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Adsorption of rare-earth �RE� adatoms �Nd, Gd, Eu, and Yb� on graphene was studied by first-principles
calculations based on the density-functional theory. The calculations show that the hollow site of graphene is
the energetically favorable adsorption site for all the RE adatoms studied. The adsorption energies and diffu-
sion barriers of Nd and Gd on graphene are found to be larger than those of Eu and Yb. Comparison with
scanning tunneling microscopy experiments for Gd and Eu epitaxially grown on graphene confirms these
calculated adsorption and barrier differences, since fractal-like islands are observed for Gd and flat-topped
crystalline islands for Eu. The formation of flat Eu islands on graphene can be attributed to its low diffusion
barrier and relatively larger ratio of adsorption energy to its bulk cohesive energy. The interactions between the
Nd and Gd adatoms and graphene cause noticeable in-plane lattice distortions in the graphene layer. Adsorption
of the RE adatoms on graphene also induces significant electric dipole and magnetic moments.

DOI: 10.1103/PhysRevB.82.245408 PACS number�s�: 68.43.Bc, 73.22.�f, 68.65.Pq, 73.20.Hb

I. INTRODUCTION

Graphene, a single atomic layer of graphite, has been a
material of current intensive studies due to its novel elec-
tronic and structural properties and its potential applications
in emerging area of carbon-based electronic devices.1,2 The
sp2 hybridization and unaffected pz orbitals in graphene are
the two prominent characteristics of its electronic structure
leading to a unique band structure with a linear dispersion
relation near the Dirac point. In addition to the studies of
intrinsic behavior of graphene, there has been a lot of interest
in modifying the electronic as well as magnetic properties of
graphene to meet the needs of various graphene-based mate-
rials and device applications. One of the effective ways to
control and modify the structure and properties of graphene
is by adsorption of atoms and molecules on graphene. Tun-
able electronic and magnetic properties of graphene are pos-
sible through the interactions the graphene with various ad-
sorbed atoms or molecules. Recently, studies of adsorption
and diffusion behavior of different adatoms on graphene
have also attracted a lot of attentions because the strong in-
plane sp2 hybridization and unaffected pz orbitals make
graphene an interesting substrate for growth of various metal
nanostructures for potential applications in nanotechnology.

In the past few years, there has been a rapid growth in
first-principles calculations to acquire an electronic and
atomic level understanding of the interactions of alkali3–9 and
transition10–15 metal adatoms on graphene. Many fundamen-
tal issues related to these interactions such as stable configu-
rations, adsorption energies and diffusion barriers, dipole
moment, and mixed hybridization-induced magnetism be-
tween metal adatoms and graphene layer, have been the fo-
cus of these studies.3–15

It has been shown that most of the alkali and simple metal
adsorptions on graphene have low diffusion barriers,3,9

which are desirable for fast formation of metal islands on the
graphene. The ratio of the adsorption energy to the bulk co-
hesive energy �Ea /Ec� for alkali metal adsorption on
graphene is also generally high which would favor the
growth of large flat islands on graphene.3 However, the alkali
and simple metals on graphene do not induce significant
changes in the electronic and magnetic properties of
graphene, although the donation of electrons drive the Fermi
level of graphene away from the Dirac point and may induce
large dipole moment for the adatom/graphene system.3 On
the other hand, transition metal adsorption on graphene can
have significant effects on the structure and electronic prop-
erties of graphene10–15 but the value of Ea /Ec is low. The
diffusion barrier of transition metal on graphene is also gen-
erally high3,14 which hinders the formation of big flat metal
islands after low-temperature deposition.

While alkali and transition metals adsorption on graphene
have been studied extensively, the studies of interactions be-
tween rare-earth �RE� metals and graphene are much less.
Since the bonding characteristics of RE metals is different
from that of sp simple metals and transition metals, the study
of RE adatom adsorption on graphene would shed additional
light into the properties of graphene as well as nanostructure
formation mechanism on graphene.

