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Graphene is believed to be a promising candidate for spintronic applications. In this study, we
investigate the electronic, magnetic, and, especially, spintronic properties of graphene films grown
on Ni(111) substrate using relativistic density-functional calculations. Enhanced Rashba spin-orbit
coupling (SOC), with a magnitude of up to 20 meV—several orders of magnitude larger than the
intrinsic SOC strength in freestanding graphene—is found at the graphene—Ni(111) interface. The
hybridization between graphene’s p. states and Ni’s 3d states magnetizes the interfacial carbon
atoms and induces a sizable exchange splitting in the 7 band of the graphene sheet. The calculated
results agree well with the recently reported experimental data and provide a deep understanding of
the spintronic behavior of graphene in contact with a 3d-ferromagnet.

© 2011 American Institute of Physics. [doi:10.1063/1.3622618]

INTRODUCTION

Recently, spin-orbit couplings'* (SOCs) have attracted
considerable attention in the field of spintronics due to the
advantage of their enabling the manipulation of the spin
degree of freedom even without the requirement of exter-
nally applied magnetic fields.>~ Various all-electrical-opera-
tion spin functional devices have been proposed based on
SOCs, such as the well-known Datta-Das spin field-effect-
transistor,” spin filters,® spin valves,’ spin interference,® spin
qubit gates,”' etc. Among the varieties of SOCs, the Rashba
SOC,? which arises from structure inversion asymmetry,
wins the most research interest because its strength can be
flexibly modulated, for example, by gate voltage'' or surface
doping.'? The Rashba Hamiltonian Hz = o (p x0) - E; o rep-
resents the Rashba strength parameter, ¢ is the Pauli spin op-
erator, p =7k is the momentum of the electron, and E is the
electric field, which introduces an effective magnetic field
perpendicular to the wavevector k. The existence of the
interface/surface always introduces inversion symmetry
breaking, thus producing the Rashba SOC.'*!'*

Graphene, a two-dimensional carbon hexagonal crys-
tal,'> has been considered as a promising candidate material
for spintronic applications'® since its discovery in 2004. The
SOCs in graphene have been attracting ever more research
efforts.'”>* Generally, SOCs in graphene are classified into
two categories: intrinsic'’™'* and extrinsic components.?***
The former is allowed by crystal symmetry, and the latter
relies on inversion symmetry breaking.”>° Kane and Mele
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are the first to have reported on the intrinsic SOC in gra-
phene, which was believed to open a gap of about 0.1 meV
and thus induce a quantum spin Hall effect (QSHE) in gra-
phene nanoribbon.'” Subsequently, the spin-orbit gap was
reexamined by Yao et al., and a much smaller gap (0.00086
meV) was obtained in their ab initio calculations,18 which
means the QSHE proposed by Kane and Male could hardly
be observed unless the temperature were as low as T < 1072
K. Such weak intrinsic SOC in graphene is believed to be
impractical for effectively manipulating electron spin,*’
which makes it essential to explore large extrinsic SOC.
Many approaches have been tried in order to enhance the ex-
trinsic SOC strength in graphene—for example, applying
gate voltage,' introducing impurities,>' curving the gra-
phene plane,?® building interfaces by depositing graphene on
substrates,””>* etc. The most exciting finding is that an ex-
traordinarily large spin splitting energy of 225 meV was
detected in the graphene/Ni(111) system by means of angle-
resolved photoemission spectroscopy,> which makes the
graphene—Ni interface one of the hottest research subjects.
Rader et al. reexamined the same system using spin- and
angle-resolved  photoemission spectroscopy.23 They
revealed, however, distinctly different spin splitting behav-
iors. The total of the Rashba and exchange splittings they
obtained was less than 45 meV. Very recently, the induced
magnetism of carbon atoms at the graphene—Ni(111) inter-
face was observed by using x-ray magnetic circular dichro-
ism.?’ All these interesting and controversial experimental
findings stimulated us to make a theoretical investigation in
order to better understand the graphene/3d-ferromagnet
contact.

