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T
he control of the magnetic polariza-
tion M through an electric field ε as
well as the electric polarization P

through a magnetic field H has provided a
pathway toward next generation of multi-
functional electronic devices. Materials that
present such magnetoelectric response are
usually inorganic materials such as perov-
skites, transition metals oxides (e.g., CrO2), or
multiferroics composites, where the coupl-
ing between charge and spin is substantial.1,2

A few organic multiferroic compounds are
known3�5 and a search for light-molecular
solids that may result in cheap, flexible, and
easy to produce magnetoelectric devices has
started. In particular, theweak spin�orbit and
hyperfine interactions in organicmaterials are
oneof themain reasons to attract this interest.
This allows maintaining the spin information
over largedistancesandtoobtainspin-relaxation
times that exceed the time detected in inor-
ganic materials by orders of magnitude.6,7

Recently, graphene, chemically functionalized
by adatoms,8�11 and nitrophenyl diazonium
molecules (NPD)12�14 has shown a magnetic
behavior that could be controlled by electric

fields.12,15 This has open the prospect of new
graphene devices where magnetic informa-
tion can be manipulated via electrical means.
Here we present detailed first-principles

calculations that show that an external ε not
only control the magnetic properties of
functionalizedmultilayer graphene, but also
generate a strong spin-charge coupling that
induces a magnetoelectric effect in a purely
organic system. The effect is tunable with
the number of layers, increasing in magni-
tude to thicker structures. The magneto-
electric coefficients R, used to characterize
the size of the coupling between ε and
M, are in the range of 6.49�200.0 � 10�14

G cm2/V. These values are comparable in
magnitude to those found in thin films
based on 3d transition metals (Fe, Co, and
Ni), perovskite interfaces, and half-metals.
The observed dependence of magnetic
properties of functionalized graphene on
the external field is due to the spin-dependent
carriers driven by the bias at the graphene
surface. At low bias, the system also displays
a transition to a half-metallic statewith spin-
polarization close to 100%at theDirac cones.
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ABSTRACT Materials in which magnetic order and electric fields can be coupled

are of high fundamental and technological interests. Electrical control of magnetism

is not only important for ultralow power consumption applications, but also enables

control over intrinsic material properties that may have a major step in new

developments in spintronic and magnetoelectric devices. Here we show that the

magnetism induced by aryl-radicals covalently functionalized on top of multilayer

graphene is sensitive to external electric fields which coupled to the interlayer

charge-imbalance yields a strong magnetoelectric coupling. We used first-principles

simulations, taking into account van der Waals dispersion forces, to show that this

effect is thickness-dependent: it increases dramatically to thicker graphene structures reaching magnetoelectric coefficients comparable to perovskite

interfaces. The interplay between electric fields and magnetism also leads functionalized graphene layers to a fully polarized spin state (half-metallicity).

Efficiency nearly to 100% spin-polarization is observed at low electric bias, and the selection of the spin-conducting channel is determined by the field

polarization.
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This suggest that spin currents can be achieved in
graphenematerials usingwell-known surface chemical
routes widely applied to engineer and tailor novel
properties in carbon materials.

RESULTS

We use NPD molecules as a test-case molecule
because their ferromagnetic signal has recently been
measured and a preferential functionalization to one of
the graphene sublattices was observed.12�14 Figure 1a,
shows the magnetic moment M = S as a function of ε
for positive and negative field polarizations. The mag-
netic moment is calculated as the integral of the
magnetization density over the supercell using well-
converged parameters at each value of the applied
electric field. Only the spin component of total mag-
netic moment is taken into account due to the small
orbital components. At low number of layers, for
instance monolayer (1L) and bilayer (2L), graphene
shows a negligible S(ε)-dependence, slightly keeping
its value of 1.0 μB per NPD molecule at zero electric
field. As the number of layers increases, substantial
modifications of S as a function of the external field is
displayed. For multilayer graphene, 12L and 24L, S
tunes from its zero-field magnitude (1.0 μB) to 0.4 μB
per molecule roughly following a linear damping with
ε. Using the variation of S for each value of ε is possible
to show that at 41 graphene layers the value ofmoment
goes to zero at ε = 1.0 V/Å. This indicates that the
magnetism generated via NPD molecules on multilayer
graphene can work as molecular-switch driven by the
electric bias between on and off spin-states. This is in
good agreement with superconducting quantum inter-
ference device (SQUID) experimental results recently
obtained for magnetic centers in graphene.15 We ob-
served that the applied electric bias of the intensity used
here can be obtained and controlled as recently re-
ported, using HfO2 gates. Electric fields as high as 6 V/nm
were achieved across of few-layers graphene.16 We have
also performed calculations at differentNPD coverages on
top of graphene in the range of 3.1 to 0.8%. We observed
that the tuning of the magnetic moment at low concen-
trations is stronger with a faster decay with the applied
electric field. At the low-dilution limit studied (0.8%)
variations of 100% in the value of the magnetic moment,
that is, from 1.0 μB per molecule to zero, are obtained for
fields close to 0.4 V/Å in bilayer graphene.
In the following, we calculate the quantity that

characterizes the coupling of S and ε in functionalized
multilayer graphene, that is, the magnetoelectric coef-
ficient R. This is given by

