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Geometries, electronic structures, and magnetic properties of transition metal M adatom and dimer adsorbed
graphene have been studied (M=Fe, Co, Ni, and Cu). With adatom adsorption, we confirm the previously
reported stable adsorption site, and the adatoms are chemically bonded with graphene except the copper
adatom. With dimer adsorption, we observed that the stable configurations are dependent on the exchange-
correlation functional for the iron dimer and nickel dimer; while the stable configurations do not depend on the
functional for the cobalt and copper dimer. The adsorption energy indicates the copper dimer can barrierlessly
diffuse along the graphene C-C bonds. With iron or cobalt adatom adsorption, graphene becomes a half-metal
which can be used as a spin-filtering material. The iron dimer adsorbed graphene is also a half-metal, but the
cobalt dimer adsorbed graphene is not. Both local-density approximation and generalized gradient approxima-
tion yield consistent results for the nickel adatom adsorbed graphene, which is the system is semiconducting
and nonmagnetic due to the strong binding between nickel and graphene. However, different exchange-
correlation functionals lead to controversial results for the magnetic and transport properties of nickel dimer
adsorbed graphene. The copper adatom adsorbed on graphene exhibits 1up local magnetic moment, but the
dimer does not show any magnetism. These results show that graphene properties can be effectively modulated
by transition metal adsorption and that the transition metal adsorbed graphene can serve as potential materials

in nanoelectronics, spintronics, or electrochemistry.
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I. INTRODUCTION

Graphene, a type of carbon based material, has attracted
great attention from both experimentalists and theoretists
since its experimental discovery in 2004.' Structurally,
graphene consists of a single-layer graphite sheet, thus the
electrons are restricted to the atomic thin sheet, forming two-
dimensional electron gas (2DEG). It has been found that the
material is a zero-gap semiconductor and that its band energy
dispersion is linear around the Fermi level Ej.? Therefore,
the electrons around Ej can be regarded as two-dimensional
massless Dirac fermions with substitution of speed of light ¢
by its Fermi velocity vy. As a result, graphene is of great
interest to fundamental studies as a workbench for quantum
electrodynamics (QED). A typical example is the anomalous
integer quantum hall effect (QHE) of the massless Dirac fer-
mion.

Graphene is also regarded as a potential material for fu-
ture electronics due to its extremely long mean-free path and
thus stimulates the studies on the defects and impurities.
Hashimoto et al. experimentally studied the monovacancy,
multivacancy, and Stone-Wales vacancy on graphene.> Son
et al. studied the edge states of graphene nanoribbons
(GNR), and found that the edge state of zigzag GNR is an-
tiferromagnetic (AFM) with an energy gap.*> Williams e al.
realized p-n junction on graphene and studied its conductiv-
ity and QHE experimentally,’ and Abanin et al. made theo-
retical explanation using model Hamiltonians.” Based on the
theoretical studies about the transport properties of electron
doped graphene by Hwang et al.,® Schedin et al. performed
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experiments showing that the n-doped graphene can be used
as good sensors of gas molecules.” Huang et al. and Wehling
et al. then took out theoretical studies on this issue.!”
Among the vast amount of studies on graphene, transition
metal cluster adsorption on graphene is relatively less stud-
ied. Theoretically, Che et al. carefully examined the interface
between graphene and Pd/Pt surfaces, and explained the dif-
ferent behavior between the palladium-graphene interface
and the platinum-graphene interface.!! Vanin et al. then stud-
ied the transition metal-graphene interfaces using the Van der
Waals corrected density functionals.'> Khomyakov et al. also
studied the interactions and charge transfers between
graphene and various metal surfaces.'’> Karpan et al. per-
formed calculations on the interface between graphene and
the close-packed surfaces of nickel or cobalt, and predicted
spin-filtering effect.'* Duffy and Blackman investigated the
magnetism of transition metal adatoms and dimers on graph-
ite long before graphene was discovered.!> Chan et al. per-
formed density-functional calculations and studied metal
adatom adsorption on graphene.!® Although these calcula-
tions claimed chemisorption of transition metal clusters on
graphene, Johll et al. claimed physisorption of transition
metal clusters on graphene.!” Besides, Duffy et al. and Johll
et al. found different stable configurations for the metal
dimers adsorption on graphene. These calculations mainly
focused on the geometric properties and energetics. Wu et al.
studied the copper adatom and dimer adsorption on graphene
from the first principles.'® More recently, Wehling et al. per-
formed ab initio calculations on Co adatoms on graphene,
and identified an orbitally controlled Kondo effect.!” Longo

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.205424

CAO et al.

