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Metal clusters have been investigated rather intensely for both fundamental and technological reasons. In
this work we report the results of plane-wave density functional theory calculations of Fe, Co, and Ni adatoms
and dimers adsorbed on graphene. We study both homonuclear and heteronuclear dimers, and the latter
includes mixed dimers of Fe, Co, and Ni along with dimers of these elements with Pt. Our work is motivated
by the fundamental interest in their configurational and magnetic properties. We calculated the adsorption site,
the structure and relative stabilities of various adsorption configurations, the band structures, the atomic
projected electronic density of states, and the magnetic moments of the adatoms and dimers. Contrary to
previous work, our results show that adatoms bind weakly to graphene with binding energies ranging from 0.2
to 1.4 eV depending on the adsorption site and species. For both homonuclear and heteronuclear dimers the
binding energies per atom are lower than the respective adatom cases, ranging from 0.1 to 0.5 eV per metal
atom. The most strongly bound configurations for all the dimers studied are those with the dimer axis �nearly�
perpendicular to the graphene plane and bound at the hole site. These configurations, which, to our knowledge,
have not been considered in previous work, also turn out to have the largest enhancement of the magnetic
moment at least for the atom farther from the graphene. The binding energies of these most strongly bound
dimers are dependent on three factors, namely, the interconfigurational energy change in the dimer atom farther
from graphene upon desorption, the charge transfer from the dimer to the graphene, and the adsorption site
favored by the atom closer to the graphene sheet. The first factor is dominant for all the dimers studied here
except for CoPt and NiPt. The relatively high electronegativity of Pt affects the character of the charge transfer
from the dimer to graphene. In most of the dimers we investigated, charge is transferred almost exclusively
from the dimer atom closer to the graphene except for heteronuclear dimers with Pt where charge is also
transferred between the two dimer atoms upon adsorption. Thus, our calculations of the electronic structure
allow us to understand the trends in binding energy and the magnetic moment in these dimers.
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I. INTRODUCTION

Research interest in transition metal clusters continues to
grow given their wide range of applications from catalysis to
nanomagnetic devices. In particular, clusters of the ferromag-
netic elements, Fe, Co, and Ni, have been shown to be im-
portant in heterogeneous catalysis and are known to display
magnetic moments that are very much enhanced relative to
their bulk magnetic moments �2.2�B /atom, 1.7�B /atom, and
0.7�B /atom, respectively�. Small homonuclear clusters of
the ferromagnetic metals Fe, Co, and Ni have been shown to
exhibit high magnetic moments that increase nonmonotoni-
cally �or in an oscillatory manner� with decreasing cluster
size �for example, see Ref. 1�, with sharp peaks occurring at
certain “magic” cluster size. The high surface-to-volume ra-
tio of these clusters results in fewer bonds per metal atom
and therefore frees up nonbonded valence electrons which if
left unpaired gives rise to an enhanced magnetic moment.
The magnetic moments of these clusters are therefore ex-
tremely sensitive to the cluster geometry2–5 and the environ-
ment in which the cluster is placed in.6–12

Small homonuclear clusters of the ferromagnetic metals
Fe, Co, and Ni have been shown to exhibit high magnetic
moments that increase nonmonotonically �or in an oscillatory
manner� with decreasing cluster size �for example, see Ref.
1�, with sharp peaks occurring at certain magic cluster size.

The high surface-to-volume ratio of these clusters results in
fewer bonds per metal atom and therefore frees up non-
bonded valence electrons which if left unpaired gives rise to
an enhanced magnetic moment. Furthermore, combinations
of transition metals are also of interest in this respect. Simple
alloying of the transition metals, which can result in bulk
phases with enhanced magnetic moments relative to the bulk
phase of the respective components depending on the com-
position used, does not suffice for current technological de-
mands. The maximum of the Slater-Pauling curve, which is a
plot of the average magnetic moment per atom in a bulk
phase system, occurs for a Fe0.7Co0.3 bulk phase system at a
value of 2.45�B. Nanoscale magnetic materials offer the pos-
sibility of going beyond this Slater-Pauling maximum. Some
examples of such materials that have been investigated in-
clude CoPt nanoparticles,13–15 Fe clusters embedded in
Co,8–10 FePt nanoparticles,16 and the small
homonuclear1–12,17–21 and heteronuclear transition metal
clusters. Like the bulk phase binary alloys of the transition
metal elements, binary transition metal clusters have been
shown to exhibit projected magnetic moments that are higher
or lower than the magnetic moments of the corresponding
free metal atoms depending on the composition of the het-
eronuclear cluster. Andriotis et al.22 found that the redistri-
bution of electrons in the molecular orbitals of these clusters
could give rise to projected magnetic moments that are
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greater than the corresponding free-atom values but may re-
sult in total cluster moments that are reduced depending on
whether the projected spins align ferromagnetically or anti-
ferromagnetically with one another. For example, they found
that the Co atom in CoXn �where X=Fe, Co, or Ni and n
=1 or 2� clusters has a magnetic moment that is ferromag-
netically aligned with respect to �X which thus implies an
overall enhancement of the total magnetic moment of the
cluster. The magnetic moment on the Co atom in such clus-
ters is not affected by the choice of X. Though smaller than
the magnetic moment of the free Co atom, it is still larger
than the bulk value of 1.7�B. Fe in FeXn clusters on the other
hand does not display any systematic trend in that its spin
may align either ferromagnetically or antiferromagnetically
with the spin of its neighboring atom�s� thus giving rise to
magnetic moments that are either enhanced or reduced rela-
tive to the sum of the absolute values of the calculated
atomic magnetic moments of the cluster-constituent atoms.
Xie and Blackman8 showed that the Fe clusters over a size
range of 100–600 atoms embedded in a Co matrix have mag-
netic moments that are comparable to that of the free clus-
ters. However, when embedded in a matrix of Cu atoms,
these Fe clusters had magnetic moments that are lower com-
pared to that of free clusters though still higher than the Fe
bulk limit of 2.2�B. Studying the same system of Fe clusters
embedded in a Co matrix, Bergman et al.9 found that clus-
tering lowers the average magnetic moment compared to or-
dered structures and random alloys.

In a thorough theoretical study of the 3d transition metal
dimers, Gutsev et al. calculated the projected magnetic mo-
ments �among a host of other physical properties such as the
dipole moments, bond dissociation energies, and ionization
energies to name a few� for both the homonuclear and het-
eronuclear dimers. For the FeCo and FeNi dimers, they
found that the Fe atom has its magnetic moment enhanced
compared to the Fe atom in an FeFe dimer �3.2�B and 3.4�B
for Fe in FeCo and FeNi, respectively, compared to 3.0�B for
Fe in FeFe�. The Co and Ni atoms on the other hand had
their spin reduced compared to the projected moments of the
Co and Ni atoms in the CoCo and NiNi dimers �1.8�B for Co
in FeCo compared to 2.0�B in CoCo and 0.6�B for Ni in
FeNi compared to 1.0�B in NiNi�. In the case of the CoNi
dimer, the Co atom has an enhanced magnetic moment
�2.2�B� while the Ni atom has a reduced magnetic moment
�0.8�B�. The sum of the projected magnetic moments of the
FeCo, FeNi, and CoNi dimers is in fact the same as the sum
of the projected magnetic moments of these atoms when in
their homonuclear free dimer state. The enhancement in
magnetic moment in order of Fe�Co�Ni is consistent with
the relative electronegativity of these species. Being the most
electronegative among the three, Ni tends to draw in electron
density which then gives results in the pairing of spin thus
lowering its projected magnetic moment compared to the Ni
atom in the NiNi dimer. Fe on the other, being the least
electronegative, would have its magnetic moment enhanced
compared to the Fe atom in the FeFe dimer. This delicate
interplay of d-orbital filling proves the key in enhancing the
magnetic moments of these binary clusters.

The resulting unique physical and chemical properties are
therefore dependent on whether they are bound to a surface

and then on the nature of that surface. Thus, much research
has gone into investigating the effects that various support
materials have on the physical and chemical properties of
these metal clusters when bound to them: silver,12

platinum,11 palladium,11 and the family of carbon allotropes,
namely, graphite,7,23–26 graphene,6,7,17,23 carbon
nanotubes,6,20 and fullerene.26,27 Ideally one looks for a sup-
port material that does not alter the physical and chemical
properties of the bound cluster by too much compared to
when the cluster is free, viz., one that is sufficiently inert in
terms of its reactivity with the transition metal clusters but at
the same time allows for the clusters to bind sufficiently well
to it. While metal surfaces interact rather strongly with metal
clusters, graphite is known to be reasonably inert. The recent
isolation of graphene28 has sparked off intense research in-
terest in uncovering its novel properties.29–33 Coupling
graphene with other materials might also allow for an inte-
gration of novel technologies �e.g., superconductivity and
spintronics�. We are therefore motivated to study, at least as
a starting point, the physical properties of the Fe, Co, and Ni
adatoms and dimers on graphene.

Due to their size, our fundamental understanding of small
metal clusters is still lacking. Experiments are not able to
accurately probe certain physical properties of these small
metal clusters �e.g., the electronic structure� given the ex-
tremely small physical quantities that need to be measured in
order to determine such properties �e.g., the atomization en-
ergies�. The difficulties associated with treating the complex
3d-4s exchange interactions associated with transition metal
atoms limit theoretical calculations of these clusters although
considerable effort has been taken over the last 20 years to
improve the quality and level of theory specific to modeling
transition metal atoms and its clusters.