Rij ¼ μ0
DSi
Dεj

 !
(1)

where μ0 is the vacuum magnetic permeability con-
stant. Only components along the z-direction are

evaluated since the major contribution of the spin
moment comes from the Sz projection. Performing a
data fitting to the results shown in Figure 1a using eq 1
gives Rzz in the limits of 6.03�32.2� 10�14 G cm2/V, as
shown in Figure 1b. These values are several times
larger than those found in 3d transition metal layer
films (e.g., Fe(001), Co(0001), Ni(001)),17 but relatively
smaller that those obtained in perovskite interfaces
(SrRuO3/SrTiO3).

18 The extrapolation of our data given
in Figure 1b shows that at ∼176 layers the magneto-
electric coefficient corresponds to Rzz = 2 � 10�12

G cm2/V. This points that thicker graphene samples
could give similar magnetoelectric response as that for
perovskite interfaces.
The origin of the dependence of Rzz with the

number of layers is shown schematically in Figure 2.
The application of an external electric field ε gener-
ates a polarization charge density ΔF which is mainly
localized at the NPD molecule and at the bottom
graphene layer. This gives rise to a dipole moment
density in the slab that partially screens the electric
field over the screening length of the layers. The

Figure 1. (a) Spin moment S(μB) vs the external field ε(V/Å)
for different number of layers: 1L, 2L, 12L, and 24L. The
Bernal AB stacking was used in all calculations. The solid
curves are linear fits to the calculated data shown by filled
symbols. The inset shows a schematic geometry of NPD
molecules on top of a bilayer graphene. The blue arrow
shows the orientation of ε > 0. The adsorbate coverage is
12.5%. (b)R as a function of the number of graphene layers.
The calculated data is shown by the black symbols linearly
fitted by the solid line. The extrapolation of the data is
shown by the dashed line with the filled square at 176
layers. For comparison, the horizontal lines show the value
of R for Co(100) (solid blue), Fe(001) (solid green), Ni(100)
(solid pink), CrO2(001) (solid black), and SrTiO3/SrRuO3

(dashed black).
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induced charge densities ΔF at different fields are
shown in Figure 2a. The overall polarization charge is
field-dependent and increases in magnitude with the
external field intensity. The integration ofΔF along the
direction perpendicular to the layers (z coordinate),
using the equation 3 3P(r) = �ΔF(r) for each field
polarization results in a polarization P that is shown
in Figure 2b. The dependence of P on ε follows the
equation P = ε0χEε, where ε0 is the vacuum permittivity
and χE is the electric susceptibility. This shows a linear
response of the functionalized multilayer graphene on
the electric bias which can be related to Rzz through
Rzz = μ0((∂P)/(∂ε))((∂Sz)/(∂P)). As the linear increment in
P is compensated by the linear damping of Sz, that is,
the derivative ((∂Sz)/(∂P)) ∼ 1. This gives Rzz = μ0ε0χE,
which shows that the magnetoelectric coefficient is
proportional to the electric susceptibility as plotted in
the inset of Figure 2b.
There is an additional effect when an external

electric field is applied on a spin-polarized surface
which is the driving of carriers at a specific spin-state
on the C-plane: half-metallicity. Figure 3a shows the

spin polarization P for a functionalized bilayer gra-
phene versus energy E. P is defined as a function of
the spin-dependent density of states Nσ(E) (σ = v or V)
through the equation P = (Nv(E) � NV(E))/(Nv(E) þ NV(E))
for an energy interval close to the Fermi level (EF).
At finite fields, ε=þ0.30 V/Å, only one spin-conducting
channel (spin down) is present around EF, which
results in full spin-polarization (|P| f 100%). Once the
electric field orientation is reversed, ε = �0.30 V/Å,
a similar effect is observed but with the other spin-
conducting channel (spin up) instead. Looking at the cross
section of the spatial distribution of the spin polarization
density ξ(r) given by ξ(r) = (Fv(r) � FV(r))/(Fv(r) þ FV(r)),
where Fσ(r) is the volumetric spin density, the main
contribution for this spin-polarized effect comes from
the first carbon neighbors to the adsorption site, as
plotted in Figure 3b,c, for two field polarizations. This is
ingoodagreementwith scanning tunnelingmicroscopy
and I�V measurements performed for NPD molecules
chemisorbed on top of graphene samples with 5�10
layers.12 At ε = 0.0 V/Å both spin-conducting channels
contribute at EF, and no polarization is observed. Our
calculations also show that the energy difference be-
tween half-metallic states and that with no polarization
is large. For the thickest system studied (24L), the half-
metallic state is most stable by 38.4 meV per carbon