© 2011 American Institute of Physics
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In this paper, we study the systems of graphene films
grown on Ni(111) substrate using first-principles calculations
based on relativistic density-functional theory (DFT). The
electronic, magnetic, and, especially, spintronic properties of
the graphene/Ni(111) system are discussed. We obtain
Rashba and exchange spin splittings in the 7 band of the gra-
phene sheet, which directly contacts the Ni(111) surface.
The calculated Rashba splitting energy is found to be linearly
dependent on the wave vector, and its magnitude reaches 20
meV, which is several orders of magnitude larger than the
reported intrinsic SOC.""'® The hybridization between gra-
phene’s p. states and Ni’s 3d states results in sizable
exchange splitting in the 7 band of the graphene sheet and
the experimentally observable magnetism of carbon atoms at
the graphene-Ni(111) interface.?’ The calculated results are
in accord with the recent experimental findings***° and
provide a theoretical understanding of the graphene/3d-
frromagnet contact.

MODELS AND METHODS

The calculations are performed by using the projector
augmented wave (PAW) formalism of the DFT as imple-
mented in the Vienna ab initio simulation package® and
include spin-orbit coupling. Because the generalized gradient
approximation®' gives essentially no bonding between gra-
phene planes and leads to excessively large bilayer spac-
ing,** we perform the calculations within the localized
density approximation and get the reasonable bilayer dis-
tance of 3.34 A, which is in good agreement with the experi-
mental value. An energy cutoff of 500 eV for the plane-wave
expansion of the PAWSs is used, and the Brillouin zone (BZ)
is sampled by using a 37 x 37 x 1 I' centered k-point grid.
For geometry optimization, all of the internal coordinates are
relaxed until the Hellmann-Feynman forces are less than
0.03 eV/A. A Ni lattice is mapped onto graphene’s 1 * 1 unit
cell, and structural relaxation with a fixed lattice constant of
Ni shows that the lattice constant mismatch leads to the
1.2% stretching of the graphene’s lattice. The reverse match-
ing procedure, in which Ni(111) is set to lattice match gra-
phene, produces no noticeable difference in the calculated
results. The vacuum thickness along the z-axis is 20 A,
which is enough to avoid interaction between adjacent
supercells.

The structure model for the graphene/Ni(111) system
has been discussed in many DFT studies, and the adsorption
configuration, in which one carbon atom is positioned on top
of a surface Ni atom, is regarded as the most stable configu-
ration.* The equilibrium interfacial spacing between the
graphene layer and the Ni surface is about 2.0 A. Figure 1(a)
shows a side view of the graphene/Ni(111) contact in which
three layers of graphene and six layers of Ni stacking are
considered. It is found that the relaxed geometry of the sub-
strate is influenced only by the first graphene sheet. Neither
the substrate nor the first graphene layer is altered when sub-
sequent graphene layers are added. Although the added gra-
phene layers do not influence the interfacial properties we
are concerned with, they provide helpful information for
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FIG. 1. Schematic of three-layer graphene film grown on a six-layer
Ni(111) substrate.

better understanding the graphene/Ni(111) system, as is
illustrated in the following section.

