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Employing first-principles calculations, we study the effect of an external electric field on the magnetic
properties of a single Fe adatom and a Fe dimer hosted on a bilayer graphene surface grown on a SiO2 substrate.
We find that an electric field perpendicular to the bilayer graphene modulates the charge and spin state of the
single Fe adatom over a wide range. States ranging from 3d6, S = 2 to 3d10, S = 0 have been observed for the Fe
adatom, which are inaccessible under normal conditions. This would be of interest in the context of the orbitally
controlled Kondo effect. Further, for a Fe dimer, we find that a small electric field is able to tune the magnetic
exchange coupling. Interestingly, we also observe an unusual magnetostructural coupling for the Fe dimer, which
stabilizes a ferrimagnetic state over a fully compensated antiferromagnetic spin configuration.

I. INTRODUCTION

The study of graphene and graphene-based structures is one
of the key topics in present-day condensed-matter research.
The attractive properties, driven by Dirac physics, have put
graphene into a record level of activity [1,2]. In this context,
the adatom adsorbed on graphene is particularly interesting due
to local-moment formation [3], Kondo physics [4], Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [5], and a possible
spintronics application. The positional control of the adatom
on a graphene layer is found to be much superior [6] to that in
dilute magnetic semiconductors, where the disorder effect is
found to play a dominant role.

In addition to the more common single-layer graphene
(SLG), attention has also been given to few-layer graphene,
in particular bilayer graphene (BLG) with Bernal stacking [7].
The presence of the second layer introduces an extra dimension
to manipulate properties. The potential on the two layers of
BLG can be tuned separately, either by chemical function-
alization [8] or by applying an external electric field normal
to the BLG surface [9]. Such manipulation generates a band
gap, which is required in the implementation of logic switch
devices. Adatom adsorption on one side of BLG, together
with a perpendicular electric field, introduces an interplay
between two effects—(i) tuning the adatom energy state and
(ii) breaking the inversion symmetry between the two layers.
Very recently, invoking this idea, the control of local-moment
formation at the adatom site on BLG was suggested [10]. It
was found that the local adatom moment can be switched on
and off by an external electric field [11].

The physics of the adatom on BLG becomes even more
intriguing when the adatom is a transition metal with a partially
filled d orbital. The situation in this case becomes complex
due to the multiorbital character of the transition metal, as
the simplistic single-orbital picture often assumed in model
calculations does not hold well [10]. The multiorbital nature
of the adatom may promote not only switching on and off of the
local moment, but also variation of the charge and spin states
of the adatom over a wide range, controlled externally. In this
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paper, using first-principles density functional calculations,
we demonstrate the above to be indeed the case, considering
the Fe adatom on BLG. To mimic the actual experimental
situation, the BLG is considered to be deposited on a SiO2

substrate, which is commonly used in graphene-based elec-
tronic devices. We find that a range of charge and spin states
of the Fe adatom on BLG can be stabilized by tuning the
external electric field. The ground-state configuration varies
from a completely quenched S = 0 magnetic state with 3d10

electronic configuration to that of a large magnetic moment
state S = 2 (4 μB) with 3d6 configuration.

We further consider a Fe dimer placed along the zigzag
direction on the BLG/SiO2 system. The transition-metal
adatom and dimers have been extensively studied on SLG [12].
In contrast, the single as well as dimer magnetic adatom on
BLG is less explored, except those in the context of the model
Hamiltonian [10,13–15]. In the context of SLG, the Fe-Fe
interaction and growth morphology have been specifically
studied using scanning tunneling microscopy and theoretical
tools [16]. It has been concluded that the dominant contribution
to the Fe-Fe interaction originates from the RKKY interac-
tion, which is mediated through the delocalized electrons in
graphene. We show that for a Fe dimer placed on BLG, the
RKKY interaction between Fe spins can be modulated by
an external electric field through the variation in electronic
structure of the delocalized electrons in BLG. Thus, in addition
to controlling the charge and spin state of a single Fe adatom,
the external electric field is also capable of tuning the magnetic
exchange between the Fe spins. Interestingly, we discover
the presence of a large magnetostructural coupling, which
triggers a change in the Fe-dimer geometry on BLG depending
on the relative spin alignments. The present study carried
out considering a realistic situation should be achievable in
experiment and calls for further investigation.