et al. studied Fe, and Ni, clusters (n=1 4) adsorbed on hy-
drogen passivated graphene nanoribbons;?’ while Rigo et al.
studied the electronic structure and transport properties of
Ni, cluster doped graphene nanoribbons.?! Similar systems
were also investigated by Sevingliet al.?> Uzengi Aktiirk et
al. studied noble-metal clusters Au,, and Pt, adsorption on
graphene using the first-principles calculations.>* Sanchez-
Paisal et al. also studied Zr,, clusters adsorption and diffusion
properties on graphene.?* Using ab initio calculations, Choi
et al. proposed to employ natural carbon-nitrogen-transition
metal complexes to disperse hydrogen-adsorbing transition
metals on a large scale.?® Experimentally, the studies of tran-
sition metal clusters are very difficult, and thus most experi-
mental studies are performed on transition metal surfaces and
graphene.?%?’

The rest of the paper is organized as follows: in the next
section, we briefly discuss the model and parameters used in
our calculations; then we present our calculation results of
single adatom adsorption, and dimer adsorption in separated
subsections, combined with detailed discussions; and finally,
we summarize our results and draw the conclusion.

II. METHOD AND CALCULATION DETAILS

We employed density-functional theory (DFT) as imple-
mented in PWSCF in the QUANTUM-ESPRESSO package to
model our systems.?® In order to model a metal adatom or
dimer adsorbed on single graphene layer, we chose a 7 X7
supercell of graphene, i.e., 98 carbon atoms plus one adatom
or dimer in the simulation cell. In the direction perpendicular
to the graphene plane, a 15 A inter-graphene-layer distance
was used to eliminate the interactions between the neighbor-
ing images. In all calculations, a set of plane-wave basis up
to 36 Ry was used, and the augmented charge density energy
cutoff was chosen to be 400 Ry.?” The local spin-density
approximation (LSDA) to the exchange-correlation func-
tional generally yields worse energetic properties, geometric
structure, as well as magnetic properties; but the generalized
gradient approximations (GGAs) are known to fail for
weakly bonded (van der Waals) systems such as graphene
and graphite. Since there is no obvious suitable choice of the
exchange-correlation functional, we modeled the exchange-
correlation energies with the LSDA parametrized by Perdew
and Zunger®® as well as the GGA parametrized by Perdew,
Burke, and Ernzerhof.3! The first Brillouin zone was sampled

PHYSICAL REVIEW B 81, 205424 (2010)

v"‘v"‘ 088

FIG. 1. (Color online) Possible adsorption sites of a single ada-
tom onto single-layer graphene. “A” is right above a carbon atom
(atom-top site); “B” is right above the middle of a C-C bond (bond-
top site); and “C” is right above the center of the hexagonal (hex-
center site).

with 3 X3 X 1I'-centered special grid, and the density of
states was obtained with 12X 12X 1I'-centered grid and a
Gaussian smearing of 0.1 eV. The graphene lattice constant
was obtained by varying the perfect graphene lattice, which
turned out to be 1.42 and 1.43 A in LSDA and PBE calcu-
lations, respectively. The transition-metal-adsorbed graphene
structures were carefully optimized until the maximum force
is less than 0.001 Ry/bohr and the total energy difference is
smaller than 1 meV. During the optimization, all internal
coordinates including the adsorbed atoms and the carbon at-
oms were allowed to be relaxed, while the lattice constants
were kept fixed.

III. RESULTS AND DISCUSSION
A. Single adatom adsorption

Because of the hexagonal symmetry of the graphene lat-
tice, possible adsorption sites for a single atom can be re-
duced into three types: the atom-top site, the bond-top site,
and hex-center site (Fig. 1). We list our results for a metal
adatom adsorbed on graphene in Table I. The LDA and PBE
results are consistent for all four types of systems. The iron,
cobalt and nickel adatoms are strongly bonded to the hex-
center site, except for the copper adatom, which is relatively
weakly bonded to the bond-center site. For the adsorption
energies (E,q) of the iron, cobalt, and nickel adatoms, our
results are similar to those obtained by Duffy et al.'> (LDA
results) and Yagi et al.? (GGA results), and are significantly
higher than those reported by Johll et al.!” (PBE results). The

TABLE I. The optimized structure and binding energies of single adatom adsorbed on graphene layer. hy;=z,,—7c, where z¢ is averaged
over all carbon atoms. d; ¢ is the averaged bond length of the metal atom and the nearest carbon atoms. E,q is the adatom adsorption energy
defined as E,q=Ejy+ Egraphene — Erop 10 Unit of eV/atom; and my is the magnetic moment per unit cell, in the unit of . The values outside
the parenthesis are PBE results, and the values inside the parenthesis are LSDA results.