In the context of transition metal clusters bound on
graphene, particularly those of the ferromagnetic elements,
little experimental work24,25,34 has been done thus far. Theo-
retical calculations6,7,17 have been done using many different
methods to estimate the binding energies and the magnetic
moments among other things. For example, the binding en-
ergies obtained from the density functional theory �DFT�
�Vosko-Wilk-Nusair35 for the exchange-correlation func-
tional and using a linear combination of atomic orbitals as
the basis set� cluster calculations of Duffy and Blackman7

suggest that the adatoms and to some extent the dimers are
chemisorbed on graphene �e.g., 2.0, 2.4, and 2.5 eV for Fe,
Co, and Ni adatoms, respectively, above the middle of a
hexagon, i.e., a hole site� although there is only a small
charge transfer to the graphene. The spin-polarized first-
principles pseudopotential �ultrasoft� plane-wave DFT
�PW91 �Ref. 36� for the exchange-correlation functional�
calculations of Yagi et al.6 �using a kinetic energy cutoff of
287 eV� suggest adatom chemisorption as well but with val-
ues that are on average 1 eV lower than those suggested by
Duffy and Blackman. The linear muffin-tin orbital calcula-
tions with imposed periodic boundary conditions of Peng et
al.23 suggest an extremely large metal-to-graphene charge
transfer in the Fe-adatom graphene system, a value that is
eight times that suggested by Duffy and Blackman; they do
not however report values for the binding energies of the Fe
atoms to the various sites found on graphene/graphite. There
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is thus a range of different values calculated for the binding
energies.

In this paper, we present density functional theory calcu-
lations of Fe, Co, and Ni adatoms and both homonuclear and
heteronuclear dimers adsorbed on graphene. We considered
the following heteronuclear dimers: FeCo, FeNi, CoNi, FePt,
CoPt, and NiPt. Thus we all cover all combinations of Fe,
Co, and Ni, and Pt is included because it is interesting to
investigate how the magnetic moments of clusters containing
metals that are ferromagnetic in the bulk phase are modified
when bonded with a metal that is nonmagnetic in the bulk
phase. In addition Pt is an important catalytic metal and thus
investigating the electronic structure of heteronuclear clus-
ters containing Pt would be interesting. Various adsorption
sites are considered for both the adatom and dimers, with
various configurations considered in the case of the dimers.
Two dimer configurations, with the dimer bond axis perpen-
dicular to the graphene plane, that were not considered in
previous work are studied here as well. The binding and
atomization energies give us a direct indication of the type
�e.g., chemisorbed or physisorbed� of metal-graphene inter-
action. Furthermore, by comparing the magnetic moments
and bond lengths �only in the dimer case� of the bound ada-
toms and dimers to the case where they are unbound or free,
we can elucidate the feasibility of using graphene as a sup-
port material for these clusters. Electron population analysis
is also done for our further understanding of the cluster-
graphene interaction. We show in this paper that, compared
to their unbound states, the dimers have very similar mag-
netic moments, metal-metal bond lengths, and energies. The
small metal-to-graphene charge transfer and the low binding
energies suggest a weak but finite interaction between metal
and graphene, suggestive of physisorption. Extensive conver-
gence testing was first carried out to justify the choice of
certain calculational parameters. These are presented in Sec.
II.

II. COMPUTATIONAL METHOD AND CALIBRATION

The plane-wave based density functional theory program
PWSCF �ESPRESSO Version 3.2� was used to perform all
calculations.37 The Rappe-Rabe-Kaxiras-Joannopoulos
�RRKJ� ultrasoft pseudopotential with nonlinear core
correction38 was used for all species �i.e., C, Fe, Co, and Ni�
with the Perdew-Burke-Ernzerhof �PBE� generalized gradi-
ent approximation �GGA� correction39 formalism employed
for the exchange-correlation functional. All pseudopotentials
were obtained from the PWSCF pseudopotential online
reference.40 Smearing was used to aid convergence. Specifi-

cally, we made use of the Marzari-Vanderbilt method41 or
cold smearing with a small Gaussian spread of 0.001 Ry or
0.013 eV. The magnetic moments are particularly sensitive to
the smearing width used. We find that for an Fe adatom
above a hole site �see Fig. 2�a��, the change in adatom bind-
ing energy for a change in smearing from 0.001 Ry and 0.03
Ry is 0.05 eV; all other parameters remain constant. The
magnetic moment obtained when a smearing width of 0.001
Ry was used is 2.00�B, while the magnetic moment obtained
when a width of 0.03 Ry was used is 2.20�B. Localized
electron population analysis was carried out by integrating
the projected density of states. This was useful in assigning
local charges and local magnetic moments on the atoms.

Relative to the main group elements, the ground state
properties of the transition metals �e.g., binding energies,
bond lengths, and electronic state� are particularly sensitive
on to how the exchange-correlation interaction is
treated.2,4,5,18,19,42–44 This is a result of the complex 3d-4s
exchange-correlation interactions arising from the fact that
these energy states lie close to each other. One way around
this problem is to make use of a multideterminant wave
function �e.g., a configuration interaction calculation�. A less
computationally expensive choice would be to adopt a
pseudopotential that treats the exchange-correlation interac-
tion better. Harris and Jones45 showed that the local spin-
density approximation �LSDA� for the exchange-correlation
functional favors d occupancies �by approximately 1 eV�
relative to the GGA framework. We used the RRKJ ultrasoft
pseudopotential constructed with electron configuration
4s13dn−1. The spin-orbital occupancies of the free atoms are
given in Table I. We calculated this configuration for a su-
percell of dimension 9.84�9.84�14.76 Å3 using cutoff en-
ergies of 40 Ry for the wave function and 480 Ry for the
electron density.

It has been shown2,3,18,44 that for small transition metal
clusters of Fe, Co, and Ni, the projected electron configura-
tions are in between the 4s13dn−1 and 4s23dn−2 states. Moroni
et al.44 pointed out that GGA- and LSDA-type calculations
are poor in predicting the ground state electronic structure of
the free atoms �4s23dn−2� partly because of the inadequate
treatment of exchange correlation in the functionals used.46,47

Using either all-electron calculations or ultrasoft pseudopo-
tential calculations, Moroni et al. found that the free Fe, Co,
and Ni atoms have electronic configurations 3d6.2s1.8,
3d7.74s1.3, and 3d9.0s1.0, respectively. The occupancies we
have obtained are similar �see Table I�. The problem with the
preference of d occupancy over s occupancy is that if these
atoms are involved in systems where the s-state occupancy is
lower relative to the free-atom case �e.g., in a cluster or when
bound to a surface�, the binding energies predicted would be

TABLE I. The spin-orbital occupancies for the free atom.

Metal s�� ,�� dz2�� ,�� dxz�� ,�� dyz�� ,�� dx2−y2�� ,�� dxy�� ,�� Electronic configuration

Fe 0.99,0.64 0.99,0.11 0.99,0.53 0.99,0.25 0.99,0.29 0.99,0.18 3d6.324s1.64

Co 1.00,0.36 1.00,0.76 1.00,0.53 1.00,0.19 1.00,0.54 1.00,0.62 3d7.624s1.36

Ni 1.00,0.23 1.00,1.00 1.00,0.83 1.00,0.32 1.00,0.87 1.00,0.76 3d8.774s1.23

Pt 1.00,0.00 1.00,0.88 1.00,0.82 1.00,0.68 1.00,0.97 1.00,0.66 3d9.014s1.00
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underestimated. The binding energies, magnetic moments,
bond lengths, and electronic configurations predicted in this
work are taken with reference to atoms with the calculated
ground state electronic configurations given in Table I. We
note that Hund’s rule is still obeyed in that the free Fe, Co,
Ni, and Pt atoms have magnetic moments of 4�B, 3�B, 2�B,
and 2�B, which correspond to the maximum spin multiplic-
ity for each atom. We therefore expect no problems in terms
of predicting magnetic moments. In the case of carbon, the
usual 2s22p2 state is used for which there is no known prob-
lem.

We checked the following parameters for convergences:
the size of the supercell, the kinetic energy cutoff, the cutoff
for electron density, the number of k points for sampling the
Brillouin zone, and the force convergence threshold. We de-
scribe our convergence calibration methodology here. We
checked for interactions of the system with its periodic im-
ages using vacuum thicknesses of 12.4 and 17.4 Å. For
these vacuum thicknesses, the Fe-adatom binding energies
differ by 0.005 eV and therefore we made use of a vacuum
thickness of 12.4 Å for all our calculations. The results of
the calibration for the lateral dimensions of the supercell are
shown in Fig. 1�a�. A 4�4 supercell was found to be ad-
equate. This supercell size was also used in previous
work.6,17

Convergence with respect to cutoff energies for both the
wave function and the electron density was checked by cal-
culating the binding energy of an Fe adatom adsorbed at the
hole site. The results for the binding energies are shown in
Fig. 1�b�. For the carbon pseudopotential used in this work,

convergence is obtained for 30–32 and 200–240 Ry for these
cutoff energies.48 For the Fe, Co, and Ni pseudopotentials, a
wave function cutoff energy of 40–50 Ry has been
proposed38 and we find that appropriate cutoff energies to
use are 40 and 480 Ry. In calibrating these cutoff energies,
we used a force convergence threshold of 10−3 a.u. and a
�4�4�1� Monkhorst-Pack grid.49 We did not use any Bril-
louin zone shift. Changing the force convergence threshold
to 10−4 a.u. changed the Fe-adatom binding energy by less
than 10−3 eV. In Fig. 1�c� we show the results of Brillouin
zone sampling. We used a �8�8�1� Monkhorst-Pack grid
in our calculations.