In this paper, using first-principles calculations, we show
that adsorptions of RE atoms on graphene exhibit adsorption
energies and diffusion barriers intermediate between that of
alkali and transition metal adatoms. The adsorption energies
and diffusion barriers are also dependent on the choice of RE
adatoms. In particular, we found that Eu adsorption on
graphene has very low diffusion barrier and at the same time
has relatively large adsorption energy with respect to its bulk
cohesive energy. Such unique bonding properties of Eu ada-
tom on graphene are desirable for the formation of stable
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nanostructures on graphene for various fundamental studies
as well as technological applications. Scanning tunneling mi-
croscopy �STM� experiments of Gd and Eu deposited epi-
taxially on graphene grown on Si-terminated SiC confirm the
differences in the energy barriers and the ratio Ea /Ec by mea-
suring the initial nucleation and subsequent growth morphol-
ogy. Fractal-like noncrystalline islands are observed for Gd
at room temperature �RT� while large crystalline flat-topped
islands for Eu. Our calculation also shows that adsorption of
RE atoms on graphene layer also enhance the magnetic mo-
ments in the system.

II. CALCULATION METHODS

Graphene has a hexagonal primitive unit cell with two
carbon atoms per cell. The lattice constant obtained from our
calculation is 2.46 Å, agrees well with experimental value.
The adatom/graphene system is modeled with one RE ada-
tom in a 4�4 hexagonal graphene supercell with periodic
boundary conditions as shown in Fig. 1. The dimension of
the supercell in the z direction is 15 Å which allows a
vacuum region of about 12 Å to separate the atoms in the
supercell and their replicas. The calculations are performed
for adatoms positioned on the graphene at the top of a carbon
atom, labeled top �T� site, at the middle of a carbon-carbon
bond, labeled bridge �B� site, and at the hexagonal center
site, labeled hollow �H� site, respectively, as indicated in Fig.
1. Four types RE adatoms, Nd, Gd, Eu, and Yb on graphene
have been studied.

The first-principles calculations are performed based
on the density-functional theory �DFT� with generalized
gradient approximation �GGA� in the form of
Perdew-Burke-Ernzerhof16 implemented in the Vienna ab
initio simulation package17–19 �VASP�, including spin polar-
ization and dipole moment corrections.20,21 It is well known
that DFT description of the narrow f bands in RE metals
based on local-density approximation �LDA� and GGA for
exchange-correlation energy functional is not adequate due
to the strong electron correlation effects. We adopt the ap-
proach in the VASP to cope with this limitation of DFT where
the pseudopotentials for RE metals are developed by fixing
the f electrons in the core according to the f-electron con-
figuration in the corresponding RE compounds. Yb has a set
of completely filled f orbitals which has been naturally
treated as core states while the 5p6 and 6s2 electrons are

treated explicitly as valence electrons. For neutral Eu and Gd
atoms there are seven f electrons in the ground state. The
half-filled f-electron configuration is energetically quite
stable and has been put in the core. The 5p6 and 6s2 electrons
of Eu and the 5p6, 5d1, and 6s2 electrons of Gd are treated as
valence electrons. Although neutral Nd has four f electrons
in the lowest energy configuration, usually one f electron
would move out of the core and participate in chemical
bonding in bulk environment. Therefore in the VASP, three f
electrons are frozen in the core and another f electron and the
5s2, 5p6, and 6s2 electrons are treated as valence electrons.
All valence electrons are treated explicitly in the VASP and
their interactions with ionic cores are described by projector
augmented wave method.22,23 The wave functions in the
present calculation are expanded in a plane wave basis set
with an energy cutoff of 600 eV. A k-point sampling of 6
�6�1 Monkhorst-Pack grids in the first Brillouin zone of
the supercell and a Gaussian smearing with a width of �
=0.05 eV are used in the calculations. All atoms in the su-
percell are allowed to relax until the forces on each atom are
smaller than 0.01 eV /Å. The supercell dimensions are kept
fixed during the relaxation. We have tested the convergences
of the energies with respect to the energy cutoff �400 eV vs
600 eV� and k-point sampling �4�4�1, 5�5�1, and
6�6�1�. The results show that the use of 600 eV and a
6�6�1 k-point grid in our calculations should be sufficient.