II. METHODOLOGY

First-principles density functional theory (DFT) calcula-
tions have been carried with two different basis sets—the
plane-wave pseudopotential method as implemented in the
Vienna Ab Initio Package (VASP) [17] and the full potential
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linearized augmented plane-wave (FPLAPW) method as
implemented in WIEN2k [18]. The consistency between the
two sets of calculations has been checked. The exchange
correlation was treated within the local density approximation
(LDA) and was found to produce a similar result as the
generalized gradient approximation (GGA) together with the
van der Waals correction. The effect of the correlation effect
beyond LDA on the magnetic properties has been checked
in terms of the Hubbard U corrected LDA+U calculations
with the choice of U = 4 eV and JH = 0.9 eV applied on Fe.
The qualitative trend in the change of magnetic moment upon
application of the electric field was found to remain unchanged.
A single Fe adatom and a Fe dimer were placed on a 6×6 BLG
supercell [1] which was deposited on 3×3×5 SiO2 [19]. In
real experiment, SiO2 is amorphous, which is challenging to
model with the first-principles calculation. In our calculations,
we considered an O-terminated α-quartz SiO2 surface [20]. A
vacuum layer of 8 Å was considered above the SiO2/BLG/Fe
system. The last few SiO2 layers in the simulation cell were
kept fixed during structural optimization to mimic the substrate
effect. The geometries of the single Fe adatom and Fe dimer
on BLG/SiO2 are shown in Fig. 1. Energetically, the Fe
adatom was found to occupy the hollow site on BLG [11].
Full structural optimization is carried out from the starting
configurations, where the Fe adatom is placed at the hollow site
and the Fe dimer is placed at the two neighboring hollow sites
along the zigzag direction. We observe that the C atoms close
to the Fe atoms substantially relax, and the Fe atoms in the
dimer move away from the ideal hollow site [see Supplemental
Material (SM)] [21]. Within the periodic setup of the DFT
calculation, we applied an external electric field perpendicular
to the BLG surface by considering a sawtooth potential with
the system positioned along the rising/falling part of the
potential [22]. Further details of the calculation can be found in
the SM.

FIG. 1. Schematic representation of a single Fe adatom (top
panels) and Fe dimer (bottom panels) adsorbed on BLG/SiO2, viewed
from top (left panels) and side (right panels). C atoms in two layers of
the BLG are colored as white (top layer) and black (bottom layer). All
atoms in the simulation cell have been relaxed, except for the bottom
few layers of the SiO2 substrate (marked as the shaded region). In
the top view, atoms in the SiO2 layers have been removed for ease of
viewing.

III. SINGLE FE ADATOM ON BLG/SiO2

The C6v symmetry of the C atoms around the Fe atom lifts
the fivefold degeneracy of the Fe-d manifold. This results in
two inequivalent two-dimensional irreducible E1(dxz,dyz) and
E2(dx2−y2 ,dxy) states, and one one-dimensional A1 (d3z2−r2 )
state. The non-spin-polarized density of states in Fig. 2
indicates that in the absence of any external electric field,
the A1 state appears in between the E2 and E1 states. As
shown in the level diagram in Fig. 2, the E2 and A1 states
are found to be fully occupied, whereas the E1 state is half
filled, which indicates a nominal Fe adatom configuration
of 3d84s0. This gives rise to a high density of states at the
Fermi level (EF ), which according to Stoner criteria makes
the solution magnetic. Fe/BLG/SiO2 was found to stabilize
in the S = 1 state with a total moment of 2 μB in the
unit cell, within our spin-polarized calculation. In addition
to inducing a band gap at the Dirac point of BLG, the external
electric field also appreciably tunes the energy states of the
Fe adatom. When the electric field is applied in the +z

direction (directed from bottom to top layer of BLG), the
Fe-d states rearrange with respect to BLG states such that
charge transfer takes place from the BLG to Fe-d states. Thus,
the Fe-d states become progressively filled, which results in
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FIG. 2. Middle panel: The non spin-polarized LDA density of
states for single Fe adatom on BLG/SiO2 projected onto Fe-E2

(light shaded), Fe-E1 (dark shaded) and Fe-A1 (unshaded) states,
corresponding to different applied electric field. The strength of the
electric field is defined as Uext = e Ez

ext D, where Ez
ext is the external

electric field along the direction perpendicular to BLG and D is
the intralayer separation of BLG (∼3.31 Å). The direction of the
electric field is considered to be positive while applied along the +z

direction (bottom to the top layer of BLG), and vice versa. The zero
of the energy is set at Fermi energy in each panel. Left panel: The
corresponding nominal occupancies of Fe d states are shown by
side which determine the charge and spin state of Fe. Right panel:
The energy positions of E2, E1 and A1 states measured with respect
to the position of E1 at zero electric field.



new charge and spin states depending on the strength of the
external electric field. The Fe adatom stabilizes in a 3d94s0,
S = 1/2 state for Uext = 1.32 eV, while for Uext = 2.21 eV,
we find a nonmagnetic S = 0 state of Fe with completely
filled d manifold, 3d104s0 (Fig. 2). The direction of the charge
transfer is reversed (Fe to BLG) when the electric field is
switched to the opposite direction, pointed along the −z axis.
Depending on the field strength, the charge of the Fe adatom
gets progressively depleted, and 3d74s0, S = 3/2 and 3d64s0,
S = 2 states are observed for Uext = −1.32 and −2.21 eV,
respectively (Fig. 2). When the electric field is applied in
the −z direction, the ordering of A1 and E2 energy levels is
reversed (right panel of Fig. 2). Due to its d3z2−r2 symmetry, the
A1 orbital has strong bonding with the C-pz orbital, and thus
moves only marginally when the electric field is applied along
the −z direction. In contrast, the relatively loosely bonded E2

and E1 states appreciably move in energy, and the movement
is found to be larger for E2 than E1.