hy dy-c Eq Meell
Atom Site (A) (A) (eV) (up)
Fe H 1.44(1.50) 2.11(2.06) 1.06(2.20) 2.13(2.44)
Co H 1.46(1.47) 2.10(2.04) 2.08(3.25) 1.43(1.13)
Ni H 1.49(1.55) 2.11(2.06) 2.79(3.94) 0.00(0.00)
Cu B 2.04(2.16) 2.20(2.07) 0.44(0.85) 0.64(0.56)
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major difference between our LDA results and those from
Dufty et al. is that their calculations employed the linear
combination of atomic orbitals (LCAQO) and we used the
plane-wave basis set. The difference between our results and
those from Johll ef al. may come from different choice of
isolated metal-atom configurations. The free metal atomic
configurations  (electron  occupancies) we employed
(Fe:3d%s?, Co:3d"4s%, Ni:3d%4s2, Cu:3d'%s!") are differ-
ent from what they used (Fe:3d%3%4s!64 Co:3d7024g!-30,
Ni:3d%774s'23%). Johll et al. proposed that the second argu-
ment to be most probable. We varied the electron occupan-
cies of the free metal atoms, and it turns out that the lowest
configuration energies for Fe(3d%2s!®), Co(3d"74s'?), and
Ni(3d%%4s'9) are 0.05, 0.47, and 1.20 eV lower than the EM
values we used to calculate E,y. All four types of M-C bonds
have similar bond lengths from 2.04 to 2.07 A under LDA;
while under PBE, the Cu-C bond length is about 5% larger
than those of Fe-C, Co-C, and Ni-C. The bond lengths and
binding energies indicate that the iron, cobalt, and nickel
adatoms are chemically bonded with the graphene sheet; and
the copper adatom is physisorbed on graphene. The adsorp-
tion energy for copper adatom is significantly lower than that
reported by Wu er al. because the spin correction was not
correctly taken into consideration in the previous
calculation.'®

The ground state of the iron/cobalt adatom adsorbed
graphene inevitably shows local magnetism around the metal
adatoms as expected (Table I). Surprisingly, the nickel atom,
which normally shows magnetism at bulk states, shows no
magnetism when it is adsorbed on graphene. Spin-polarized
calculations with both ferromagnetic (FM) and antiferromag-
netic (AFM) initial guess (with a 2 X 1 supercell) converge to
the nonmagnetic (NM) state. To the contrary of nickel atom,
the copper atom shows about 0.5up/cell magnetism.

In order to further analyze the electronic structure and
related properties of the transition metal adatom adsorbed
graphene, we first performed the projected density of states
(PDOS) calculations for these systems. Both LDA and PBE
functionals yield very similar result, therefore we show only
the PBE results in Fig. 2. Despite of the low concentration of
the transition metal adsorbed (=1% as the number percent-
age), these metal atoms modify the graphene electronic
structure drastically. For the iron and the cobalt adatom ad-
sorbed systems, their DOS open a gap of approximately 0.2
eV for the majority spin, but remain continuous for the mi-
nority spin. Therefore, both the iron and the cobalt adatom
adsorbed graphene are expected to be good spin-filtering ma-
terials as reported.'*33 For the nickel adsorbed system, the
strong metal-carbon binding completely destroys the delocal-
ized 7 orbital of the graphene layer, and the system open a
small gap of 0.1 eV at the Fermi level. It is well known that
the gap sizes are generally underestimated with DFT calcu-
lations, the material is therefore expected to be a semicon-
ductor. The copper adsorbed system shows continuous DOS
around Ep. for both spins, but at E the DOS of majority spin
reaches the peak while the DOS of minority spin is almost
zero. Finally, the PDOS calculations show that for the copper
adsorbed system, Cu 4s orbitals dominate the majority spin
states around Ep; for the iron and cobalt adsorbed systems,
M 3d (M=Fe,Co) orbitals dominate the minority spin states
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FIG. 2. (Color online) Electronic density of states projected onto
atomic orbitals of the adatom. For Fe, Co, and Ni, the chosen or-
bitals are M 3d; for Cu, the chosen orbital is Cu 4s. The solid lines
are total DOS; dotted lines are PDOS of the chosen adatom atomic
orbitals. Upper panels present « spin (the majority spin); and the
lower panels are B spin (the minority spin).

around E; and for the nickel adsorbed system, Ni 3d orbitals
dominate the states around Ep.