III. RESULTS AND DISCUSSIONS

A. Adsorption energy and diffusion barrier

Our calculation results show that the energetically most
favorable adsorption site is the H site, followed by the B and
then the T sites for all the adatoms studied in this paper. The
adsorption energies and diffusion barriers for the four RE
metals adsorption on the H site of graphene obtained from
our calculations are summarized in Table I. The adsorption
energy Ea is defined as the difference between the energy of
the relaxed adatom-graphene system and that of the isolated
perfect graphene sheet and an isolated RE atom.3 To mini-
mize the error in the adsorption energy calculations, the en-
ergies of the isolated perfect graphene sheet and the isolated
atom are also calculated using the same supercell, energy
cutoff, and k-point sampling as those in the calculations for
the adatom/graphene systems. We have also studied the dif-

TABLE I. The adsorption energy �Ea�, diffusion barrier ��E�,
electric-dipole moment �P�, in-plane graphene lattice distortion am-
plitude �d//�, charge transfer ��q�, and magnetic moment ��AG� for
various RE adatoms adsorption on graphene. Magnetic moments of
isolated pseudoatoms ��A�� are also listed for comparison.

Adatom
Ea

�eV�
�E

�eV�
P

�D�
d�

�Å�
�q
�e�

�AG

��B�
�A�
��B�

Nd 1.88 0.35 2.61 0.015 0.61 2.30 1.00

Gd 1.61 0.23 1.93 0.016 0.70 2.17 1.00

Eu 0.90 0.14 1.10 0.009 0.62 1.09 0.00

Yb 0.32 0.15 1.17 0.009 1.04 1.09 0.00

FIG. 1. �Color online� Three adsorption sites for an adatom on
graphene: hollow center �H�, bridge center �B�, and top �T� sites in
a periodic 4�4 graphene supercell.
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fusion barriers for the adatoms on graphene. Although in
principle the diffusion barriers can be obtained by examining
the potential-energy surfaces24,25 for the adatoms on
graphene, in the present case the adsorption geometry is rela-
tively simple due to the high symmetry of the graphene lat-
tice. In our present calculation, we determined the adsorption
energy and diffusion barrier following the method used in
Ref. 3, i.e., the diffusion barrier �E is obtained by the energy
difference between the H and B sites according to the
symmetry.3 We also further checked the diffusion barrier by
examining the potential-energy surface along the line con-
necting the H site to the B site and then to the next H site
similar to the method used in Ref. 10. The diffusion barriers
from such calculations are consistent with that determined
from the energy difference between the H and B sites. We
found that the adsorption energies of Nd and Gd adatoms on
graphene are large, 1.88 eV and 1.62 eV, respectively, while
that of Eu is intermediate �0.91 eV� and that of Yb is rela-
tively small �0.34 eV�. The diffusion barriers are also rela-
tively large for Nd and Gd �0.35 eV and 0.23 eV, respec-
tively� and smaller for Eu �0.14 eV� and Yb �0.15 eV�.

The different adsorption energies for different RE ada-
toms can be explained by their electronic bonding charge
distributions �BCD� as shown in Fig. 2. Here the bonding
charge distribution is the difference between the self-
consistent charge distribution and the simple superposition of
atomic charge density of the individual atoms in systems.
The bonding charge defined in this way can be regarded as
the amount of electrons involved in the bonding. Red color
in the plot indicates an increase in the electron density after
bonding, and deep blue indicates a charge density loss with
respect to the superposition of the atomic charge densities.
The region with a higher BCD indicates stronger bond for-
mation in the region. As one can see from Fig. 2, there are

noticeable bonding charge distributions between the Nd and
Gd adatoms and their nearest carbon atoms from the
graphene, suggesting that there is significant covalent bond-
ing between the Nd and Gd adatoms and the graphene which
leads to the larger adsorption energies. In comparison, the
bonding charge and the degree of covalent bonding between
the Eu adatom and graphene is much weaker. There is almost
no bonding charge between Yb and graphene layer and the
interaction between the Yb adatom and graphene is mainly
ionic, similar to the alkali metals on graphene.3