The d9 and d7 configurations are expected to be orbitally
active, with unpaired electron in the E1 and E2 states, respec-
tively. Thus, it would be interesting to check the plausible
effect of spin-orbit coupling (SOC), and we have repeated the
calculations in the presence of SOC. The calculated orbital
moments are found to be tiny (≈0.01 μB or less) for d10,
d8, and d6 configurations, which is expected. In contrast,
the calculated orbital moments turn out to be significant
(0.22–0.24 μB) for d9 and d7 configurations with the orbital
moment pointing in the same direction as the spin moment.
Calculated orbital and spin moments for Fe (see SM) may be
compared with the future x-ray magnetic circular dichroism
(XMCD) experiments.

IV. FE DIMER ON BLG/SiO2

Next we consider the Fe dimer adsorbed along the zigzag
direction on BLG/SiO2, and study this system both in the
absence and in the presence of an external electric field. Both
ferromagnetic and antiferromagnetic spin configurations were
considered for the Fe dimers. In the absence of an electric field,
the parallel Fe spin configuration was found to be the ground
state, which lies ∼0.26 eV lower in energy than the antiparallel
spin configuration. For the parallel spin or ferromagnetic (FM)
ground state, the local Fe magnetic moment was found to be
2.6 μB (Fig. 3) with a total spin of S = 3 for the Fe2/BLG/SiO2

system [23]. The structural optimization, considering the
parallel and antiparallel alignment of Fe spins, leads to a rather
surprising result. In the FM spin configuration, both Fe atoms
are found to be at the same height (1.66 Å) from the BLG plane,
as shown in Fig. 3. In contrast, the situation for the antiparallel
spin alignment is found to be very different, and interesting.
For antiparallel spin alignment (Fig. 3), the heights of the Fe
atoms above the BLG turned out to be very different, i.e., 1.66
and 1.38 Å, respectively, as shown in Fig. 3. The up and down
Fe atoms in different heights couple differently with the BLG,
and due to differential hybridization between Fe-d and C-p
states the local moments were found be very different, i.e., 2.69
and and 0.91 μB . Thus, in antiparallel spin configuration, the
Fe dimer is stabilized into a ferrimagnetic (FiM) configuration
with a net moment of 2 μB for the Fe2/BLG/SiO2 system,
rather than a fully compensated antiferromagnetic state. This

FIG. 3. Left panels: The side view of the optimized structure of
the Fe dimer on BLG/SiO2 in FM (top) and FiM (bottom) alignment of
Fe spins. Only the Fe2/BLG is shown and SiO2 is omitted for clarity.
Right panel: The corresponding �-point phonon spectra D(ω) plotted
as a function of frequency ω. The displacement vectors corresponding
to the mode at ∼258 cm−1 are shown in the inset of the top panel.

strong magnetostructural coupling becomes more evident from
the phonon spectra calculated for both FM and FiM states
of the dimer, which is shown in the right panel of Fig. 3.
The calculated �-point phonons showed significant phonon
softening upon change of magnetic configuration in the Fe
dimer, as shown with arrows in the figure. Analysis of the
displacement vectors corresponding to the phonon modes
(representative one shown in the inset for Fig. 3) shows this
primarily corresponds to the movement of Fe atoms in the
+z and −z directions, along with some in-plane components.
The present observation of strong spin-phonon coupling
should be investigated further. Interestingly, we find that the
energy difference (0.26 eV) between the FM and FiM spin
arrangement has both magnetic and structural contributions,
and the magnetic contribution (0.09 eV) was found to be
appreciably smaller than the corresponding structural one.