III. RESULTS

This section consists of three subsections. The first dis-
cusses Fe, Co, and Ni atoms adsorbed on graphene. An im-
portant motivation for Sec. III A is to allow us to compare
our methodology against the results of previous work. Sec-
tion III B discusses results for homonuclear Fe, Co, and Ni
dimers adsorbed on graphene. This provides the reference
point for the discussion of the heteronuclear clusters in Sec.
III C.

A. Adatoms

The two high-symmetry adsorption sites illustrated in Fig.
2 were investigated. Configuration 1.1 �Fig. 2�a�� consists of
a metal atom adsorbed above a hole site and configuration

(b)(a)

(c)

FIG. 1. Convergence testing: �a� the total energies of the Fe, Co, and Ni atoms taken relative to the minimum total energy in each set as
a function of the lateral dimension of the supercell �in multiples of the unit cell of graphene, 2.46 Å� using 40 and 480 Ry for the wave
function and electron density cutoffs, respectively. �b� Dependence of the binding energy of an Fe adatom adsorbed at a hole site on the wave
function and electron density cutoffs. The electron density cutoff is given as F� �wave function cutoff�. �c� Binding energy of an Fe adatom
as a function of the Monkhorst-Pack grid used. Note that in all cases, a Marzari-Vanderbilt smearing width of 0.001 Ry and a force
convergence threshold of 0.001 a.u. were used.
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1.2 �Fig. 2�b�� consists of a metal atom adsorbed above a
carbon atom. The bridge site, where a metal atom is adsorbed
atop the midpoint of a carbon-carbon bond, is not considered
in this work. Unlike graphite, all carbon sites are equivalent;
there are no alpha- or beta-carbon sites. The binding energies
�Eb�, magnetic moments �M�, bond lengths �L�, charge trans-
fers �q�, and population analyses from our calculations are
summarized in Table II.

The binding energies from our calculations suggest that
the metal adatoms are physisorbed on graphene. In compari-
son to the results of previous work, we find binding energies
that are significantly smaller �see Table II�. We note that the
differences in binding energies relative to previous work are
much larger than any convergence errors ��0.01 eV� in our
calculations. The differences in the adatom binding energy
between our calculations and the results in Refs. 6 and 7 are
likely to be due to the choice of the basis functions and the
exchange-correlation functional used. Duffy and Blackman7

used a double-numeric basis set augmented by polarization
functions, while the calculations by Yagi et al.6 and our cal-
culations here use plane waves with cutoff energies of 21.1
and 40 Ry, respectively. To estimate the exchange-correlation
energy, Duffy and Blackman used the Slater-Vosko-Wilk-
Nusair functional while Yagi et al. used the PW91 func-
tional. We used the PBE functional here. Previous work has

shown that the LSDA does not adequately treat electronic
configuration of the free atom and thus overestimates the
binding energy. The electronic configurations and thus bind-
ing energies are much better calculated using generalized
gradient correction functionals. The overestimation of the
binding energy arises46,47 from an underestimation of the in-
terconfigurational energies, which is the energy required to
go from one electronic configuration to another. This ex-
plains the rather large binding energies obtained by Duffy
and Blackman relative to both our work and the work of Yagi
et al. We expect lower binding energies than the results cal-
culated here if the interconfigurational energies are treated
with a higher degree of accuracy.

There are three differences between our calculations and
the calculations by Yagi et al. We used the PBE functional,
wave function cutoff energy of 40 Ry, and a RRKJ ultrasoft
pseudopotential, while Yagi et al.6 used the PW91 functional,
a wave function cutoff energy of 21.1 Ry, and a Kresse-
Furthmüller ultrasoft pseudopotential. We do not expect the
use of these similar exchange-correlation functionals to ac-
count for the differences of 0.4, 0.6, and 0.1 eV for Fe, Co,
and Ni adatom adsorption energies, respectively. We checked
the effect of the cutoff energies by calculating the Fe adatom
above the hole site adsorption energy at wave function cutoff
energy of 21 Ry with density cutoff energies of 84, 168, and
252 Ry obtaining values of 0.13, 0.54, and 0.57 eV, respec-
tively. Compared to the adsorption energy of 0.58 eV ob-
tained using cutoff energies of 40 Ry for the wave function
and 480 Ry for the density, these results suggest that the
difference in our calculations and those in Ref. 6 are not due
to the difference in the wave function cutoff energy. We note
that the density cutoff energy is not reported in Ref. 6. In
comparison with Ref. 50, we used the same exchange-
correlation functional and very similar wave function cutoff
energy. They used 44 Ry and we used 40 Ry for the wave
function cutoff energy, and given our calibration calculations
at different cutoff energies, we do not expect the differences
to arise from this. We note that their adatom adsorption en-
ergy for Fe above a hole site �1.42 eV� is higher than their
adatom adsorption energy for Co above a hole site �1.32 eV�.
This is opposite to the relative adsorption energies calculated

(b)(a)

FIG. 2. Schematic illustration of the adsorbed adatom configu-
rations �top view�: �a� adatom above a hole site and �b� adatom atop
a carbon atom or above an atom site. The hexagon represents the six
nearest carbon atoms found in the graphene layer.

TABLE II. Data for Fe, Co, and Ni adatom adsorption on graphene: the binding energies �Eb�, the magnetic moments �M�, the
metal-to-graphene plane distance �L�, the metal-to-graphene charge transfer in units of electrons �q�, and the electronic configuration of the
metal atoms when bound in the respective configurations.

Configuration

Eb �eV� M ��B� L �Å� q Electronic configuration

a b c a b c a b c a b c a b c

Fe 1.1 0.58 2.0 0.99 2.0 2.0 2.1 1.54 1.52 1.51 0.7 0.2 3d7.164s0.15 3d7.24sp0.6

1.2 0.25 1.3 4.2 2.21 0.3 3d6.574s1.08

Co 1.1 0.97 2.4 1.58 1.0 1.0 1.0 1.51 1.52 1.49 0.6 0.2 3d8.254s0.15 3d8.24sp0.6

1.2 0.44 1.9 2.8 2.10 0.3 3d7.794s0.93

Ni 1.1 1.37 2.5 1.53 0.0 0.0 0.0 1.55 1.53 1.52 0.7 0.2 3d9.124s0.16 3d9.24sp0.6

1.2 0.96 2.1 0.0 1.81 0.6 3d9.184s0.25

aThis work: plane-wave pseudopotential DFT calculations using the PBE form of the GGA of the exchange-correlation functional.
bDuffy and Blackman: double-numeric basis set linear combination of atomic orbitals-based DFT calculations using the VWN parametri-
zation for the LSDA of the exchange-correlation functional �Ref. 7�.
cYagi et al.: plane-wave pseudopotential DFT calculations using the PW91 form of the GGA of the exchange-correlation functional �Ref. 6�.
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by us, Yagi et al.,6 and Duffy and Blackman.7 Given that
they used a different pseudopotential �Vanderbilt ultrasoft�,
we think that the electron configuration used by Mao et al.50

for the free Fe and Co atoms is not close to those we ob-
tained. As discussed above, the calculated adsorption energy
is very sensitive to the projected electronic configuration on
the metal atom and this is likely to be the reason for the
differences in the calculated adsorption energies.

The increase in binding energy from Fe to Co to Ni results
from a corresponding decrease in the interconfigurational en-
ergy. The experimental interconfigurational energies of Fe,
Co, and Ni, for the transfer of one electron from an s orbital
to a d orbital, i.e., 3dn−24s2→3dn−14s1, are 0.87, 0.42, and
−0.03 eV, respectively �see Ref. 43 and references therein�.
Table II shows the respective electronic configurations of the
adatoms when bound to graphene. Apart from Fe and Co
adatoms bound as configuration 1.2, there is significant
change in the electronic configurations of the adatoms rela-
tive to their free atomic state �see Table I�. As Fe requires the
greatest energy per unit charge transferred from an s orbital
to a d orbital while Ni requires the least energy �in fact,
favoring a higher occupancy of the d orbitals although to just
a small extent�, Fe bonds weakest to graphene while Ni
bonds strongest regardless of the geometrical configuration.