PDOS calculations also yield Lowdin’s charge informa-
tion. Due to the restrictions of the used pseudopotentials,
where no p-orbital information for the transition metal atoms
was presented, all calculations reported zero contribution
from the p orbitals of the transition metal atoms. Neverthe-
less, for all the metal atoms investigated, no more than 0.8¢
charge transfer was observed (Table II), showing that the
M-C bonds are of covalent nature. For the iron atom ad-
sorbed on graphene, a charge transfer from its 4s orbital to
3d orbitals occurs due to the orbital hybridizations, leaving
~2e electrons unpaired and thus yielding 2 u; magnetic mo-
ment. The same argument applies to both cobalt (one un-
paired electron) and nickel (no unpaired electron) atoms ad-
sorbed on graphene. For the copper atom adsorbed on
graphene, the 4s electron cannot be transferred to the full 3d
shell of copper atom, thus the unpaired electron is of s char-
acter (Table II).

B. Metal dimer adsorption

The dimer cluster adsorption forms more complex struc-
ture than the adatom adsorption does (Fig. 3). On one hand,
the dimer can either lie parallel to the graphene layer, and
both atoms form equally strong binding with graphene; or
one of the atoms can be substantially closer to the graphene
layer than the other, forming a tilted dimer on graphene; or
more likely the dimer almost stands vertically toward the
graphene layer, and effectively the dimer binds to graphene
only through the lower atom. On the other hand, the lower
atom (or both atoms in the parallel case) can bind to three
different sites as discussed in previous subsection. In our
calculations, we considered six possible initial configurations
(Fig. 3), and the final configurations were obtained by opti-
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TABLE II. Charge analysis and local magnetic moment on the transition metal atom. “valence” refers to the valence electron configu-
ration for a neutral atom as in its pseudopotential file; ), to the Lowdin’s charge of the atom; m,,, to the local magnetic moment on the
transition metal adatom; m, the magnetic moment contribution from the transition metal s orbitals. The numbers outside the parenthesis are
the PBE results, and the numbers inside the parenthesis are the LDA results. The difference between the number of neutral valence electrons
and the Lowdin’s charge is regarded as the number of electrons transferred.

matom mS
Atom Valence Ny N34 (,LLB) (,LLB
Fe 3d%4s? 7.31(7.38) 7.16(7.23) 2.21(2.00) -0.01(-0.01)
Co 3d74s? 8.40(8.45) 8.25(8.30) 1.19(0.99) 0.00(0.00)
Ni 3d%4s? 9.30(9.24) 9.13(9.07) 0.00(0.00) 0.00(0.00)
Cu 3d'%s! 10.87(10.87) 9.85(9.84) 0.86(0.85) 0.84(0.83)
mizing the initial configurations. Before the structural opti- 1. Fe-dimer adsorbed graphene
mization, the dimer atoms were slightly displaced For the iron-dimer adsorbed graphene, the LDA and PBE

(=0.01 A) away from the high symmetry sites (atom-top,  calculations yield very different results. In LDA calculations,
bond-top, hex-center) to avoid the local minima. It is worthy  the iron-dimer atoms do not favor the hex-center site as the
noting that after full optimization, the dimer atoms might  iron adatom does, and are adsorbed at two bond-center sites,
deviate from these high symmetry sites, and the notations forming a B), configuration (Table III). The two Fe atoms are
just indicate the closest final configurations. However, large therefore equivalent in this configuration. In PBE calcula-
deviation is only observed in the PBE calculation of Fe C, tions, however, the iron dimer is not adsorbed at any high
configuration, whose optimized structure is shown in Fig. symmetry site [Fig. 3(d)]. The Fe atom close to graphene
3(d). We list the structural optimization results for all four (Fe') has appreciably deviated away from the hex-center site,
dimer adsorbed graphene systems in Table III, and detailed and forms a bond of 2.21 A with one of the carbon atoms.
discussions are presented in the following subsections. The angle formed by this Fe!-C bond and the norm of the

(b)

(d) L ®,

YRyRy Ryt Rty
Ly b ity
LA hvarAvty

Y

20 80 a0 " Tan Tan
LTT;*-.&P:“.TW"‘ , SO S A A A A g

FIG. 3. (Color online) Possible adsorption sites of a dimer on a single-layer graphene. (1) The dimer stands almost perpendicular to the
graphene layer. The lower atom is bonded to either (a) atom-top, (b) bond-top, or (c) hex-center site. These configurations are referred to as
A,, B,, and C,, respectively, in this paper. (2) The dimer lies parallel to the graphene layer. The two atoms are binded to S and S” [S
=(a) atom-top, (b) bond-top, or (c) hex-center] sites, respectively. These configurations are referred to as A, B),, and Cj, respectively, in this
paper. The left-top shadowed area is an example of an A, configuration; the middle shadowed area is an example of a B;, configuration; and
the right-bottom shadowed area is an example of a C), configuration.

