moment, respectively.

Structures ENM EFM EA Ea EFM−ENM Jx MST Mt

Monomer −887.83 −887.88 −0.83 −0.83 −0.05 −0.12 0.59 1.00

T1 −891.58 −891.78 −2.53 −0.84 −0.20 −0.77 2.15 3.00

T2 −891.16 −891.76 −2.51 −0.84 −0.60 −1.33 2.22 3.00

T3 −891.60 −891.77 −2.53 −0.84 −0.17 −0.75 2.14 3.00

T4 −891.34 −891.58 −2.33 −0.78 −0.24 −1.20 2.19 3.00

Q1 −895.75 −895.89 −5.54 −1.39 −0.14 −0.33 1.22 2.00

Q2 −895.56 −895.67 −5.32 −1.33 −0.11 −0.25 1.27 2.00

S1 −902.33 −897.29 −9.78 −1.63 5.04 0.00 0.00

S2 −901.97 −897.49 −9.42 −1.57 4.48 0.00 0.00
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of structures with much longer LHH, namely, T1 and T3.
Interestingly, T2 has also the largest energy difference,
EFM−ENM �−0.6 eV�, in comparison with the other trimers.
This is another indication that the exchange coupling in T2 is
substantially strong. Such a strong tendency for exchange
coupling can be schematically elucidated by comparing the
areas commonly shared between ST’s of each trimer. These
areas are considered to maintain a large portion of spin den-
sity and hence, to dominate the exchange couplings. As Fig.
4 depicts, such areas are much larger in T2 in comparison
with any other trimer, showing why Jx is so high in this
structure. For T4, while its Jx seems to be somewhat large,
the Coulomb repulsion is comparatively strong so that T4 is
found to be energetically the least stable configuration
among the trimers.

Next, we consider the adsorption of hydrogen tetramer
clusters on graphene. For the sake of simplicity, we focus our
attention only on two tetramer configurations, termed Q1 and
Q2. The geometrical arrangement of each structure has been
demonstrated in Fig. 4. The former �latter� can be con-
structed by adding an additional hydrogen atom on top of the
central carbon atom of T2 �T1�. In both configurations, the
central carbon atoms are B type, while as described
above, the other three adsorption sites are A type. This im-
plies that the ST corresponding to the central hydrogen atom
should be aligned opposite to the other three ST’s. Therefore,
for both Q1 and Q2, the total magnetic moment is expected
to be 2 �B. Our calculations confirm such a smaller
magnetization in Q1 and Q2. Lieb’s theorem also predicts
M = �NA

d −NB
d �= �3−1�=2 �B, which is the same as our DFT

results. While the addition of a new hydrogen atom to T1 and
T2 lowers the magnetization to 2 �B, it enhances the stabil-
ity of the final products. As shown in Table II, the Ea values
calculated for Q1 and Q2 are −1.39 eV and −1.33 eV, re-
spectively. These values are much lower than the corre-
sponding values for magnetic dimers and trimers and well
comparable with the Ea values obtained for the most stable
nonmagnetic dimers, D1 and D3. A detailed Bader analysis
indicates that the central carbon B sites at T1 and T2 have
local magnetic moments of 0.27 �B and 0.78 �B, respec-
tively, substantially larger than that at any other carbon sites.
The adsorption of hydrogen at these sites results in quench-
ing of the surface magnetism at and in the vicinity of central
carbons. In other words, the 1s electron of the additional
hydrogen atom is paired with the partially occupied non-
bonding � orbital of the central carbon atom, leading to for-
mation of a new sp3-like C-H bond. Such a covalent bonding
subsequently reduces the Coulomb interaction among the un-
paired electrons. Furthermore it partly quenches the struc-
tural stress induced by the other C-H bonds throughout the
graphene surface. As a result, the adsorption of hydrogen
atoms in Q1 and Q2 configurations is energetically more
favorable than that in magnetic dimer and trimer configura-
tions.

As the final cases, the adsorption of hydrogen hexamer
clusters on graphene in two different configurations, S1 and
S2, has been also considered. The structure corresponding to
each hexamer is illustrated in Fig. 4. As the figure shows, in
both configurations, three of the hydrogen atoms are at A
sites and the other three are at B sites. Accordingly, the ST’s

of the first three hydrogen atoms become opposite to the
other three ST’s. As a result, the S1 and S2 structures are
nonmagnetic, in agreement with Lieb’s theorem. According
to Table II, the respective Ea values −1.63 and −1.57 eV
obtained for S1 and S2 are the lowest among the other spe-
cies, and hence these structures are expected to be very
stable on graphene. It is worth mentioning that Ferro et al.30

have recently proposed that the S1 hexamer might be the
structure responsible for producing the starlike pattern in
STM images observed by Hornekær et al.22 The S1 and S2
hexamers are highly symmetrical combinations of the most
stable dimers, i.e., D3 and D1, respectively,30 and their en-
ergy differences most probably arise from geometrical con-
straints, which are weaker in S1 than S2.