We find that the occupation of the carbon pz orbitals is
increased with adsorption and therefore conclude that there is
charge transfer from the metal atom to the � bonds of
graphene. We find almost no change in the electron density
projected onto the s, px, and py orbitals of the carbon atoms;
we conclude that there is little charge transfer to the 	 bonds
of graphene. It is interesting to note that the metal-to-
graphene charge transfer calculated by Duffy and Blackman
is almost three times that calculated in this work. The main
discrepancy between our work and that of Duffy and Black-
man lies in the occupancy of the s �and p� orbitals of the
metal atoms. The metal-to-graphene separation and magnetic
moment are in good agreement with previous work.6,7

The decrease in magnetic moment by 2�B when the metal
adatom is bound above a hole site �i.e., configuration 1.1�
stems from the fact that the s states are raised above the
Fermi level. This is evident in Fig. 3. If we refer to an elec-
tronic configuration of either 4s13dn−1 or 4s23dn−2, we see
that the pairing of the electron�s� that previously occupied
the s states with the d-state electrons would result in a de-
crease of exactly 2�B �see Table II�. This is consistent with
the findings of Duffy and Blackman.7

In the case where Fe and Co adatoms are bound directly
above a carbon atom �i.e., configuration 1.2�, the s��� state is
still found below the Fermi level while the s��� state is found
above it where � and � refer to the majority �spin-up� and
minority �spin-down� spins, respectively. The electrons are
redistributed among the d states, particularly the dz2 state in
the case of Fe and the dz2 and dyz states in Co. This leads to
an interconfigurational change, where an electron from the s
orbital is transferred to a d orbital, with no change in the net
magnetic moment of the atom. In the case of Ni however, the
situation is the same as when the metal atom is found above
a hole site, viz., both the s states are now above the Fermi
level and the pairing of the electrons that previously occu-
pied these states with those in the d states results in a de-

crease of 2�B for its magnetic moment. Again we can under-
stand why Ni is more likely to promote electrons from s to d
states because its interconfigurational energy is exothermic,
unlike Fe and Co for which this energy is endothermic.

In our calculations, spin-polarized bands are found for Fe
and Co but not for Ni. The magnetic moments are localized
on the metal adatoms with rather small contributions from
graphene �see Table III�. While we predict a small magnetic
moment localized on graphene, Duffy and Blackman7 found
no magnetic moment associated with graphene. As opposed
to being semimetallic as was the case in pure graphene �see
Fig. 4�a��, the band structures shown in Fig. 5 indicate that
these systems are now semiconducting. In their study of the
adsorption of hydrogen on graphene,51 Duplock et al. rea-
soned that the presence of an adatom ionic core would break
the symmetry of any periodic potential thereby opening up a
gap changing the graphene from being semimetallic to semi-
conducting. We expect that the metal adatom has the same
effect as the H adatom. Of particular interest is the gap �both
between states of different spin and states of the same spin�
that is opened up at high-symmetry point K in the irreducible
wedge of the Brillouin zone. The various interesting elec-
tronic properties of graphene �and graphite� stem from the
form of the bands at and near this point, i.e., the Dirac cone
centered at point K. However with metal adatoms on
graphene, the Dirac cone no longer exists. Thus transition
metal adsorption might have implication for the relativistic
properties of graphene. Nonetheless, the band gaps that arise
are of potential interest in spintronic device application.

B. Homonuclear dimers

Four high-symmetry bound dimer configurations were
identified for geometry optimization. These are shown in the
schematic given in Fig. 6. Previous work6,7 that dealt with
dimer adsorption on graphene only focused on configurations
2.1 and 2.2. Given the weak adatom-graphene interaction,
we postulated that dimers in either configuration 2.3 and/or
2.4 might be more stable.

It is instructive that analysis of the bound dimers be done
alongside analysis of the free dimers. The objective here is
twofold. First, the results of our free dimer calculations are
compared to previous work. Given that much more work has
been on free dimers, this comparison allows a gauge accu-
racy of our calculations. Second, as we are interested in the
effect of graphene as a support material and the relative sta-
bilities of the various dimer configurations when bound to
graphene, direct comparison of the bound dimer atomization
and binding energies and magnetic moments and bond
lengths with those of the free dimers allows us to determine
the effect that graphene has on these dimers when bound.
Data for the bond energies and magnetic moments for the
free Fe, Co, and Ni clusters are given in Tables IV–VI, re-
spectively. Corresponding data from previous work are also
given.

The level of theory applied in determining the bond dis-
sociation energies of the free Fe, Co, and Ni dimers is clearly
inadequate �see Tables IV–VI�. The free dimer bond disso-
ciation energies that we have calculated differ from experi-
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ment by between 0.50 �Ref. 54� and 0.58 �Ref. 55� for the Fe
dimer, 0.63 �Ref. 57� and 0.67 �Ref. 56� for the Co dimer,
and 0.29 �Ref. 58� for the Ni dimer, in units of eV/atom. The
overestimation of this energy largely stems from the
exchange-correlation functional used. For example, depend-
ing on the exchange-correlation functional used, the bond
dissociation energy of the Fe dimer can range from 0.55 to
1.55 eV. The form of the PW91 exchange-correlation func-
tional is closest to that of the PBE exchange-correlation
functional that we have used in our calculations here. Even
so, we find from the PW91 calculations of Yanagisawa et

al.43 that there is still a difference of 0.33, 0.03, and 0.15
eV/atom for the Fe, Co, and Ni dimer bond dissociation en-
ergies, respectively. Our results are closer to calculations
based on the Becke exchange one-parameter progressive cor-
relation functional.

The importance of the exchange-correlation functional in
predicting the bond dissociation energies largely stems from
how well the functional treats interconfigurational change
�e.g., 3dn−24s2→3dn−14s1� and therefore how well it esti-
mates the interconfigurational energy. As mentioned, the
LSDA functional form for exchange correlation has been

(b)(a)

(c) (d)

(f)(e)

FIG. 3. �Color online� The projected density of states for configurations �a�, �c�, and �e� 1.1 and �b�, �d�, and �f� 1.2 for Fe, Co, and Ni.
The Fermi level is referenced at 0 eV. Alpha and beta refer to the majority �spin-up� and minority �spin-down� spin states, respectively. The
alpha and beta density of states overlap exactly in �e� and �f�. The raising of both s spin states above the Fermi level in �c�, �e�, and �f� results
in a decrease of 2�B for the magnetic moment of Fe, Co, and Ni when bound as configuration 1.1 �above a hole site� and of Ni when bound
as configuration 1.2 �above an atom site�. Only the beta �minority or spin-down� s states are raised above the Fermi level in �b� and �d� which
results in little change in the magnetic moment of Fe and Co when bound as configuration 1.2 �above an atom site�. Insets zoom in on the
density of states within 0.1 eV of the Fermi level.
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shown2,18 to be poor in predicting the dimer bond dissocia-
tion energy. Jeng and Hsue46 and Kutzler and Painter47 found
that the use of LSDA underestimates the interconfigurational
energy relative to GGA and ultimately relative to experimen-
tal data. This then results in an overestimation of the bond
dissociation energy. As mentioned in Sec. III A, the Fe, Co,
and Ni atoms in their respective dimers prefer atomic con-
figurations that are “between” the states with electronic con-
figurations of 3dn−24s2 and 3dn−14s1. We found that the free
Fe, Co, and Ni dimers have atoms with localized atomic
electronic configurations 3d6.924s1.04, 3d7.924s1.05, and
3d8.974s1.05, respectively. These configurations are very close

to the 3dn−14s1 configuration and are not quite between the
3dn−24s2 and 3dn−14s1 states. This is possibly because little
energy is required to induce the interconfigurational change
therefore overestimating the bond dissociation energies.
Aside from the exchange-correlation functional form, the po-
tential that is used to describe the free atom is important as
well. Castro and Salahub18 and Jamorski et al.2 showed that
the use of a nonlocal potential as well as a nonsymmetric
atomic electronic state gives a better estimate of the dimer
bond dissociation energies.

The electronic configurations of the Fe, Co, and Ni dimers
were found to be the following:

�7
u�1	�1��1��1��1��1��
�2	�1	�1��

�1��
�1��

�2	�
�1��1��2	�1���� ,

�5�g�1	�1��1��1	�1��2	�1��1��
�1��

�1��
�1��1��2	�

�2	�1��
�1��1��1��

��� ,

�3��1	�1��1��1	�1��
�1��

�2	�1��1��2	�1��1��2	�
�1��

�1��
�1��1��2	�

�1��
�1��

��� .

This implies total magnetic moments of 6�B, 4�B, and 2�B
for the Fe, Co, and Ni dimers, respectively. The electronic
states �though not the exact electronic configuration� thus
determined are in excellent agreement with almost all of the
previous calculations done on these dimers �see Refs. 18, 43,
and 53 for Fe,2,43 for Co, and43 for Ni�. The bond lengths are
also in very good agreement with both theoretical calcula-
tions as well as from experimental data.

The binding energies, magnetic moments, metal-metal
bond lengths, and metal-graphene separation distances that
we have calculated for the configurations 2.1 and 2.2 for all
three metals are in excellent agreement with the work of Yagi
et al.6 The main discrepancy between their work and the
present work is the energy required to atomize the bound
dimer. This stems from the values used for the bond disso-
ciation energies of the free dimers which have been shown
�see Tables IV–VI� to be extremely sensitive to the form of
the exchange-correlation functional used in the calculation.

The free dimer bond dissociation energies that we have cal-
culated differ from those determined by Yagi et al. by 0.41,
0.60, and 0.22 eV/atom for the Fe, Co, and Ni dimers, re-
spectively. Yagi et al. used of the PW91 functional while we

TABLE III. Local magnetic moments for the adatoms and the
graphene.