Figure 2. (a) On the left, induced charge densities,ΔF= F(ε)�
F(0), in e/Å3, between the two C-planes. The bolder and
lighter shaded curves correspond to ε=0.1 V/Å and ε=1.0 V/Å,
respectively. The large blue arrow shows the direction of
ε relative to the bilayer structure. On the right, isosurfaces
(at(0.04 e�/bohr3) corresponding to ΔF of NPD molecules
on top of graphene (ε = 1.0 V/Å). Positive and negative
values are shown in blue and red surfaces. (b) P(μC/cm2) as a
function of ε (V/Å) for 2L�24L graphene. The AB stacking
was used for all calculations. The inset shows the electric
susceptibility χE vs the number of layers; the solid red curve
corresponds to a linear fit.

Figure 3. Spin polarized states induced by NPD molecules
on top of bilayer 2L graphene. (a) P (arb. units) as a function
of the energy (eV) at zero and finite (ε = ( 3.0 V/Å) electric
fields. Polarization for up and down spins are shown for
positive (blue curve) and negative (faint red curve) values of
P, respectively. The vertical dashed line shows EF, which is
set to zero in each panel. (b, c) show the surface cross
section of ξ(r) (at (0.02 e�/bohr2) at its maximum value at
positive (ε=þ0.3V/Å) andnegativeelectricfields (ε=�0.3V/Å).
Note that P is largely originated at the first C-neighbors of the
defect site forming the triangle shape-like density.
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atom at ε = ( 0.50 V/Å. This energy is higher than that
obtained to the edge states of graphene nanoribbons,
which has a polarization energy of∼20meV per atom.19

The higher magnetic stabilization energy for functiona-
lized multilayer graphene might open a new route to
obtain half-metallic behavior in carbon materials.
In the following we discuss the underlying mecha-

nism of the electric-control of magnetism in functiona-
lized graphene. Figure 4 shows the calculated band
structures of monolayer 1L and bilayer 2L graphene
with NPDmolecules on the top layer at different values
of ε. In monolayer 1L graphene (Figure 4a), the adsor-
bates induce a dispersionless defect-state that appears
at EF. It has a majority 2pz contribution from the three
C-atoms nearest to the adsorption site with amagnetic
moment of 0.29 μB/atom. The adsorbate has small
contribution to the defect state with a magnetic mo-
ment of less than ∼0.01 μB. The half-filled character of
this 2pz-defect band combined with its dispersion-less
behavior induces a spin-splitting of∼0.34 eV between
up and down states which is observed above room
temperature. Two-degenerated states from the NPD
molecule are found at 0.85 eV above EF, which are
composed mainly of sp-electrons. Some other states
localized at the graphene surface also suffer a splitting
due to the spin polarization induced by the defect
although it is smaller than that for the 2pz states close
to EF. The polarization of the Dirac cone is mainly
appreciated by a 0.20 eV energy-splitting at the K-point.
It is worth noting that these features (dispersionless
state at EF strongly localized in the opposite sublattice to
the adsorbate, appearance of a large spectral gap) are
consistent with the spectral changes expected around

the Dirac point for a number of vacancies distributed on
the same sublattice.20,21 Indeed, for the pz band of
graphene the presence of a covalently bound molecule
is largely equivalent to the formation of a vacancy,
since electronic hopping is suppressed through the pz
orbital at the binding site. This observed magnetic
behavior follows closely the expectation based on Lieb's
theorem22 for a bipartite Hubbard model at half-filling,
which is an appropriate approach to understand the low-
energy electronic excitations in graphene.
Once the second layer is attached in a 2L graphene, a

Dirac cone is created at K that couples with the 2pz-
defect bands at EF. A modification in the dispersion of
both spin up and spin down levels is appreciated, with
a shift to higher and lower energies by∼200 and∼139
meV, respectively. At ε = 0, both 1L and 2L graphene
are still at the neutrality point and a negligible charge-
transfer between the molecule and the C-plane main-
tains the defect levels at similar position (Figure 4a,b).
For finite fields, 1L graphene does not suffer any
substantial modifications in its electronic energy levels
keeping their original dispersion even at high fields.
The bilayer 2L graphene, in its turn, shows a sizable
effect that is observed to depend on the field strength.
The coupling between the 2pz-defect bands of the
functionalized layer and the Dirac cone of the second
pristine layer is electric-sensitive and can be driven by
the bias. The Dirac cone of the pristine layer is shifted
up or down relative to the defect states, which gen-
erates an interlayer charge-transfer that changes the
spin polarization induced by the NPDmolecules. These
effects are appreciated in Figure 4c,d, which displays
the magnetic behavior for positive (ε =þ0.50 V/Å) and