To give an overall comparison concerning the stability of
all hydrogen clusters considered in this study, the trends of
changes in Ea as well as the C-H and C-C bond distances for
monomer, dimers, trimers, tetramers, and hexamers are plot-
ted in Fig. 6. As discussed above, the absolute values of Ea
for all the magnetic species including the monomer, D2, D4,
D6, T1, T2, T3, and T4 are �0.8 eV, which are considerably
smaller than the corresponding values for the other struc-
tures. Q1 and Q2 are the only exceptions among the mag-
netic cases for which �Ea� is as large as those found for the
most stable nonmagnetic dimers, D1 and D3. The nonmag-
netic hexamers, S1 and S2, as expected, have the largest �Ea�
values �see Fig. 6�a��. The trend of changes in C-H bond
lengths reveals that all the magnetic dimers and trimers as
well as the monomer have C-H bonds longer than 1.125 Å.
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In this group, T4 has the longest C-H length, �1.135 Å �see
Fig. 6�a��. As can be seen in Tables I and II, T4 is interest-
ingly found to have the lowest �Ea� value and the highest
total energy among the trimers. On the other hand, the non-
magnetic dimers have relatively shorter C-H bonds. From D1
to D7, the former �latter� has the shortest �longest� C-H
length 1.110 Å �1.125 Å�. For tetramers, there are two dif-
ferent types of C-H bonds. The first type corresponds to three
C-H bonds at A sites. The corresponding C-H lengths are
comparable with those obtained for nonmagnetic dimers. The
second type of C-H bonds is between the fourth hydrogen
atom and the central carbon B atom. For both Q1 and Q2, the
central C-H bond is relatively shorter than the other three
ones. The central C-H bond of Q1 is substantially shorter
than the C-H bonds of all the other clusters �near 1.095 Å�.
S1 and S2 are also found to have relatively small C-H bond
lengths. In this case, the C-H distances in the latter are sig-
nificantly shorter than that in the former. Finally, the calcu-
lated C-C distances between the hydrogen-bounded carbon
atoms and their surrounding neighbors indicate that except
for D1, Q1, and S2 with rather large C-C bond lengths, in the
other clusters, the C-C bonds are shorter than 1.520 Å �see
Fig. 6�c��. This shows that the hydrogen impurities in D1,
Q1, and S2 structures are very strongly attached to the
graphene surface so that they can substantially pull out the
carbon atoms below them. It is worth mentioning that a sig-
nificant lateral displacement is also observed in Q1 and S1,
as previously discussed for the D1 dimer.

B. Hyperfine couplings

In the magnetic structures, the localization of spin density
on H and C atoms implies the presence of hyperfine coupling
at their nuclei. Thus, it is worth calculating the Fermi contact
field �Bc� and dipolar hyperfine field �Bdip� to understand
how strongly the spin-polarized wave function of the entire
system interacts with the nuclear spins of individual 1H and
13C atoms.

For all the magnetic structures the Fermi contact field �Bc�
and dipolar hyperfine field �Bdip� were calculated for the hy-
drogen impurities as well as for the carbon atoms inside the

ST’s. To avoid any confusion, in Fig. 4, these atoms have
been labeled so that they can be easily distinguishable from
each other. Table III shows the respective results for the 1H
and 13C atoms of interest. Evidently, the Bc values for hydro-
gen impurities are much smaller than that for a free H atom
��333.4 kG�.49 This is another indication that H pairs its 1s
electron with host carbon atom and makes a sp3-like bond.
The largest Bc values are obtained for H atoms in T2 and T4.
Interestingly, the �Jx� factors corresponding to these struc-
tures are also found to be large. On the other hand, Q1 and
Q2 with the lowest �Jx� turn out to have the smallest Bc at
their H sites. To be precise, hyperfine couplings in the tet-
ramers are negligibly small not only on H atoms but also at
the C sites. Therefore, there seems to be a close relationship
between the exchange interaction and the hyperfine coupling.
The Bc values calculated for the host carbon atoms, C1, are
rather small with a negative sign. Considering the fact that
the sign of Bc for a free C atom is positive,50,51 the wave
functions at C1-type atoms are expected to be negatively
spin polarized. As the dipolar hyperfine fields �Bdip� are
nearly zero, it is more likely that such a negative spin polar-
ization induces more charge in minority-spin channel of the
2s orbitals on these atoms. The rest of carbon sites show a
completely different trend of hyperfine coupling. For all
these atoms, the Bdip contributions are well comparable with
Bc values. Since only non-s-like states can contribute to Bdip,
�see the discussions in Ref. 52� such significant Bdip contri-
butions imply that the spin density at these carbon sites have
p-type character. For B-type C11 �C11�� and C13 sites, the
principal axis for hyperfine anisotropy is in the z direction.
Accordingly, the spin density is more precisely described to
be of pz character at these sites. This confirms our earlier
prediction that the electron spins populate the nonbonding
�-type orbitals at carbon B sites. While the Bc values corre-
sponding to C11 atoms of all the structures are on the same
order as �or slightly different from� the experimental value of
the single C atom ��20.5 kG�,50,51 for T2 it surprisingly
increases to 62 kG. The respective Bdip value ��−31.2 kG�
is also the largest value among all Bdip’s. The reason is ex-
pected to be that the C11 atom, in T2, is commonly shared
among the three ST’s. As a result, the spin density becomes