Configuration
Adatom

��B�
Graphene

��B�

Fe 1.1 2.23 −0.19

1.2 4.18 0.01

Co 1.1 1.13 −0.12

1.2 2.73 0.06

Ni 1.1 0.00 0.00

1.2 0.00 0.00

(b)(a)

FIG. 4. �Color online� Band structure and density of states for graphene as calculated in this work.
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used of the PBE functional. As mentioned previously, though
both of these are generalized gradient approximations to the
exchange-correlation electron interaction and are fairly close
in their form, we see that the atomization energy �of the
metal dimer from the graphene surface� values can differ by
as much as 0.60 eV/atom. Relative to the work of Duffy and
Blackman, we obtain similar magnetization, metal-metal
bond lengths, and metal-to-graphene separation distances al-
though they used the LSDA to exchange correlation. Again,
as with the adatom case, we predict a smaller metal-to-

graphene charge transfer. For the Ni2 dimer, however, at least
between configurations 2.1 and 2.2, our calculations are in
agreement with Yagi’s results which show that configuration
2.2 is more stable while calculations of Duffy and Blackman
predict what we have labeled as configuration 2.1 as being
more stable �Table VII�.

Our calculations show that the bound or adsorbed dimers
retain almost all of their free cluster characteristics. This is
seen by considering the bound dimers’ bond length and total
magnetic moment and is consistent with the weak binding

(c)

(b)(a)

FIG. 5. �Color online� �a�–�c� Band structures for Fe, Co, and Ni when bound as configuration 1.1 �above a hole site�, i.e., the more stable
adatom configuration. The spin bands overlap exactly in the case of Ni.

(c) (d)(b)(a)

FIG. 6. Representation of the dimer configurations �top view�: dimers above �a� two hole sites and �b� above two bridge sites with bond
axes parallel to the graphene plane and dimers above �c� a hole site and �d� above an atom site with bond axes perpendicular to the graphene
plane. Note that the spheres in �c� and �d� appear larger for the reason that the dimer is bound with its bond axis perpendicular to the
graphene plane.
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energy and the small amount of net charge transfer to the
graphene. These data are presented in Fig. 7. The percentage
change in the bound dimer’s bond length with respect to the
free case is a good indication of the extent to which graphene
perturbs the dimer bond. These are presented in Table VIII.
From these data we find that the change in bond length is
greatest for configuration 2.1. For each of configurations 2.2,
2.3, and 2.4, there is less than a 10% change in the dimer
bond length. We will further discuss this point later in this
section.

The total magnetic moment of the dimer-graphene system
is mainly localized on the metal atoms and relative to the
free dimers; the bound dimers retain their magnetization ex-
cept for the case where the Ni dimer is bound as configura-
tion 2.1. When bound parallel to the graphene plane, the
changes in electron population and magnetic moments are
the same for both atoms. The exception to this is configura-
tion 2.1 of Fe �see Fig. 7�a��. In the particular case of
Fe�2.1�, slight buckling of the dimer bond is observed and is
consistent with the work of Yagi et al.6 As a result of this
buckling, the two Fe atoms in configuration 2.1 have differ-
ent localized magnetic moments and charges �see Fig. 7�a�
and compare this to Figs. 7�e� and 7�i� for the Co and Ni 2.1
type configurations, respectively�. For the Ni dimer bound as
configuration 2.1 �see Fig. 7�i��, the magnetization is com-
pletely quenched, just as in the case of the Ni adatoms.
Where the bound dimer bond axis is perpendicular to the
graphene plane �i.e., configurations 2.3 and 2.4�, the metal
atom closer to the graphene has the greater change in both its
charge and magnetization. The metal atom located further
from the graphene plane retains its free-atom-like properties
to a greater extent suggesting that the metal atom closer to
the graphene “shields” the former from the effect of
graphene. Interestingly enough, the total magnetic moments
are almost the same �within an error margin of less than

TABLE IV. Binding energy, magnetic moment, and bond length
of the free Fe dimer.

Work
Ed

�eV/atom�
M

��B /atom�
re

�Å�

This work 1.15 3.0 1.96

Castro and Salahuba 4.38 3.0 1.96

Castro and Salahubb 1.04 3.0 1.96

Izquierdo et al.c 1.35 3.0 2.05

Izquierdo et al.d 1.55 3.0 1.99

Yanagisawa et al.e 1.25 3.0 2.03

Yanagisawa et al.f 0.69 3.0 2.66

Yanagisawa et al.g 0.75 3.0 2.08

Yanagisawa et al.h 1.48 3.0 2.01

Yanagisawa et al.i 0.55 3.0 2.52

Yanagisawa et al.j 1.59 3.0 2.06

Noro et al.k 0.79 3.0 2.06

Köhler et al.l 2.11 3.0

Rohlfing et al.m 3.0 1.9

Moskovits et al.n 0.65

Lian et al.o 0.57

aLSDA results with respect to 5D Fe atoms �Ref. 18�.
bNonlocal spin-density results with respect to nonspherical 5D Fe
atoms �Ref. 18�.
cDFT �GGA for exchange correlation� with numerical atomic orbit-
als �single-zeta singly-polarized basis� and nonlocal pseudopotential
for atomic core �Ref. 42�.
dDFT �GGA for exchange correlation� with numerical atomic orbit-
als �double-zeta singly-polarized basis� basis� and nonlocal pseudo-
potential for atomic core �Ref. 42�.
eBecke exchange one-parameter progressive correlation functional
�Ref. 43�.
fHybrid Becke exchange Lee-Yang-Parr correlation functional �Ref.
43�.
gBecke exchange �Ref. 43�.
hPerdew-Wang 1991 exchange-correlation functional �Ref. 43�.
iSecond-order Møller-Plesset perturbation theory �Ref. 43�.
jFull-electron configuration interaction molecular orbital theory
�Ref. 43�.
kMultireference self-consistent field and configuration interaction
calculations �Ref. 52�.
lDensity functional based tight-binding calculation using linear
combination of Slater-type orbitals �Ref. 1�.
mPhotoionization spectroscopy �Ref. 53�.
nResonance Raman spectroscopy �Ref. 54�.
oSpectroscopic analysis using collision-induced dissociation of Fen

with Xe �Ref. 55�.

TABLE V. Binding energy, magnetic moment, and bond length
of the free Co dimer.

Work
Ed

�eV/atom�
M

��B /atom�
re

�Å�

This work 1.33 2.0 1.94

Jamorski et al.a 1.13 2.0 2.01

Jamorski et al.b 0.41 2.0 2.56

Yanagisawa et al.c 1.23 2.0 2.01

Yanagisawa et al.d 0.75 2.0 2.44

Yanagisawa et al.e 0.65 2.0 2.05

Yanagisawa et al.f 1.36 2.0 1.98

Yanagisawa et al.g 0.67 2.0 2.41

Yanagisawa et al.h 0.41 2.0 2.56

Hales et al.i �0.66

Russon et al.j 0.7–1.4

aAll-electron DFT calculation within GGA �Perdew-Wang gradient
correction for exchange and Perdew correction for correlation�, lin-
ear combination of Gaussian-type orbitals �Ref. 2�.
bLimited configuration-interaction calculation �Ref. 2�.
cBecke exchange one-parameter progressive correlation functional
�Ref. 43�.
dHybrid Becke exchange Lee-Yang-Parr correlation functional �Ref.
43�.
eBecke exchange �Ref. 43�.
fPerdew-Wang 1991 exchange-correlation functional �Ref. 43�.
gSecond-order Møller-Plesset perturbation theory �Ref. 43�.
hMultireference single- and double-configuration interaction mo-
lecular orbital theory �Ref. 43�.
iSpectroscopic analysis of collision-induced dissociation of Con

+

using Xe �Ref. 56�.
jPhotodissociation measurements �Ref. 57�.
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0.1�B /atom� regardless of the configuration of the dimer.
The small binding energies again point toward a weak

dimer-graphene interaction. The most stable Fe, Co, and Ni
configurations �i.e., configuration 2.3� have binding energies
of 0.36, 0.46, and 0.48 eV/atom, respectively, and atomiza-

tion energies of 1.50, 1.79, and 1.79 eV/atom, respectively.
There is a significant decrease in the binding energy per atom
of the dimers relative to the most stable adatom configuration
�i.e., configuration 1.1�, with the Ni dimer showing the great-
est percentage change. The dimer atomization energies are
clearly higher than in the adatom case. This however stems
primarily from the strength of the metal-metal bond and not
from the interaction with the graphene per se as evidenced
by both the small binding energies of the dimer to the
graphene and the strength of the free Fe-Fe, Co-Co, and
Ni-Ni bond dissociation energies of 1.15, 1.33, and 1.31 eV/
atom, respectively.

Relative to the adatom case, the more stable dimer con-
figurations �i.e., configurations 2.3 and 2.4� have a smaller
amount of net metal-to-graphene charge transfer per metal
atom. Again, there is a net increase in graphene’s �-electron
population and an insignificant change in its 	-electron
population, pointing to some extent of hybridization of the
metal atoms s and dz2 orbitals with the graphenes delocalized
� system. A small amount of net charge transfer to the
graphene might possibly indicate that there is little change in
the dimers’ electronic state. Overall, the small change in
bond length and the insignificant change in total magnetic
moment with respect to when the dimers are free, the small
binding energies and the small amount of charge transfer all
point to a physisorbed state and we might expect that with
increasing cluster size the free character of the bound cluster
would also increase. This further validates the promise and
potential of graphene as a suitable support material for small
Fe, Co, and Ni clusters at least in context of their magnetic
and catalytic capacities because it does not significantly
change the electronic characteristics of the dimer.