TTI LT
: der (@ T YYYIL]

205424-4



TRANSITION METAL ADATOM AND DIMER ADSORBED ON... PHYSICAL REVIEW B 81, 205424 (2010)

TABLE III. The optimized structure and binding energies of metal dimer adsorption on graphene layer. E, refers to the relative energy
of a specific configuration to the stable one, which is indicated by 0 in bold font. ,,=z,,—7zc, where z¢ is averaged over all carbon atoms,
and M is the metal atom closer to the graphene layer. © is the angle formed by the dimer and the norm of the graphene sheet, as illustrated
in Fig. 3(b). dy.c is the averaged bond length of the metal atom and the nearest carbon atoms. dy, . is the M-M' distance as in the
dimer-graphene complex, and the number in the parenthesis is the bond length as in an isolated dimer. E,4 is the dimer adsorption energy
defined as E,q=Egimer+ Egraphenc— Eior in unit of eV/dimer, and the number in the parenthesis is the binding energy of an isolated dimer
defined as E;,=2 X Ej;— Egimer- Mcen 18 the magnetic moment per unit cell in the unit of ug, and the number in the parenthesis is the magnetic
moment for an isolated dimer. The notation “to S;” indicates that after the relaxation, the original symmetry of the initial configuration was

completely eliminated, and the structure simultaneously transform into another configuration S,.

Econf
(meV/cell)

hy 0 dy-c dy-m Eqq(Ep) Mge))

Atom A, B, Gy Ay By, Ch (A) (°) (A) (A) (eV) (up)
Fe 59 19 0? to By, 269 374 2.02 2566 221 2.07(1.96)  0.77(3.19)  6.46(6.00)
PBE Co toC, toC, 0 to By, 617 to By, 1.72 1.84 221 2.06(1.95) 1.13(4.73)  3.99(4.00)
Ni 183 to C, 0 to By, 225 226 1.75 095 225 2.14(2.08) 0.92(5.44) 2.04(2.00)
Cu 31 0 145 398 397 to B, 2.21 623 220 220(2.26) 0.43(2.53)  0.00(0.00)
Fe 169 337 171 to By, 0 101 191 2.04  2.01(1.89) 1.67(4.06)  6.00(6.00)
LDA Co 567 to C, 0 179 179 259 1.64 236 214  1.97(1.87) 1.91(5.56)  3.96(4.00)
Ni 1046 1444 1129 to C, to Cy, 0 1.53 2,10 2.36(2.04) 2.53(5.98) 0.00(2.00)
Cu 5 0 133 305 349 to A, 2.03 424 208 221(2.19) 1.08(2.62) 0.00(0.00)

#Under PBE calculations, iron-dimer adsorbed graphene does not take high symmetry configuration after relaxation. We will discuss its

structure in detail in context.

graphene plane (0,) turns out to be 25.40°. Due to the bind-
ing between the Fe! atom and the graphene sheet, the dimer
bond is weakened, as the bond length increases by =~5%.
The dimer bond also tilts and forms an angle (®;) of 15.18°
with the norm of the graphene plane. This result has been
verified using different pseudopotentials, and even in a dif-
ferent plane-wave code (VASP) using projected augmented
wave (PAW) method. The calculations confirmed that the
most stable configuration of iron-dimer adsorbed graphene
depends on the exchange-correlation functional employed in
the calculation, and thus a simple density-functional calcula-
tion is not capable to determine the structure of this system.
Our PBE results are also in consistent with those obtained by
Johll et al.V’

Since LDA and PBE leads to different stable configura-
tions, the DOS of the system are also very different in LDA
and PBE. However, the difference in the DOS are mostly due
to the different stable configurations obtained since the DOS
are very similar if one compares them for the same configu-
ration in either LDA or PBE. Despite of the very different
DOS shapes, the iron-dimer adsorbed graphene is also a half-
metal in both LDA and PBE calculations since the DOS
shows an energy gap of =0.25 eV (0.1 eV) for the majority
spin channel in PBE (LDA) calculations and no energy gap
for the minority spin channel (Fig. 4). In LDA calculations,
the two Fe atoms are equivalent due to the C,, symmetry of
the system, and the PDOS of them are exactly the same. In
PBE calculations, the Fe atom closer to the graphene layer is
labeled as Fe!, and the other Fe atom is labeled as Fe?. The
PDOS analysis shows that, in both calculations, the Fe 3d
orbitals and C 2p orbitals dominate the states from Ep
-4.0 eV to Ex+2.0 eV, and they strongly hybridize for the
minority spin from approximately Ep—1.8 eV to Ep

+1.8 eV and for the majority spin from Ez—4.0 eV to Ep.