TABLE III. Fermi contact hyperfine filed �Bc� and dipolar hyperfine field �Bdip� for the 1H and 13C atoms of interest in the magnetic
monomer, dimers, trimers, and tetramers. All hyperfine fields are in kG unit. The labeled hydrogen �H1, H2� and carbon atoms �C1, C2, C11,
C11�, C12, and C13� are shown in Fig. 4.

Atoms Momomer D2 D4 D6 T1 T2 T3 T4 Q1 Q2

H1�H2� Bc 15.2 16.6 18.4 15.7 16.1 19.4 16.0 21.0 7.8�−0.2� 9.5�−0.9�
Bdip 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �0.0� 0.0 �0.0�

C1�C2� Bc −7.2 −10.4 −9.1 −8.1 −9.0 −11.1 −8.9 −13.0 −5.5�0.4� −5.6�0.9�
Bdip −0.2 −0.4 −0.3 −0.1 −0.8 −0.7 −0.2 −1.2 1.8�6.2� 0.0�1.71�

C11�C11�� Bc 7.3 13.4�6.9� 11.7 7.7 10.3 62.0�11.6� 8.9 22.9�8.6� 8.2 6.6

Bdip −13.1 −17.9�−12.6� −14.1 −13.3 −14.3 −31.2 �−13.2� −13.6 −17.3�−12.5� −12.9 −10.9

C12 Bc −3.7 −9.6 −10.0 −7.0 −10.1 −6.3 −7.7 −10.1 −5.5 −3.6

Bdip −9.2 −7.6 −8.4 −8.7 −8.3 −8.2 −8.6 −7.5 −7.9 −7.4

C13 Bc 3.4 5.6 15.1 7.4 12.5 8.2 6.0

Bdip −12.8 −13.7 −19.6 −15.6 −19.4 −15.9 −13.3
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strongly localized at this site. Due to the strong exchange
coupling of the partially occupied pz state of C11 with its
fully occupied valence 2s state, the latter becomes substan-
tially spin polarized so that it makes a huge positive contri-
bution to Bc at C11.

Finally, it should be noted that all the results in this paper,
including local magnetic moments and hyperfine couplings,
are presented in a constant supercell size and the dependency
of the results on defect concentration were not considered.
However, it seems that in graphene the nonbonding states
induced by hydrogen adsorption are not truly localized but
quasilocalized. That is the degree of their localization de-
pends logarithmically on the concentration or equivalently
on the supercell size of adsorbed hydrogen atom.12,41,42,53

IV. CONCLUSIONS

In conclusion, a series of first-principles density-
functional calculations were carried out to study the struc-
tural stability of various hydrogen clusters on graphene. Our
results showed that depending on the adsorption sites of hy-
drogen atoms, the system can become magnetic or nonmag-
netic. For the nonmagnetic dimers and hexamers as well as

the magnetic tetramers, the adsorption energies per H atom
were found to be the largest among all the species. The mag-
netic structures turned out to be structurally less stable than
the nonmagnetic systems. The stability of the magnetic con-
figurations was shown to depend on two competitive factors,
the distance between hydrogen atoms and the strength of
exchange couplings between the defect-induced magnetic
moments. While the shorter H-H distance acted to destabilize
the whole structure, the exchange coupling tended to lower
the total energy and, hence, to enhance the stability of hy-
drogenated graphene. The hyperfine fields for the magnetic
configurations were also calculated. The respective results
showed that the commonly shared carbon atoms between the
hydrogen spin triangles can exhibit substantially large Fermi
contact and dipolar hyperfine fields.
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