The dimers bind more strongly when the dimer bond axis
is perpendicular to the graphene plane. We find that the most
stable dimer configuration with its bond axis parallel to the
graphene plane is configuration 2.2 �consistent with previous
work6,7 except for the Ni dimer when compared to the results
of Duffy and Blackman7� and the most stable dimer configu-
ration with its bond axis perpendicular to the graphene plane
is configuration 2.3. When we compare the binding energies

TABLE VI. Binding energy, magnetic moment, and bond length
of the free Ni dimer.

Work
Ed

�eV/atom�
M

��B /atom�
re

�Å�

This work 1.31 1.0 2.08

Yanagisawa et al.a 1.34 1.0 2.13

Yanagisawa et al.b 0.98 1.0 2.30

Yanagisawa et al.c 0.96 1.0 2.18

Yanagisawa et al.d 1.46 1.0 2.10

Yanagisawa et al.e 0.935 1.0 2.27

Yanagisawa et al.f 0.90 1.0 2.24

Pou-Amérigog 0.89 2.24

Michelini et al.h 1.67 1.0 2.07

Michelini et al.i 1.34 1.0 2.13

Morse et al.j 1.02 2.16

aBecke exchange one-parameter progressive correlation functional
�Ref. 43�.
bHybrid Becke exchange Lee-Yang-Parr correlation functional �Ref.
43�.
cBecke exchange �Ref. 43�.
dPerdew-Wang 1991 exchange-correlation functional �Ref. 43�.
eSecond-order Møller-Plesset perturbation theory �Ref. 43�.
fComplete active space second-order perturbation �Ref. 43�.
gMulticonfigurational second-order perturbation theory calculations
using atomic natural orbitals.
hDFT within the LSDA �VWN local correlation functional� using a
triple-zeta STO basis set �Ref. 4�.
iDFT within the GGA �PBE� using a triple-zeta STO basis set �Ref.
5�.
jResonant two photon ionization electronic spectroscopy analysis
�predissociation limit� of the Ni2 dimer �Ref. 58�.

TABLE VII. Comparison of the atomization energy �Eat�, binding energy �Eb�, projected magnetic moments ��B�, dimer bond lengths
�Å�, and charge transfer of the bound metal dimers for configurations 2.1 and 2.2 with the work of Duffy and Blackman and Yagi et al. The
charge transfer again refers to the amount charge transferred from the metal dimer to the underlying graphene.

System
Eat

�eV/atom�
Eb

�eV/atom� Magnetic moment ��B� Dimer bond length �Å� Charge transfer

Work a c a c a b c a b c a b

Fe 2.1 1.31 1.75 0.16 0.19 3.47,3.06 3.5,3.1 2.27 2.22 0.38,0.44

2.2 1.38 1.83 0.23 0.27 3.20,3.20 3.0,3.0 3.2,3.2 2.11 2.09 2.11 0.34,0.34 0.1,0.1

Co 2.1 1.43 2.04 0.10 0.11 2.07,2.07 2.1,2.1 2.34 2.35 0.35,0.35

2.2 1.56 2.19 0.24 0.26 2.12,2.12 2.0,2.0 2.1,2.1 2.07 2.09 2.08 0.31,0.31 0.1,0.1

Ni 2.1 1.65 1.84 0.31 0.31 0.00,0.00 0.0,0.0 0.0,0.0 2.40 2.40 2.41 0.59,0.59 0.1,0.1

2.2 1.68 1.85 0.33 0.99,0.98 1.0,1.0 2.24 2.24 0.36,0.36

aThis work.
bDuffy and Blackman �Ref. 7�.
cYagi et al. �Ref. 6�.
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of these two types of configurations for each of the species,
we find that the binding energies for configuration 2.3 is
greater by 0.13, 0.22, and 0.15 eV than the respective bind-
ing energies of configuration 2.2 for each of Fe, Co, and Ni,
respectively. When bound perpendicularly �i.e., bond axis is
perpendicular to the graphene plane�, the dimers characteris-
tically have a much lower total charge transfer to the under-
lying graphene and a smaller percentage change in their
metal-metal bond length relative to when bound parallel �i.e.,
bond axis is parallel to the graphene plane�. A map of the
electron density provides further evidence as to the extent to
which the dimer is perturbed by the graphene, particularly its
bond. As an example, we plot the isosurface of the Fe
dimers’ electron charge density �isovalue=0.06 a.u.�. From
Fig. 8 we see that there is a much greater decrease in the
electron density between the two Fe atoms when bound as
configuration 2.1 than in configurations 2.2, 2.3, and 2.4.
This is less pronounced for configurations 2.2, 2.3, and 2.4.
The weakening of the bond is evidenced by both the percent-
age change in bond lengths and the electron density isosur-
face plots.

The added binding strength of configurations 2.3 and 2.4
relative to configurations 2.1 and 2.2 results from the addi-
tional energy required for an interconfigurational change in
the former. We refer the reader to the localized electronic
configuration of the dimers �see Fig. 7�. The free Fe, Co, and
Ni dimers have atoms with electronic configurations of
3d6.924s1.04, 3d7.924s1.05, and 3d8.974s1.05, respectively. When
bound as configurations 2.1 and 2.2, the electronic configu-
rations of the metal atoms are very similar to their respective
free dimer cases at least in terms of the d-electron configu-
ration. The s-state occupancy is depleted to a large extent
owing to the transfer of electrons from the s orbital to the
graphene’s � system. However, when bound as configura-
tions 2.3 and 2.4, the metal atom that is farther from the
graphene surface has an electronic configuration that is
closer to the free atomic state rather than in the free dimer
state. Therefore, removal of a dimer bound to graphene in
configuration 2.3 or 2.4 requires input of energy not just to
reverse the electron transfer from metal to graphene but also
involves a change in the electronic configuration of one of
the metal atoms. This therefore explains why more energy is
required to remove the perpendicularly bound dimers relative
to the ones bound parallel to the graphene.

The metal clusters prefer to agglomerate as dimers as op-
posed to remaining as separated adatoms. To quantify this,
we consider the relative energy of a bound dimer to two
isolated adatoms, viz., 
E2→�1+1�=E�bound dimer�−2E
�most stable bound adatom� +E �plain graphene sheet�. The
data for this are given in Table IX. The binding strengths,

(b)(a)

(c) (d)

(f)(e)

(g) (h)

(j)(i)

(l)(k)

FIG. 7. Data for the bound dimers: �dimer species �dimer con-
figuration�� �a� Fe�2.1�, �b� Fe�2.2�, �c� Fe�2.3�, �d� Fe�2.4�, �e�
Co�2.1�, �f� Co�2.2�, �g� Co�2.3�, �h� Co�2.4�, �i� Ni�2.1�, �j�
Ni�2.2�, �k� Ni�2.3�, and �l� Ni�2.4�. Inset in each subfigure’s top
left corner is a top view of that configuration as per shown in Fig. 6
�i.e., in the x-y plane�. The main figure gives the side view �i.e., in
the x-z plane�. Shown in the figures are the atomization energies
�Eat�, the binding energies �Eb�, the local charge on each species,
the local magnetic moments, the projected electronic configuration,
the bound dimer’s bond length, and the average metal-to-graphene
separation. Note that the baseline represents the graphene plane and
C is a symbol used to represent the whole graphene plane and not
just a single C atom found therein.

TABLE VIII. Percentage change in the bound dimers’ bond
lengths with respect to their respective unbound cases.

Conformer 2.1 2.2 2.3 2.4

Fe 15.82 7.65 6.12 5.10

Co 20.41 6.70 4.64 3.09

Ni 15.38 7.69 2.88 3.37
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E2→�1+1�, we have calculated show that the relative agglom-
eration tendency increases as Ni�Co�Fe. We point out to
the reader that this simply accounts for the thermodynamics
of adatom-to-dimer formation on the graphene surface; there
are no kinetic data available at present to account for the rate
at which these adatoms diffuse on the surface.

C. Heteronuclear dimers

We begin our discussion with analysis of the free dimers,
FeCo, FeNi, CoNi, FePt, CoPt, and NiPt. The dimer bond
dissociation energies and projected magnetic moments,
charges and electron configurations, and bond lengths that
we have calculated for these free dimers are presented in Fig.
9.

As with the homonuclear dimers, the accuracy of the cal-
culated dimer bond dissociation energies depends strongly
on how well the exchange-correlation functional used esti-
mates the energy required for the interconfiguration change
3dn−24s2→3dn−14s1, viz., the interconfigurational
energy.43,60 Therefore, we expect that just like the homo-
nuclear clusters, the binding energies that we have calculated
are an overestimate since the interconfigurational energies
have been underestimated. For the free FeCo, FeNi, and
CoNi dimers, the bond energies that we have calculated are
higher than those calculated by Gutsev et al. by 0.30, 0.14,
and 0.25 eV, respectively. The methodology used by Gutsev
et al. is quite different from that used here. They used the
6–311+G� /BPW91 level of theory in the GAUSSIAN98 pro-

gram although they noted that the BPW91 and PBE
exchange-correlation functionals provided rather similar re-
sults for the 3d homonuclear dimers. We therefore conclude
that these differences in bond energies arise from the choice
of basis functions.