RESULTS AND DISCUSSION

The calculated band structures of the graphene/Ni(111)
systems are shown in Fig. 2, in which I'; K, and M are the
high symmetry k points. One-, two-, and three-layer gra-
phene films are considered and are shown in Figs. 2(a), 2(b),
and 2(c), respectively. For each system, we show only the
majority spin band structure, which provides sufficient infor-
mation. It is known that Dirac point and linear energy disper-
sion are characteristic of freestanding monolayer graphene,
and parabolic dispersion is an aspect of pure bilayer gra-
phene. As is shown in Fig. 2(a), the characteristic band struc-
ture of the monolayer graphene is seriously destroyed by the
strong interfacial interaction. This one-layer-graphene/
Ni(111) system has been previously investigated elsewhere™
and was reexamined here only for comparison with two other
systems. With two-layer graphene film, the Dirac point and
linear energy dispersion are partially recovered. The recov-
ered part is contributed by the second graphene layer, from
which we can infer that the bottom graphene layer, which
strongly interacts with the Ni surface, decouples with the
second graphene sheet. A critical point is that the Dirac point
obtained here is about 0.35 eV below the Fermi level, indi-
cating that the bilayer graphene film is n-doped by the Ni
substrate. In three-layer graphene film, the characteristic
band structure of the bilayer graphene appears. Different
from the pure bilayer graphene, an energy gap is observed in
Fig. 2(c). It is believed that the energy gap is induced by the
electrostatic potential difference between the above two gra-
phene layers introduced by the charge redistribution at the
interface. The red (gray) curves in Fig. 2(c) represent the
band structure of the pure bilayer graphene with a gate elec-
tric field of about E=0.6 V/nm, through which the induced
electrostatic potential difference can be quantitatively
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FIG. 2. (Color online) Majority-spin band structures of the one-layer (a), two-layer (b), and three-layer (c) graphene films grown on Ni(111) substrate. The red
(gray) curves in (b) represent the band structure of the pure monolayer graphene, the energy level of which is purposely lowered to fit with the Ni-doped gra-
phene’s bands. The red (gray) curves in (c) represent the band structure of the pure bilayer graphene with a gate electric field E=0.6 V/nm. (d) The spin
resolved DOS of the graphene monolayer in the one-layer-graphene/Ni(111) system. (e) The spin resolved DOS of the top graphene layer in two-layer-gra-
phene/Ni(111) system. (f) The spin resolved DOS of the top two graphene layers in the three-layer-graphene/Ni(111) system.

estimated. In addition, we also plot the spin resolved density
of states (DOS) of carbon atoms for the three systems, as
shown in Figs. 2(d)-2(f), respectively. Figure 2(d) shows the
DOS of the graphene monolayer of the one-layer-graphene/
Ni system. It can be clearly seen that the carbon atoms are
magnetized and the DOS is very different from that of the
freestanding graphene monolayer. Figure 2(e) shows the
DOS of the top graphene layer of the two-layer-graphene/Ni
system. The Dirac point, at which both the spin-up and the
spin-down DOS are zero, is clearly observed at the left side
of the Fermi level. Figure 2(f) shows the DOS of the top two
graphene layers of the three-layer-graphene/Ni system.
Comparing the spin resolved DOS shown in Figs. 2(d)-2(f),
we can easily find that only the graphene layer directly
contacting the Ni surface is seriously influenced by the

substrate. In fact, we also plotted the spin resolved DOS of
the bottommost graphene layer in the two-layer-graphene/Ni
and three-layer-graphene/Ni systems, and these plots do not
show much difference from that of the one-layer-graphene/
Ni system and are not shown in the manuscript. This means
the added graphene layers do not influence the interfacial
properties.