We also performed the Lowdin’s charge analysis, and the
results are listed in Table IV. In LDA calculations, the two
equivalent iron atoms lose only 0.34e/atom, showing the
covalent character of the bondings. Each iron atom possesses
=7 electrons on its five 3d orbitals after the orbital hybrid-
izations, thus three electrons remain unpaired and the local
magnetism of the iron atom is 3up. Calculation shows that
an isolated iron dimer also has a magnetic moment of 6up.
In PBE calculations, the iron dimer very weakly binds with
the graphene sheet through Fe! atom, thus Fe! atom loses
~(.2 electrons while Fe? atom remains almost neutral. The
Fe! and Fe? atoms possess =~7.0 and 6.7 electrons, respec-
tively. They yields approximately 3 unpaired electrons each,
and therefore the total magnetic moment is 6.46up/cell.
These results are in consistence with the previous
literatures.'>!7

2. Co-dimer adsorbed graphene

For the cobalt dimer adsorption, both PBE and LDA cal-
culations yield consistent results that the dimer takes C, con-
figuration. However, in PBE calculations, the A,, B,, A, and
C), configurations are unstable; while in LDA calculations,
only the B, configuration is unstable. The adsorption energy
E,q4 also indicates a weaker binding between the dimer and
graphene in PBE calculation than in LDA calculation. Since
both PBE and LDA calculations produce the same stable
configuration, they also yield quite similar electronic struc-
ture. Therefore we only report and discuss the PBE results in
further detail.

The majority spin channel of the cobalt dimer adsorbed
graphene shows an energy gap of =0.3 eV, and its minority
spin channel is gapless (Fig. 5). However, the PDOS analysis
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FIG. 4. (Color online) Fe-dimer adsorbed graphene DOS projected onto atomic orbitals. (a) PBE result: the solid line in the upper
subfigure is the total DOS; the dot-dashed line in the upper subfigure is the PDOS on C 2p orbitals; the dashed line in the middle subfigure
is the PDOS on the Fe! 34 orbitals; the dotted line in the bottom subfigure is the PDOS on the Fe? 3d orbitals. In each subfigure, the upper
panel represents the majority (a) spin; the lower panel the minority (8) spin. (b) LDA result: the solid line in the upper subfigure is the total
DOS; the dot-dashed line in the upper subfigure is the PDOS on C 2p orbitals; the dashed line in the lower subfigure is the PDOS on the
Fe 3d orbitals. Since the two Fe atoms are equivalent in LDA result, only the summed PDOS of Fe 3d orbitals are presented.

shows that the DOS within approximately Ep—0.3 eV to
Erp+0.3 eV are dominated by the cobalt atom away from the
graphene layer (Co?). These states are primarily localized
around the Co?, and do not contribute to the electronic trans-
port process. The 3d orbitals of the cobalt atom directly
bonded with the graphene layer (Co') and the C 2p orbitals
hybridize from Ez—2.0 eV to Ep+1.0 eV for the minority
spin and from Ez—2.0 eV to Ex+1.0 eV for the majority
spin. Most of the states between Ep+1.2 eV and Ep
+2.0 eV are from C 2p orbitals for both the majority and the
minority spins.

TABLE 1V. The local charge (ny;,n;,), the magnetic moment
(myy,myyr), and their projected value on 3d orbitals on individual
metal atoms of the dimer adsorbed on graphene. For the S, configu-
rations, the two atoms are equivalent, thus only one number is listed
for each column; for the S, configurations, the numbers for the
metal atom directly binded to the graphene layer (M) are listed
outside the parenthesis, and the numbers for the other atom (M)
are inside the parenthesis.

ny Ky My My 34
Atom (e) (e) (up) (mp)
Fe (PBE, C,) 7.67(8.09) 6.96(6.72) 2.76(3.28) 2.78(3.19)
Fe (LDA, B),) 7.66 6.94 2.99 2.64
Co (PBE, C,) 8.56(9.02) 7.94(7.58) 1.58(2.46) 1.65(2.37)
Co (LDA, C,)  8.64(9.05) 8.02(7.60) 1.49(2.40) 1.53(2.35)
Ni (PBE, C,) 9.52(10.25) 8.82(8.85) 0.77(1.15) 0.82(1.11)
Ni (LDA, C,)  9.37 9.04 0.00 0.00
Cu (PBE, B,) 10.67(11.17) 9.79(9.95) 0.00(0.00) 0.00(0.00)
Cu (LDA, B,) 10.62(11.17) 9.74(9.93) 0.00(0.00) 0.00(0.00)

The Lowdin’s charge analysis shows that the Co! atom
loses =~0.4 electrons while the Co? atom remains almost neu-
tral. Due to the orbital hybridizations, the Co' and Co? atoms
possess =8.0 and 7.6 electrons, respectively. Each cobalt
atom thus yields approximately two unpaired electrons and