B. Experimental study of growth morphology

STM is a useful tool to study metal graphene interaction
because the grown island morphology under different condi-
tions, such as different temperature T, coverage �, and flux
rate F, can reveal information about the energetic barriers of
metal adsorption and diffusion on graphene. Using STM, we
can observe directly whether islands or films are grown at
given set of growth conditions and whether they are crystal-
line or amorphous. STM can also be used to measure the
nucleated island density n to deduce the energetic and kinetic
parameters to compare with the ones calculated using the
first-principles methods. The island density can be analyzed
in terms the classical theory of nucleation26 which has been
extensively used in STM experiments to deduce the diffusion
barrier �E in numerous metal/metal and metal/
semiconductor systems.27 The key assumption of the theory
is that as the adatoms are deposited randomly on the surface
and diffuse over a distance defined by the diffusion length,
they encounter other adatoms and nucleate a stable island if
a minimum number of adatoms in the island is reached �the
so-called critical size cluster ic�. Very quickly a steady state
is attained where all the newly arriving atoms join existing
islands and n becomes coverage independent. A high island
density n corresponds to slow diffusion while the opposite
signifies fast adatom diffusion. Another quantity easily mea-
surable by STM is whether growth is smooth �layer by layer�
or rough three dimensional �for the same temperature condi-
tions�. The difference in morphology is controlled both by
surface diffusion and the step edge barrier, i.e., an extra bar-
rier existing at step edges �Es that controls how easy the
atoms move from higher to lower layers. This barrier espe-
cially in the first layer is defined by the adatom and the
substrate so it also contains information about the strength of
the metal-graphene interaction. A small �E and �Es imply
layer-by-layer growth while in the opposite limit the growth
is three dimensional. Both these barriers indirectly reveal
information about the strength of the metal-graphene inter-
action.

STM experiments were carried out for the epitaxial
growth of Gd and Eu on graphene prepared by the thermal
annealing of SiC. The method produces G1 �single layer� or
G2 �bilayer� graphene of very high quality28 with domains
that extend over micromenter because of slow and controlled
desorption of Si through the steps to graphitize the surface.
The steps undergo a single to triple step transition with dif-
ferent retracting speeds that results in the fine coverage con-
trol of the remaining C that eventually produces uniform
graphene layers over very long distances.

FIG. 2. �Color online� BCD in the vertical diagonal plane of the
4�4 supercell when the RE adatom is located at the H site. Red
color means an increase in the electron density and deep blue means
a charge density loss, with respect to the superposition of the atomic
charge density.
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Metals were deposited at a rate of 0.12–0.2 ML/min at
RT. As seen in Figs. 3�a�–3�d� the grown morphology of Gd
�Figs. 3�a� and 3�b�� on graphene at RT is very different from
the morphology of Eu �Figs. 3�c� and 3�d�� for similar de-
posited amounts ��1 and �3 ML. Gd grows into high den-
sity of three-dimentional fractal-like islands. Eu on the other
hand shows flat top crystalline islands with well-defined
facets. The areas shown in Figs. 3�a�–3�d� are the same
250�250 nm2. The STM images at the �=1 ML �Figs. 3�a�
and 3�c�� show that the island density is 1.2�10−3

islands /nm2 for Gd vs 4�10−4 islands /nm2 for Eu, and the
most common height is five layers for Gd vs three layers for
Eu. More importantly the average lateral size is 5 nm for Gd
vs 25 nm for Eu. Continuous deposition of Gd results in still
fractal islands �see Fig. 3�b�� that spread out laterally and
never merge since separate branches of different orientation
approach from neighboring islands. On the other hand, con-
tinuous deposition of Eu very quickly results in flat films of
large terraces seen in Fig. 3�d� with only two or three layers
exposed. Gd transforms into hexagonally shaped crystalline
islands only when it is heated to a higher temperature
600 °C. These growth morphology differences are consistent
with the calculated diffusion barriers listed in Table I. Gd
shows relatively higher diffusion barrier and smaller Ea /Ec
ratio �0.36� as compared to those of Eu which has a diffusion
barrier of 0.14 eV and a Ea /Ec ratio of 0.50. The calculation
results can also explain why the high density of fractal is-
lands of Gd on graphene convert to crystalline structure only
after heated to higher temperature when the atoms either re-

arrange or detach and diffuse to other islands. For Eu the
diffusion barrier is lower and the Ea /Ec ratio is high which
explain why the crystalline islands grow quickly in almost
layer-by-layer fashion.