Figure 4. Spin polarized band structures (top panels) and density of states (bottom panels) for functionalized graphene
layers. (a, b) Electronic structure for monolayer 1L and bilayer 2L at ε = 0. (c, d) Changes in the electronic structure of the
bilayer at finite fields: ε = þ0.5 V/Å and �0.5 V/Å, respectively. Blue and red lines show spin up and spin down states,
respectively. Defect levels aremarkedwith their respective characters (sp and 2pz) for NPDmolecules and graphene host. EF is
set to zero for each system and is shown by the dashed line.
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negative (ε =þ0.50 V/Å) electric fields, respectively. An
energy shift byþ0.46 eV and�0.53 eV is noted around
the Fermi energy which stabilizes a specific set of spin
polarized states (down or up) that are bias-dependent.
As the amount of spin-polarization is mainly due to a
single spin character, the half-metallicity is developed.
At higher electric fields, the opposite spin states gra-
dually start to be occupied, inducing the decrease in
the magnetic moment. It is worth noting that the shift
observed for the Dirac cone agrees very well with that
observed using SQUID measurements15 on sp3 adsor-
bates, such as F and H, which was ∼0.45 eV. This also
indicates that the physics behind of this behavior is
independent of the used adsorbate where similar
results were obtained in our calculations using NPD
molecules. A theoretical foundation for such effect
despite the chemical and biological character of the
adsorbate has recently beenproposedwhich describes
in detail the noted phenomenon.23 This theory is based
on the close relation between the electronic structure
of single C�C bond between the adsorbate and the
graphene surface and that observed for a π-vacancy

in a disorder model for graphene.20,21 When a single
covalent bond is established with the sheet, a local
moment of 1.0 μB always appear in the system as an
effect of the localized states that get pinned at the Fermi
level. This breaks the symmetry between the sublattices
and induces a behavior that is largely independent of the
chemical and biological activity of the adsorbate, as long
as a weakly polar bond is present.

CONCLUSIONS

In summary, the interplay between electric fields
and magnetism in functionalized multilayer graphene
is reported based on first-principles density functional
theory simulations. The described interplay helps to
explain experimentally observed results and predict a
novel set of magnetoelectric properties where light
electrons (2s and 2p) play an important role. This
electric-field mediated tuning of the magnetic proper-
ties provides an additional degree of freedom in the
design and modification of graphene-based materials,
opening new possibilities for efficient control of spin-
tronic device properties.

METHODS
The simulations presented are based on density-functional-

theory calculations as implemented in the SIESTA code.24 The
generalized gradient approximation,25 double-ζ plus polarized
basis set, norm-conserving Troullier-Martins pseudopotentials26

were used to simulate the systems. The resolutionof the real-space
grid used to calculate the Hartree and exchange-correlation
contribution to the total energy was chosen to be equivalent to
150 Ry plane-wave cutoff. Calculations using nonlocal van der
Waalsdensity functional27werealsoperformed, and it gives similar
results. Atomic coordinates were allowed to relax using a
conjugate-gradient algorithm until all forces were smaller than
0.01 eV/Å. Relevant lattice constants (in-plane and out-of-plane)
were optimized for each system taking into account the applied
electric field. Calculations performed using a different layer
stacking, for example, rombohedral (ABC), shows a similar
tuning of the magnetic moment as a function of the electric
bias. To avoid interactions between layer images the distance
between the graphene monolayers along the direction perpen-
dicular to the C-atom plane was always set larger than 25 Å. A
60 � 60 � 1 k-sampling grid in the two-atom unit cell of
graphene gives well converged values for all the calculated
properties.28 A sawtooth-like potential perpendicular to the
graphene planes is utilized to simulate the external electric
field in the supercell. The system is stable up to fields close to
1.5 V/Å, where the layers are observed to be weakly bound.
Constrained calculations using fixed-spin moment29,30 were
utilized to calculate the magnetic moment at its energetic
minimum for some of the graphene systems subjected to
electric fields. This enforce that the observed magnetism is
variationally unique and avoid fluctuations on the value of the
spin moment with the bias. In addition, localized states at the
molecules (NO2 radical), electrically driven by the field, get
pinned at the Fermi level, which resulted in numerical instabil-
ities in the self-consistent loop. Amap of the dependence of the
total energy on the magnetization was used to fix this problem.
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