30 T T

o-spin |
’
»

DOS (states/(eV*cell))

Energy (eV)

FIG. 5. (Color online) Co-dimer adsorbed graphene DOS pro-
jected onto atomic orbitals (PBE result). The solid line in the upper
subfigure is the total DOS; the dot-dashed line in the upper subfig-
ure is the PDOS on C 2p orbitals; the dashed line in the middle
subfigure is the PDOS on the Co! 3d orbitals; the dotted line in the
bottom subfigure is the PDOS on the Co? 3d orbitals. In each sub-
figure, the upper panel represents the majority («) spin; the lower
panel the minority () spin.
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FIG. 6. (Color online) Ni-dimer adsorbed graphene DOS projected onto atomic orbitals. (a) PBE result: the solid line in the upper
subfigure is the total DOS; the dot-dashed line in the upper subfigure is the PDOS on C 2p orbitals; the dashed line in the middle subfigure
is the PDOS on the Ni! 3d orbitals; the dotted line in the bottom subfigure is the PDOS on the Ni? 3d orbitals. The « spin obviously differs
from the B spin, showing that the system possesses local magnetism. (b) LDA result: the solid line in the upper subfigure is the total DOS;
the dot-dashed line in the upper subfigure is the PDOS on C 2p orbitals; the dashed line in the lower subfigure is the PDOS on the Ni 3d
orbitals. Since the system is not spin-polarized under LDA, we show only the a-spin in our figure. Moreover, two Ni atoms are equivalent
in LDA calculation, we show only the summed PDOS of Ni 3d orbitals.

gives a total magnetic moment of =4 up/cell. This result is
also in consistency with the isolated cobalt dimer calculation,
since the Co-Co bond length variation is less than 5%.

3. Ni-dimer adsorbed graphene

For the nickel dimer adsorbed graphene, the PBE and
LDA calculations yield completely different results. In the
PBE calculations, the nickel dimer vertically binds to the
hex-center site, forming a C, configuration with a magnetic
moment of 2.04ug/dimer. In the LDA calculations, the
nickel dimer atoms binds to two neighboring hex-center
sites, forming a Cj, configuration with no spin polarization.
By closer examination, one can see that the nickel atoms
form surprisingly strong bindings with the graphene layer in
the LDA calculations (as shown by the binding energy E,
=2.53 eV), and therefore the Ni-Ni bond is much weakened
after the adsorption (the bond length changes =15%). The
much weakened bond length suggests that the dimer behaves
like two adjacent adatoms under LDA after adsorption, thus
the dimer does not show any magnetism. The binding be-
tween the nickel dimer and the graphene layer is much
weaker in the PBE calculations (E,=0.92 eV), and the bond
length change is much smaller (=3%). Therefore the ad-
sorbed dimer also shows =2.04uz magnetic moment under
PBE like an isolated nickel dimer.

We show in Fig. 6 the DOS and PDOS results of the most
stable nickel dimer adsorbed graphene configurations under
LDA (C;) and PBE (C,). Similar to the iron-dimer adsorp-
tion case, the difference between the LDA and the PBE re-
sults are primarily due to the different stable configurations,
and both functionals would yield similar results if the same
configuration were used in the calculations. Under LDA, the

nickel dimer adsorbed graphene is a semiconductor with an
energy gap of =0.3 eV. As we discussed earlier, the nickel
dimer atoms behave similar to the nickel adatom adsorbed on
graphene under LDA, which is also indicated by the trans-
ferred charge (Table IV). The PDOS (LDA) calculations
show that the states above E are dominated by the C 2p
orbitals, except for the first large DOS peak around E
+0.5 eV which is primarily contributed by the Ni 4s orbit-
als; and the C 2p orbitals strongly hybridize with the Ni 3d
orbitals within approximately Er—2.0 eV to Er. Under PBE,
the nickel dimer adsorbed graphene shows a band gap of
~(.3 eV in its majority spin DOS and no band gap in its
minority spin DOS (Fig. 7). However, the PDOS (PBE) cal-
culation shows that the minority spin DOS within Er—0.1 to
Ep+0.1 is dominated by 3d orbitals of the Ni*> atom, which
does not directly bind to graphene. The Ni? 3d orbitals are
quite localized, therefore do not contribute to electron trans-
port process. The C 2p orbitals strongly hybridize with the
Ni! 3d orbitals from Ez—2.0 eV to Ez—0.5 eV for the ma-
jority spin, and from Ez—1.5 eV to Ex—0.5 eV for the mi-
nority spin.