The projected electronic configurations and magnetic mo-
ments and dimer bond lengths for the FeCo and CoNi dimers
that we have calculated are in very good agreement with the
values calculated by Gutsev et al. However for FeNi and
FePt, the magnetic moments we calculated are 4.55�B and
4.30�B, respectively, for a smearing of 0.001 Ry. This is
because the highest occupied spin-up and spin-down single-
particle states have eigenvalues that are very close to each
other. Therefore, a zero smearing is required in order to ob-

(a) (b) (c) (d)

(f)(e) (g) (h)

FIG. 8. �Color online� Electron density isosurface �isodensity value=0.06 a.u.� for the various bound Fe dimers. The weakening of the
Fe-Fe bond in configuration 2.1 is well evidenced by the depreciation in electron density between the two atoms relative to the other cases.
The pictures were generated using XCRYSDEN �Ref. 59�.

TABLE IX. The relative binding strength for each of the bound
dimer configurations relative to having two adatoms adsorbed at
their respective most stable site �i.e., configuration 1.1—adatom
above a hole site� for all of Fe, Co, and Ni.


E2→�1+1� /eV

Configuration 2.1 2.2 2.3 2.4

Fe 1.45 1.58 1.84 1.79

Co 0.93 1.19 1.65 1.36

Ni 0.57 0.62 0.84 0.70

(b)(a) (c)

(d) (f)(e)

FIG. 9. �Color online� Dissociation energies �Ed�, bond lengths,
projected magnetic moments, and electronic configurations of the
free FeCo, FeNi, CoNi, FePt, CoPt, and NiPt dimers. The color
code for Fe, Co, Ni, and Pt is red, green, purple, and gray, respec-
tively, and will be used throughout this paper. We note that the
charges do not balance exactly and is a result of the errors intro-
duced when calculating and integrating the projected density of
states.
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tain accurate magnetic moments for these dimers. Using zero
smearing, we obtained a magnetic moment of 4.00�B for
both FeNi and FePt dimers. We found that the binding en-
ergy for the FeNi dimer as calculated using zero smearing is
lower by 0.04 eV compared to the calculation where 0.001
Ry of smearing was used.

Six initial starting configurations for each of the FeCo,
FeNi, CoNi, FePt, CoPt, and NiPt dimers adsorbed on
graphene were studied. Representations of these configura-
tions are shown in Fig. 6. For heteronuclear clusters there are
two subconfigurations for each of 2.3 and 2.4 which we will
refer to as configurations 2.n.1 and 2.n.2, where n=3 or 4,
respectively. The former �latter� denotes the configuration
where the atom with the lower �higher� atomic number is
closer to the graphene. As the dimers do not have their bond
axes oriented exactly perpendicular or parallel to the
graphene plane, we define 
, which is the angle the dimer
bond axis makes with the normal to the graphene plane. The
angle 
 is a useful measure of the extent of the buckling that
occurs in the cases where the dimer bond axis is oriented
nearly parallel to the graphene plane �i.e., in configurations
2.1 and 2.2�. In the case of dimers adsorbed with the dimer
bond axis oriented perpendicular to the graphene plane, we
did not investigate the shape of the potential well associated
with rotations about the normal to the surface. The optimized
orientations for configurations 2.3.1, 2.3.2, 2.4.1, and 2.4.2

that we report here are found by starting with initial orienta-
tions that are exactly perpendicular to the graphene. At the
optimized orientation, the resolved angular forces are smaller
than 0.001 a.u. Although we did not do a comprehensive
search for the minimum in the azimuthal direction, these
small forces indicate that we are probably close to the bot-
tom of a rotational well.

The most strongly bound FeCo, FeNi, and CoNi dimer
configuration is 2.3.1. This corresponds to a dimer with its
bond axis oriented nearly perpendicular to the graphene
plane with the atoms directly above a hole site and the atom
with the higher atomic number closer to graphene. The bind-
ing energies, the metal-metal bond lengths, the metal-to-
graphene separation, and the projected magnetic moments
and electronic configurations of the metal atoms for the
bound FeCo, FeNi, and CoNi dimers are shown in Figs.
10–12. We added the binding energies to the respective free
dimer bond energies to get atomization energies for the
bound dimer. These values are also included in Figs. 10–12.
As in the case of the homonuclear dimers, we also checked
the convergence of the parameters used in our calculations
by computing the atomization energies by taking the differ-
ence in the total energies of the graphene with two separate
metal atoms in the gas phase and the graphene with the
bound dimer. We find that the atomization energies calcu-
lated either way are the same.

The general trend electron population redistribution when
the free heteronuclear dimer adsorbs on graphene is similar
to that observed for homonuclear dimers. For example, the
d-state occupancies for adsorbed heteronuclear dimers with
bond axes nearly parallel to graphene are similar to those for
the free dimer. Also, the s-state occupancy is considerably
lower for the bound dimer compared to the free dimer; the
depletion is again correlated with the amount of charge that
is transferred to the � system of graphene. For the adsorbed

(b)(a)

(c) (d)

(e)

FIG. 10. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound FeCo dimers. Configuration 2.4.1 is unstable and the
dimer with that initial configuration converged to configuration
2.3.1.

(b)(a)

(c) (d)

FIG. 11. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound FeNi dimers. Configurations 2.4.1 and 2.4.2 are unstable
and the dimers with those initial configurations converged to con-
figurations 2.3.1 and 2.3.2, respectively

JOHLL, KANG, AND TOK PHYSICAL REVIEW B 79, 245416 �2009�

245416-14



FeCo dimer in configuration 2.1, 0.80 electron is transferred
to graphene. This is equal to the sum of the depletion in the
s-state occupancies for the Fe and Co atoms, viz., 0.28 and
0.53, respectively. The projected electronic configuration for
the atoms in a dimer bound with its axis nearly perpendicular
to graphene is considerably different compared to a dimer
bound with its axis nearly parallel to graphene. The atom that
is farther from graphene has an electronic configuration that
is closer to the free-atom electronic configuration. The
d-state occupancy of the atom that is closer to graphene is
similar to that of the projected electronic configuration in the
free dimer. The charge transfer to the graphene comes almost
entirely from the s orbital of the atom that is closer to
graphene. For the bound FeCo dimer in configuration 2.3.1,
the Co atom is closer to graphene. The change in the occu-
pancy in the s state for this Co atom when the dimer goes
from the free to bound state is equal to 0.37 �see Figs. 9 and
10�c�� and this is equal to the number of electrons transferred
to the graphene. For dimers bound perpendicular to the
graphene plane, desorption from the graphene is accompa-
nied by a significant change in the electronic configuration of
the atom farther from the graphene. For the bound FeCo
dimer in configuration 2.3.1, the Fe atom electronic configu-
ration changes from 3d6.414s1.47 to 3d6.814s1.05 when the
dimer desorbs. Therefore desorption of perpendicular bound
dimers is accompanied by an electronic interconfigurational
energy change. This is not the case for dimers bound with
their axes parallel to graphene and thus the perpendicularly
bound dimers have a larger binding energy even though the
amount of charge transferred to graphene is smaller. This
also allows us to understand why configuration 2.3.2 has a
lower binding energy than 2.3.1 because the interconfigura-
tional s→d energy decreases as Fe�Co�Ni. This also ex-
plains why buckling occurs in dimer configurations 2.1 and

2.2 with the buckled-up atom having the higher interconfigu-
rational s→d energy. The buckled-up atom has a slight
depletion in its d-state occupancy and therefore a small
amount of electron transfer to the d states is necessary in
order to attain the electronic configuration of the free dimer.
Having the buckled-up atom with the higher interconfigura-
tional energy therefore allows for a small amount of added
stability compared to a hypothetical case where both atoms
have d occupancies that are very close to that of the free
dimer. We also found that apart from the FeCo dimer bound
as configuration 2.4.2, all other 2.4-type configurations were
unstable. In these cases, the dimers migrated from the atom
site to the hole site while maintaining the relative orientation
of the dimer, viz., 2.4.1–2.3.1 and 2.4.2–2.3.2.

Just like the homonuclear dimers and the mixed FeCo,
FeNi, and CoNi dimers, we find that the most strongly bound
FePt, CoPt, and NiPt dimer configurations are those where
the dimer bond axis is oriented nearly perpendicular to the
graphene plane. The atomization and binding energies,
metal-metal bond lengths, metal-to-graphene separation, and
projected magnetic moments and electronic configurations of
the metal atoms for the bound FePt, CoPt, and NiPt dimers
are shown in Figs. 13–15, respectively, for dimer configura-
tions which are stable. For these dimers, we were not able to
find a stable configuration 2.1; the FePt and CoPt dimers
with this initial configuration converged to configuration
2.3.2 while the NiPt dimer converged to configuration 2.2.