When dealing with the Rashba and exchange spin split-
ting energy, we consider the same conditions as those
reported in the experiments,”>* i.e., the measured wavevec-
tor k along the M vector and the electric field E along the
normal direction of the graphene-Ni(111) interface. It is
found that only in the 7 band of the graphene sheet, which
directly contacts the Ni(111) surface, are Rashba and
exchange spin splittings obtained, and the subsequent
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FIG. 3. (Color online) (a) Band structure of the two-layer-graphene/Ni(111) system, in which spin-up and spin-down 7 bands of the bottom graphene sheet are
plotted as blue (gray) dotted curves. (b) Rashba and (c) exchange splitting energy obtained in 7 bands of the bottom graphene layer. The inset in (c) shows the
components of the s and d states of Ni atoms in the bottom graphene’s 7 bands.
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graphene layers have little impact on them. As can be
inferred from the Rashba Hamiltonian, the symmetry of the
energy bands under the k — —k operator will be destroyed,
and the Rashba spin splitting energy is linearly dependent on
the wavevector k. We show the band structure of the two-
layer-graphene/Ni(111) system in Fig. 3(a), in which the
spin-up and spin-down 7 bands of the graphene sheet are
plotted as blue (gray) curves. The calculated data of Fig. 3(a)
reveal that both Rashba and exchange spin splittings are
present in the 7 bands of the graphene sheet, which is, how-
ever, hard to see clearly in Fig. 3(a). To get the individual
magnitudes of the Rashba and exchange splitting energies,
we do calculations twice for the same system: one with
SOC, and the other without SOC. If the SOC is included in
the calculation, the energy difference between the spin-up
(E¢) and spin-down (E|) gives the total spin splitting energy
AEexc+rash =E; — E|. If not, it gives only the exchange split-
ting AE¢.. By doing these, we separate the Rashba and
exchange splitting energies, which are clearly illustrated in
Figs. 3(b) and 3(c), respectively. As can be seen in Fig. 3(b),
the obtained Rashba spin splitting energy with a maximal
magnitude of about 20 meV shows a perfectly linear relation
with the wavevector, except that at the boundary of the BZ it
decreases to zero because of the periodic boundary condition
used in the simulation. The exchange spin splitting in the
center of the BZ is less than 30 meV; however, it sharply
increases to about 150 meV at the boundary of the BZ. The
extraordinarily large exchange splitting energy is contributed
by the strong hybridization of Ni’s 3d states. The inset in
Fig. 3(c) shows components of the s and d states of Ni atoms
hybridized in graphene’s © bands. From the I" to the M point,
the component of Ni’s d states undergoes an obvious
increase, whereas that of the s states smoothly decreases.
According to Rader et al.’s report,”® the total spin splitting
energy |AERashiExch| Was less than 45 meV at the wavevector
0.7 A=l At their examined wavevector, i.e., 0.5 in the x-
coordinate in Fig. 3, the Rashba splitting energy is found to
be about 10 meV, and the exchange splitting is about 34
meV; these values are in good agreement with the experi-
mental claims.

Very recently, the induced magnetism of carbon atoms
at the graphene—Ni(111) interface was reported in experi-
ments.>” In the present calculations, we also get such mag-
netism at the interfacial carbon atoms. Distributions of the
spin density on the graphene sheet are plotted in Fig. 4, in
which A and B represent the two sublattices of graphene. As
can be clearly seen, the spin distribution is sublattice-de-
pendent, and the magnetization at sublattice A (~ 0.03 y;p)
is obviously stronger than that at sublattice B (~ —0.01 pp).
It is interesting to note that although the carbon atoms at
sublattice B directly contact the Ni atoms at the interface
and get electrons from the Ni substrate, the induced magne-
tism dominates at sublattice A. We also investigate the dis-
tribution of the magnetic moments of Ni atoms. From the
topmost to the bottommost layer of the Ni(111) substrate,
the magnetic moments in order are 0.46, 0.54, 0.58, 0.61,
0.64, and 0.65 pp. It is clear that Ni atoms at the interface
have the smallest magnetic moment because of the hybrid-
ization effect.

J. Appl. Phys. 110, 043704 (2011)
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FIG. 4. (Color online) The calculated spin density distribution on the gra-
phene sheet.

CONCLUSIONS

In summary, graphene films grown on Ni(111) substrate
are investigated using DFT calculations. The electronic,
magnetic, and spintronic properties of this complex system
are discussed. Both Rashba and exchange spin splittings are
obtained in the 7 bands of the graphene sheet, which directly
contacts the Ni(111) substrate. The Rashba spin splitting is
found to be linearly dependent on the wavevector, with a
magnitude of up to 20 meV. The hybridization between gra-
phene’s p. states and Ni’s 3d states results in sizable
exchange splitting in the 7 band of the graphene sheet and
the experimentally observable magnetism of carbon atoms at
the interface. Our investigations not only help one to under-
stand graphene/3d-ferromagnet contact, but also confirm
some of the present experimental observations.
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