C. Dipole moments and lattice distortions

The interactions between RE adatom and graphene induce
strong dipole moment in the system. We compute the electric
dipole moment p in the z direction for the unit cell of the
adatom/graphene system as p=��r−Rc��i+e�r�d3r, where Rc
is the position of net charge distribution, and �i+e is charge
density of ions and valence electrons. The electric dipole
moments from our calculations are summarized in Table I.
We can see that a large electric dipole moment especially for
Nd/graphene with a value of 2.61 Debye. About 2.0 Debye
of electric dipole moment is also found for Gd/graphene. For
the more ionic adsorption of Eu and Yb, the total electric
dipole moments are about 1.0 Debye. The onset of covalent
bonding or ionic bonding between the adatom and graphene
also cause different distortions in the graphene layer. In Fig.
4, the in-plane distortions of the graphene layer upon the
adsorption of the RE adatoms on the H site of the graphene
are plotted. The largest in-plane distortion amplitudes are
listed in Table I. These maximum distortions are about 0.6–
1.1% of bond length of carbon atoms in the graphene de-
pending on the types of the adatoms. In order to see the
distortions more clearly, the displacements indicated by the
red arrows in the plots have been enlarged by a factor of
5000 for a better visualization. The distortion patterns �or
strain fields� in the graphene layer caused by the adsorption
of Nd and Gd are very similar, both have �1.0% in-plane
distortion. Note that the in-plane distortion of the second
shell carbon atoms with respect to the adatoms is lager than
that of the first shell carbon atoms. The lattice distortion in
graphene caused by the adsorption of Nd and Gd is not as
large as that caused by adsorption of most of the transition
metal adatoms. By contrast, there are much smaller in-plane
distortion induced by Eu and Yb on graphene. The induced
dipole moment and strain field may cause long-range inter-
action between the adatoms on the graphene and have impor-

FIG. 3. �Color online� �a� 250�250 nm2 STM image for �=1
ML of Gd deposited on graphene at RT with a deposition rate of
0.12 ML/min, which shows fractal-like islands. The islands have
preference to nucleate at step edges. The steps are multiples of 0.25
nm the step height of SiC but they are covered with graphene which
grows over them. �b� After deposition of �=3.6 ML of Gd
the fractal islands come closer but they do not merge. �c�
250�250 nm2 STM images for �=1 ML of Eu deposited on
graphene at RT with a deposition rate 0.2 ML/min. The islands are
large and crystalline of main height 0.75 nm with well-defined fac-
ets. �d� The film closes in a layer-by-layer fashion if the deposition
of Eu continues to 3 ML as shown in the STM image of
250�250 nm2. The barriers are lower and the metal/graphene in-
teraction is weaker for Eu than for Gd as suggested by the calcu-
lated barriers in Table I.

FIG. 4. �Color online� The in-plane lattice distortions of
graphene layer due to the adsorption of the RE adatoms. Arrow
length represents amplitudes of distortion and arrow direction rep-
resents the direction of distortion. The displacements have been
enlarged by a factor of 5000 for a clear visualization. Note that
there are no visible in-plane distortions for Eu and Yb adsorptions.
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tant effects on the growth of the RE metals on the graphene
substrate. Further investigations will be needed to understand
these effects on the island growth.