Following this interesting observation, we carried out a
nudged elastic band (NEB) calculation [24] in order to estimate
the energy barrier between the FM and FiM spin alignments.
As discussed already, the change in spin alignment not only
involves a change in spin direction, but also involves a strong
and asymmetric structural change, giving rise to different local
Fe moments. The results of the NEB calculation are shown in
the top panel of Fig. 4. We find that the FiM state has a shallow
minima and is separated by an energy barrier of ∼0.27 eV from
the FM state, which is almost equal to the energy difference
between these and magnetic states. This hints at the fact that
it may be possible to tune the magnetic configuration from
FM to FiM by an external electric field, which is expected
to influence the delocalized electrons of BLG, mediating the
RKKY interaction between the Fe atoms. The bottom panel
of Fig. 4 shows the energy difference between FM and FiM
configurations of the Fe dimer on BLG/SiO2 as a function of
the external electric field. Indeed, we find that the external
electric field can tune the exchange interaction. The FiM state
with asymmetric structure becomes the ground state over
the FM configuration for small electric field in the range
Uext = +0.2 to +0.4 eV. The reentrant FM configuration is
observed while the electric field strength is increased beyond
+0.4 eV. Switching of exchange coupling is not observed



FIG. 4. Top panel: Energy plotted as a function of reaction
coordinate connecting the Fe dimer on BLG/SiO2 in FM and FiM
configurations, which involves a change in alignment and magnitude
of the Fe moments as well as the geometry. The inset shows the
evolution of the bond length in the Fe-Fe dimer (triangular symbols);
the height of Fe1(Fe2) from the top layer of BLG is shown in the open
circle (closed circle) as a function of the reaction coordinate. Bottom
panel: The energy difference between FM and FiM configurations of
Fe spins as a function of applied electric field.

while the direction of the electric field is reversed; rather,
further stabilization of the FM state is observed.

The RKKY interaction between two local moments placed
on BLG and the effect of varying the electric field have
been studied within a model Hamiltonian approach [10].
In this model calculation, the dimer was assumed to be
plaquette centered (occupying the hollow site) along the zigzag
direction, which is also the case in the present study [25].
The present observations within ab initio calculations are in
remarkable agreement with this model calculation, where it
was predicted that both the magnitude and the sign of the
RKKY interaction could be tuned by an external electric field.
Similar to the model calculation [10], we also find that the
change in sign occurs within a narrow range of electric fields,
and for a particular field direction (Fig. 4). These conclusively
indicate the RKKY interaction to be the driving mechanism
for exchange, which has been experimentally suggested for
SLG [16]. In addition to the electronic modification under the
electric field, the present first-principles calculation also in-
corporates the concurrent structural relaxation, which was not
possible to include within the model calculation. This provided
an additional interesting effect of the strong magnetostructural
coupling, which was found to stabilize the ferrimagnetic state
rather than the antiferromagnetic state.

Note that a similar asymmetric effect of the direction of the
electric field, as observed in our study on the Fe-Fe magnetic
exchange, has also been reported in the context of gap opening
in BLG [26,27], Au adsorption on SLG [28], and H2 adsorption
on Li-SLG and Li-BLG [29].

V. SUMMARY

In summary, we investigated the magnetic properties of
a single Fe adatom and a Fe dimer adsorbed on a bilayer
graphene mounted on SiO2 substrate. The effect of an external
electric field perpendicular to the BLG surface has been in-
vestigated. Compared to simple alkali adatoms, for transition-
metal adatoms the orbital picture becomes important, which
offers complex and interesting physics. The importance of
orbital physics in a transition-metal adatom on single-layer
graphene has been discussed in the context of the Kondo effect,
for example, Co adatom on SLG [4]. Present first-principles
calculations show that a range of charge and spin states can
be stabilized for the Fe adatom on BLG/SiO2 by varying the
strength and direction of the external electric field. This results
from the rearrangement of the Fe-d levels with respect to
that of the C-p states of BLG, and concurrent magnitude and
direction of change transfer. This leads to the realization of
unusual valence and spin states of Fe. Fe/BLG/SiO2 should be
interesting for producing the orbitally controlled Kondo effect,
in addition to a possible spintronics application. The details
of the Kondo effect were found to crucially depend on the
charge and spin state of the adatom [4]. It would therefore be
of interest if the charge and spin state of an adatom could be
manipulated externally and easily, as achieved in the present
study, without moving to a different adatom for which the
orbital structure may change.

Considering the case of a Fe dimer on BLG/SiO2, the
parallel Fe spin structure is found to be the ground state
over the antiparallel alignment. A strong magnetostructural
coupling is observed, which leads to a very different geometric
structure for the Fe dimer in parallel and antiparallel spin states.
Due to differential Fe-BLG hybridization, the antiparallel Fe
spin structure results in an uncompensated FiM structure,
rather than a fully compensated antiferromagnetic state. We
find that the Fe-Fe FM coupling can be switched to a FiM
structure by a perpendicular electric field, which tunes the
RKKY interaction by restructuring the relevant electronic
states. The present theoretical finding of the external electric
field controlled tuning of the magnetic moment as well as the
magnetic exchange coupling, in the case of a single Fe adatom
and a Fe dimer on BLG/SiO2, respectively, should motivate
future experiments.
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