4. Cu-dimer adsorbed graphene

For the copper dimers, the binding between the Cu atom
and the graphene layer is too weak (Table I), thus the dimer
binds with the graphene layer through one of the atoms (B,
configuration), and the dimer bond length variation is less
than 3%. Under LDA, the adsorption of copper is assisted by
copper dimerization, since the copper dimer adsorption en-
ergy (1.08 eV/dimer) is larger than the copper adatom ad-
sorption energy (0.85 eV/dimer); while under PBE, the ad-
sorption energy of copper dimer (0.43 eV) is almost the same
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FIG. 7. (Color online) Cu-dimer adsorbed graphene DOS pro-
jected onto atomic orbitals. The subfigures from top to bottom are
“Total,” “Cu',” and “Cu?” respectively. The solid line in the top
subfigure is the total DOS; the dash-dotted line in the top subfigure
is the PDOS on the C 2p orbitals; the dashed line in the middle
subfigure is the PDOS on the 3d orbitals of the Cu atom close to the
graphene layer (Cu! atom); the dotted line in the middle subfigure is
the PDOS on the 4s orbitals of the Cu' atom; the double-dotted line
in the bottom subfigure is the PDOS on the 3d orbitals of the other
Cu atom (Cu? atom); and the dash-double-dotted line in the bottom
subfigure is the PDOS on the 4s orbitals of the Cu? atom. Since the
system is not spin-polarized, we show only the « spin in our figure.

as the copper adatom (0.44 eV). For all other species (Fe,
Co, Ni) the dimer adsorption energy is always significantly
less than the adatom adsorption energy in both calculations.
In both PBE and LDA calculations, the copper dimer A,
configuration energy is very close to its most stable B, con-
figuration energy (only 31 meV/5 meV higher in the PBE/
LDA calculation), indicating that the dimer can freely move
along the C-C bonds under ambient conditions. Similar to
the cobalt dimer adsorbed system, both PBE and LDA cal-
culations yield consistent DOS results, and thus we only
present and discuss the PBE results in detail.

The DOS of copper dimer adsorbed graphene shows no
gap and the system is therefore a metal. The PDOS analysis
shows that the states above Er+0.1 eV are exclusively con-
tributed by the C 2p orbitals, and the states between approxi-
mately Er—0.6 eV and Er+0.1 eV are dominated by the 3d
orbitals of the copper atom away from the graphene layer
(Cu?). This is similar to the cobalt dimer adsorbed graphene
where the states close to E are dominated by the Co? atom.
The Cu! 3d and C 2p orbital-hybridization takes place below

PHYSICAL REVIEW B 81, 205424 (2010)

Ep—1.0 eV. The Lowdin’s charge analysis (Table IV) indi-
cates that the 3d orbitals of both Cu atoms are very close to
full shell, and the 4s orbitals hybridize to form the Cu-Cu
bond, thus the system is nonmagnetic. The charge analysis
also shows that the Cu’ atom obtains 0.17¢ electron from
Cu' atom. Therefore, the Cu! atom becomes more electron
deficient and thus the Cu'-C bonds are strengthened. This
explains why the copper dimer adsorption energy is close to
or even larger than its adatom adsorption energy.

IV. CONCLUSION

In summary, we have performed DFT calculations on
transition metal (Fe, Co, Ni, and Cu) adatom and dimer ad-
sorbed graphenes, and studied their geometric properties,
electronic structure, and magnetism. For the adatom adsorp-
tion, both PBE and LDA calculations yield the same results,
that the iron, cobalt, and nickel adatom chemisorb on the
hex-center site; while the copper adatom physisorbs on the
bond-center site. For the dimer adsorption, PBE and LDA
calculations yield consistent results only for the cobalt dimer,
who chemisorbs on C, site, and the copper dimer, who phy-
sisorbs on B, site. PBE calculations indicate that iron dimer
and nickel dimer adsorption take distorted C, configuration
and C, configuration, respectively; while LDA calculations
suggest that they take B), and C), configurations, respectively.
With iron and cobalt adatom adsorption, graphene becomes a
half-metal which can be used as a spin-filtering material. The
iron-dimer adsorbed graphene is also a half-metal, but the
cobalt dimer adsorbed graphene is not. The nickel adatom
adsorbed graphene is nonmagnetic and semiconducting, but
PBE and LDA calculations yield controversial results over
the magnetic and transport properties of the nickel dimer
adsorbed graphene. The copper adatom exhibits 1up local
magnetic moment while the copper dimer does not show any
magnetism. The adsorption energy indicates the copper
dimer can barrierlessly diffuse along the graphene C-C
bonds. These results show that the graphene properties can
be effectively modulated by transition metal adsorption, and
that the transition metal adsorbed graphene can serve as po-
tential materials in nanoelectronics, spintronics, or electro-
chemistry.
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