D. Charge transfer and induced magnetic moments

Another important feature of adatom/graphene interaction
is the charge transfer between adatom and graphene. How-
ever, charge transfer is an ambiguous quantity and there is no
unique definition. In the literature, charge transfer in adatom-
graphene systems has been calculated by integration of
charge density in real space or determined from the differ-
ence between the density of states �DOS� of the pure
graphene and metal adsorbed graphene systems.3 It was
found that the amounts of charge transfer obtained from the
two approaches are very different for alkali and simple met-
als on graphene.3 While charge transfer may be easier to
calculate in the context of ionic bonding, for covalent bond-
ing where charge is shared between adatom and carbon atom
of graphene layer, the context of charge transfer is not easy
to define in the first-principles calculations using a plane-
wave basis set. On the other hand, charge transfer should be
better characterized through the popular Mulliken population
analysis if the atomic-like local orbitals are used as basis. In
this paper, we adopt the recently developed quasiatomic
minimal basis orbitals �QUAMBOs� �Refs. 29 and 30� and
Mulliken charge analysis method to estimate the amount of
charge transfer between the adatom and the graphene layer.
The advantage of our QUAMBOs analysis is that it works
well for both ionic and covalent bonding systems. In Table I,
charge transfer �q due to the adsorption of the RE adatoms
is listed. The positive values of charge transfer indicate trans-
fer of electrons from the adatoms to the graphene. For the
RE adatoms studied, there is a noticeable charge transfer
from adatoms to graphene layer, especially for Yb where
transfer of 1.04 electrons is found. The amount of electron
transfer from other three adatoms is about 0.6–0.7 electrons
as one can see from Table I.

The Mulliken population analysis based on the QUAM-
BOs also allows us to gain more detailed information about
the charge transfer among the different orbitals. These results
are shown in Table II. We can see from Table II that the 6s
orbital of the RE adatoms gives up more than one electron
when the adatoms adsorb on graphene. For Yb on graphene,
the 1.04 electrons lost from the 6s orbital of the Yb atom all

go to the graphene layer. However, for Nd, Gd, and Eu on
graphene, about half of the electrons �slightly less for Gd and
Eu� given up by the 6s orbital of the adatoms occupy the 5d
orbital of the adatoms thus enhancing the covalent bonding
between the adatoms and the graphene. The rest of the elec-
trons are transferred to the graphene layer, mainly to the pz
orbitals of the carbon atoms next to the adatoms. The 5p
electrons of the adatoms do not participate in the charge
transfer and bonding.

We also calculated the magnetic moments of the adatom/
graphene systems and compared them to those from the va-
lence electrons of the isolated atoms. Note that the core f
electrons of the RE adatoms are not included in the present
VASP calculations as discussed in the calculation methods
section. Therefore the magnetic moments presented in this
paper do not include those from the core f electrons. Since
the 4f shell of Yb is completely filled, there should be no
magnetic moment contribution from the core electrons. For
Eu, Gd, and Nd, we found that the f-electron magnetic mo-
ment always prefers a parallel alignment with that of out-
shell s and d electrons in the ab initio calculations of isolated
atom that include the f electrons explicitly. It is therefore
reasonable to assume such parallel alignment hold also for
the present case of RE adatom on graphene. From Table I,
we can see that the magnetic moments are generally higher
when the RE adatoms are adsorbed on graphene. For Nd and
Gd, while the magnetic moments from the valance electrons
of the isolated atoms are about 1 �B, the adatom/graphene
system exhibits a magnetic moment of 2 �B. Similarly, the
adsorptions of Eu and Yb on graphene also induce a mag-
netic moment of 1 �B although there is no magnetic mo-
ment from the valence electrons in the isolated Eu and Yb
atoms. The enhancement of magnetic moment upon adsorp-
tion of RE adatoms on graphene is in contrast to the behav-
iors of most of the simple and transition metals where the
magnetic moments of the adatoms are reduced upon adsorp-
tion on graphene.3,10,11

To see the origin of the magnetic moment enhancement
upon adsorption, we calculated the spin-polarized total elec-
tron DOS for the adatom/graphene systems and partial DOS
for the adatoms, respectively. The partial DOS from the RE
adatoms are also separated into the contributions from the
valence electrons with s, p, and d characters, respectively.
The DOS are computed using a 12�12�1 Monkhorst-Pack
grid for Brillouin-zone sampling and the results are plotted in
Fig. 5. From the plot we can see that the magnetic moments

TABLE II. Charge transfer among different orbitals in the RE adatom/graphene systems obtained by the
Mulliken population analysis based on the QUAMBOs. The unit is in electron. The negative sign means the
orbital loses electrons while the positive sign means the orbital gains electrons. The first shell carbon atoms
mean the nearest-neighbor carbon atoms of the adatoms.