(b)(a)

(c)

FIG. 12. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound CoNi dimers. Configurations 2.1, 2.4.1, and 2.4.2 are
unstable and the dimers with those initial configurations converged
to configurations 2.2, 2.3.1, and 2.3.2, respectively

(b)(a)

(c)

FIG. 13. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound FePt dimers. Configuration 2.3.1 is unstable and the
dimer with that initial starting configuration converged to the con-
figuration labeled 2.3.1.0, with the Pt atom �closer to graphene�
located above the bridge site �i.e., at the midpoint of the C-C bond
in graphene�. Configurations 2.1, 2.2, and 2.4.2 are unstable and the
dimers with those initial configurations all converged to configura-
tion 2.3.2, albeit the latter being the least stable of the bound FePt
configurations studied in this work suggesting that the energy bar-
rier to configuration 2.3.2 is lower than the energy barrier to con-
figuration 2.3.1.0, the global minimum of the configurations studied
here.
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The most stable FePt configuration is 2.3.1.0 where the
dimer is bound perpendicularly at a bridge site. The most
stable CoPt and NiPt configuration is 2.3.2.

For the FePt, CoPt, and NiPt dimers, we find that configu-
ration 2.3.1 is unstable. Starting with an initial configuration
2.3.1, these dimers migrated to the bridge site, which we
have called configuration 2.3.1.0. We carried out calculations
for Pt adatom on graphene and find that the bridge site is the
most stable adsorption site. This has a binding energy of 1.44
eV and is 0.14 eV more stable than binding at an atom site.
Our calculations showed that Pt atoms do not bind at the hole
site. Given our previous discussion which demonstrates that
electron transfer from perpendicularly bound dimers to
graphene comes almost entirely from the atom closer to the
graphene, the instability of the Pt adatom at the hole site is
consistent with the instability of 2.3.1. This is further sup-
ported by the fact that configuration 2.1 is unstable for all
three FePt, CoPt, and NiPt bound dimers, possibly owing to
the fact that the Pt atom itself is unstable when bound above
a hole site.

As opposed to the FeCo, FeNi, and CoNi dimers, the
charge transfer that accompanies the adsorption of the FePt,
CoPt, and NiPt dimers does not occur exclusively between
the atom closer to graphene and graphene. The projected
electronic configurations shown in Figs. 13–15 show that
charge transfer also occurs between the two atoms of the
dimer. However it is still clear that the atom farther from
graphene has a larger electronic interconfigurational change,
which in cases involves a net d→s interconfiguration change
during adsorption. Since the s→d electronic interconfigura-
tional energy for Pt is the most negative, we would expect
that the X-Pt �X=Fe, Co, or Ni� dimers would adsorb most

strongly with Pt closer to graphene. This is consistent for the
adsorbed FePt dimer. However, the most strongly adsorbed
CoPt and NiPt dimer configuration is one where the Pt atom
is farther from graphene. As we have discussed earlier, the
binding energy is determined by both the electronic intercon-
figurational energy change and the amount of charge trans-
ferred to the graphene. Our calculations suggest that for CoPt
and NiPt, it is the effect of charge transfer that is dominant in
determining the most stable adsorption configuration. For
configurations where the Pt atom is closer to graphene, the
lower charge transfer to graphene is consistent with the
higher electronegativity of Pt relative to both Co and Ni.
Thus, for CoPt and NiPt, the higher binding energies of con-
figurations where the Pt atom is farther from graphene are
ultimately due to the higher electronegativity of Pt.

Relative to the projected magnetic moments of the atoms
in the free dimer, the projected magnetic moment of the atom
that is farther from graphene is enhanced but is reduced for
the atom that is closer to graphene. Overall, there is little
change in the total magnetic moment of the dimer when
bound to graphene compared to when it is free. To the best of
our knowledge, there are no available data on the magnetic
moment of the free FePt dimer but we would expect that
since Pt is in the same group as Ni in the Periodic Table, the

(b)(a)

(c) (d)

FIG. 14. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound CoPt dimers. Like the FePt dimer bound with an initial
configuration 2.3.1, the CoPt dimer converged to configuration
2.3.1.0. Configurations 2.1 and 2.2 are unstable and the dimers with
those initial configurations both converged to configuration 2.3.2,
which in the case of the bound CoPt, is the most stable of the bound
CoPt dimer configurations studied in this work.

(b)(a)

(c) (d)

(e)

FIG. 15. �Color online� The atomization �Eat� and binding �Eb�
energies, metal-metal bond lengths, metal-to-graphene separation,
and projected magnetic moments and electronic configurations of
the bound CoPt dimers. Like the FePt and CoPt dimers bound with
an initial configuration 2.3.1, the NiPt dimer converged to configu-
ration 2.3.1.0. Configuration 2.1 is unstable and the dimer with that
initial configuration converged to configuration 2.2.
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total magnetic moment should be 4.00�B as well; this is what
we get in configurations 2.3.1.0 and 2.4.1. The total magnetic
moment for FePt when bound as configuration 2.3.2 is zero.
The spins on the two metal atoms are aligned antiferromag-
netically and there is no net spin on graphene. For the free
dimers, the projected moments on Fe, Co, and Ni are most
enhanced when bonded to Pt and the projected magnetic mo-
ment on Pt is most enhanced when bonded to Ni. When the
dimers are adsorbed on graphene, the projected moment on
each of Fe, Ni, and Pt is most enhanced when bonded to Co
in configurations 2.3.1, 2.3.2, and 2.3.2, respectively. For
each combination of elements, these configurations are also
the most stable ones found in our calculations except for the
CoNi dimer for which configuration 2.3.1 is 0.01 eV more
stable than configuration 2.3.2. The projected moment on Co
is most enhanced when bonded to Fe in configuration 2.3.2
which has a binding energy that is 0.36 eV less than the most
stable bound FeCo configuration, 2.3.1. Therefore, Fe, Ni,
and Pt have their magnetic moments most enhanced when
bonded to Co and bounded to graphene in the most stable
dimer configuration or in a configuration that is very close in
stability as in the case of the CoNi dimer.

IV. CONCLUSION

We have carried out plane-wave DFT calculations to in-
vestigate the binding, projected magnetic moments, and elec-
tronic configurations of Fe, Co, and Ni adatoms and dimers,
both homonuclear and heteronuclear, the latter of which in-
cludes mixing with Pt, adsorbed on graphene. We found,
contrary to previous work6,7,50 that the Fe, Co, and Ni ada-
toms and homonuclear dimers bind weakly to graphene. The
most stable adatom configuration corresponds to 1 where the
atom is adsorbed above a hole site. The magnetic moment of
the whole system �i.e., adatom and graphene� is 2�B lower
compared to the total magnetic moment of the unadsorbed
atom and the plain graphene sheet. This is consistent with
previous work.6,7 For the homonuclear Fe, Co, and Ni
dimers, there is little change in the total magnetic moments
and dimer bond lengths compared to their free or unbound
state. The most stable adsorbed homonuclear dimer configu-
ration is configuration 2.3. This stability stems from the ad-
ditional energy required for the electronic interconfiguration
energy change in the atom farther from the graphene plane.

For each heteronuclear dimer we investigated, the most
stable configurations are those where the dimer bond axis is

oriented nearly perpendicular to the graphene plane. In these
configurations �i.e., configurations of types 2.3 and 2.4�,
more energy is required to desorb the dimer relative to con-
figurations where the dimer bond axis is oriented parallel to
the graphene plane due to the additional energy required for
an electronic interconfigurational change for the atom farther
from the graphene. This is because this atom has an elec-
tronic configuration that is closer to that of the free atomic
state rather than that of the free mixed dimer state. The most
stable adsorbed FeCo, FeNi, and CoNi dimer configuration
corresponds to 1 where the dimer bond axis is oriented
nearly perpendicular to the graphene plane, with the atoms
above a hole site and the species with the higher intercon-
figuration energy located farther from graphene. For the ad-
sorbed FePt, CoPt, and NiPt dimers on graphene, we found
that any hole site configuration is unstable and is most likely
due to the fact that the Pt adatom is unstable above the hole
site and migrates to the bridge site. We therefore found that
configuration 2.3.1 is unstable and that a bound FePt, CoPt,
and NiPt dimer with Pt closer to graphene converged to a
structure where the dimer bond axis is perpendicular and
above a bridge site �i.e., configuration 2.3.1.0�. For the ad-
sorbed FePt dimers on graphene, we found that the amount
of charge transferred to graphene is the same regardless of
the bound dimer configuration. The most stable FePt bound
dimer configuration is 2.3.1.0, again where the metal atom,
in this case Fe, with the higher interconfiguration energy is
located farther from the graphene plane. For the CoPt and
NiPt bound dimer configurations, we found that the charge
transfer to the graphene plane is more significant than the
interconfigurational change in determining the stability. The
most stable adsorbed CoPt and NiPt dimers on graphene cor-
respond to configuration 2.3.2, with the Co and Ni atoms,
respectively, closer to graphene. The magnetic moment of
the atom farther from �closer to� the graphene is enhanced
�reduced� as in the case of the adsorbed homonuclear dimers.
For the adsorbed mixed dimers, the magnetic moments of Fe,
Ni, and Pt are most enhanced when bonded to Co. This en-
hancement of the magnetic moments of the Fe, Ni, and Pt
atoms is largest for the most stable dimer configuration for
each combination of elements.

Finally, since the accuracy of the interconfigurational en-
ergy is dependent on the level of approximation made for the
exchange-correlation functional, we expect improvements in
the exchange-correlation functional to lead to better esti-
mates of the binding energy.
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