Nd Gd Eu Yb

Adatom 6s orbital −1.31 −1.17 −1.06 −1.04

5p orbital 0.00 0.00 0.00 0.00

5d orbital +0.70 +0.47 +0.45 +0.00

Graphene pz orbitals of the first shell carbon atoms +0.42 +0.54 +0.46 +0.78

pz orbitals of the rest carbon atoms +0.19 +0.16 +0.15 +0.26
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in Nd and Eu are from a partially occupied spin-up states
right at the Fermi level while for Gd and Yb a spin-up peak
between Dirac point and Fermi level is fully occupied. It is
interesting to note that the partial DOS from the adatoms
exhibit the peaks exactly at the same energies as in the total
DOS but the heights of the peaks are much smaller. These
features suggest the magnetic moments in the graphene layer
are induced by the adsorption of the rare earth atoms. The
magnetic moments arise from Nd and Gd exhibit strong d
electron character while that from Eu and Yb are mainly s
like. We also plotted the charge density difference between
the spin-up and spin-down electrons, as shown in Fig. 6, to
see how the magnetization related electrons are distributed in
the samples. The results show that there is significant mag-
netic hybridization between the Nd and Gd adatoms and car-
bon atoms in the graphene. It is interesting to note that the
induced magnetization on the carbon atoms exhibits an alter-
native shell structure. There are noticeable net spin-up elec-
trons in the odd shells of the carbon atoms from the adatoms
but almost zero net charge in the even shells. A similar phe-
nomenon is also observed for the Eu and Yb adatom induced
magnetization in the graphene layer but the magnitude is
smaller.

IV. SUMMARY

In summary, the adsorption of rare-earth metal adatoms
on graphene is studied by first-principles density-functional
calculations. The adsorption energies, diffusion barriers, lat-
tice distortions, and electronic and magnetic properties of the
RE adatom-graphene systems are studied. While some RE
adatoms such as Nd and Gd exhibit covalent bonding with
graphene, Eu and Yb display mostly ionic bonding charac-
teristic when adsorbing on graphene. In particular, the ad-
sorption and diffusion behavior of Eu are very special. It has
very low diffusion barrier but the adsorption energy is rela-
tively high. The ratio of the adsorption energy to the bulk
cohesive energy �Ea /Ec� for Eu adsorption is approximately
0.5 which would favor a layer-by-layer growth of Eu on

graphene. In comparison, the Ea /Ec ratio of Gd on graphene
is only 0.36 and the diffusion barrier of Gd on graphene is
higher than that of Eu, suggesting that the growth morphol-
ogy of Gd on graphene would be different from that of Eu on
graphene. We have also performed STM studies of the
growth morphology of Gd and Eu on graphene. The obser-
vations from our experiment are consistent with our first-
principles calculation results. Gd grows fractal-like islands
and crystallizes only when heated to at least 600 °C. Eu
grows flat crystalline islands at room temperature and the
films continues to grow layer by layer with further metal
deposition. It should be noted that the growth morphology of
metal islands on graphene is also affected by the step edge
barrier �Es which is still difficult to evaluate from first-
principles calculations. But from our experimental observa-
tion, �Es should be much higher for Gd than Eu, consistent
with the other calculated barriers being higher for Gd and
suggesting a stronger Gd-graphene interaction. We also note
the adsorptions of RE metals on graphene induce strong di-
pole moments and lattice distortions in the graphene layer
�especially for Nd and Gd adsorptions�. Since the dipole mo-
ment and lattice distortion strain field will introduce long-
range interactions, which will also affect the growth mor-
phology of the RE metals on graphene. Further
investigations are needed to understand the roles of the long-
range dipole and elastic interactions on the growth mecha-
nism of the nanostructures on graphene. Our calculations
also show that magnetic moments of the graphene layer are
enhanced significantly by the adsorption of the RE adatoms,
suggesting that the magnetic properties of graphene can be
manipulated through the doping or adsorption.
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