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We show that the spin moment induced by sp3-type defects created by different covalent function-
alizations on a few-layer graphene structure can be controlled by an external electric field. Based on
ab initio density functional calculations, including van der Waals interactions, we find that this effect
has dependence on the number of stacked layers, concentration of point defects but the interplay of
both with the electric field drives the system to a half-metallic state. The calculated magnetoelectric
coefficient « has value comparable to those found for ferromagnetic thin films (e.g. Fe, Co, Ni) and
magnetoelectric surfaces (e.g. CrO2). The value of « also agrees with the universal value predicted
for ferromagnetic half-metals and also points to a novel route to induce half-metallicity in graphene

using surface decoration.

PACS numbers: 75.80.+q 75.70.Rf 75.75.-c 85.75.-d

I. INTRODUCTION

Magnetoelectric coupling has been attracting increas-
ing interest as a way to lead to a new class of nanodevices.
The possibility to manipulate the magnetization by an
external electric field or the electrical polarization by an
external magnetic field is of high fundamental and tech-
nological importance. Functional materials that presents
such response to external fields are at the cutting edge of
solid state research. Graphene is not an exception where
the response to magnetic and electric fields has driven
to the discovery of many fascinating effects. In particu-
lar, electric fields can change electronic transport!, open
band gaps?, drive superconducting-insulating transition
in hybrid system?® and even control surface plasmons®®.
However, graphene is not magnetic which put limitations
on its use in the context of magnetoelectric devices.

Here we address the issue of the magnetic moment in-
duced by chemisorbed adsorbates in a few-layer graphene
subjected to an external electric field. Some experi-
ments have shown that the functionalization of graphene
by HS%7, F%? and nitrophenyl diazonium molecules
(NPD)'9'2 induce magnetic behavior. Through exten-
sive ab initio electronic structure calculations, we show
that the magnetic properties of covalently functionalized
graphene can be manipulated by an external electric field.
Functionalized monolayer (1L) graphene is not modified
by the external field, while N—layer graphene (N >2)
displays a close dependence of the moment on the gate
bias. The magnitude of the effect depends on the con-
centration of molecules and the sublattice adsorption site.
Remaining, however, largely independent of the partic-
ular adsorbate considered which points to a universal
behavior notwithstanding the functionalization used!3.
For example, the spin-electric response of NPD, COOH
and NHs molecules are similar as that observed for H
adatoms. This behavior is explained in terms of the band
structure features and the interlayer charge-imbalance
driven by the electric bias. The calculated magnetoelec-
tric coefficient o has magnitude o = 5.74 —10.43 x10~4
G cm?/V, which is comparable to those found in fer-

romagnetic thin films and half-metallic surfaces. This
indicates a robust electric response of the chemical mod-
ified graphene. A half-metallic character at low bias is
also observed which is due to the capacitive depletion
or accumulation of spin polarized carriers at the C sur-
face. Our results point to a promising way to understand
and controlling the interplay between electric fields and
magnetism in functionalized graphene.

II. METHODS

The simulations reported here are based on density-
functional-theory calculations using the SIESTA code.'4
The generalized gradient approximation'® and nonlocal
van der Waals density functional'® was used together
with double-( plus polarized basis set, norm-conserving
Troullier-Martins pseudopotentials'” and a mesh cutoff
of 150 Ry. Atomic coordinates were allowed to relax us-
ing a conjugate-gradient algorithm until all forces were
smaller than 0.04 ¢V /A. Tests perform at better accuracy
(<0.01 eV/A) yields to almost identical relaxed struc-
tures. Relevant lattice constants (in-plane and out-of-
plane) were optimized for each system taking into ac-
count the applied electric field. To avoid interactions be-
tween layer images, the distance between the graphene
monolayers along the direction perpendicular to the C-
atom plane was always larger than 20 A. A 60 x 60 x 1 k-
sampling grid in the two-atom unit cell of graphene gives
well converged values for all the calculated properties'®.
The fixed-spin method (FSM)%2° was also used to sta-
bilize the magnetic solutions for some systems. The rea-
son was that fluctuations on the value of the spin mo-
ment with the applied field were observed. We applied
a spatially-periodic saw-tooth-like potential perpendicu-
lar to the graphene surface to simulate the external field
across the supercell.
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FIG. 1: a, Spin moment as a function of £ for hydrogenated
N—layer graphene. Both stacking orders were considered:
ABA (N =2, 3, 4) and ABC (N =3) (filled triangles). b,
Similar to a, but for other molecules chemisorbed on 2L
graphene: NHz, COOH, and NPD. The average of all curves
is shown by the solid dark curve. ¢, Polarized charge den-
sity, Ap = p(€) — p(0), for functionalized 2L graphene with H
(top panels) and NPD (bottom panels) molecules on the top
layer. Left and right panels show Ap at £ < 0 and £ > 0,
respectively. Cutoff at 4-0.004 e~ /bohr®. The adsorbate con-
centration is 3.1%.

III. MAGNETOELECTRIC RESPONSE
A. Universal Behavior

Figure la, shows the spin moment due to the hydro-
genation of graphene as a function of the applied electric
field £. For 1L graphene the moment does not show any
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FIG. 2: Spin moment as a function of £ for a hydrogenated 2L
graphene at different concentrations. The molecular coverage
varies from 50% (Graphone limit) to 0.8% (high-dilution limit
considered).

modification, remaining constant at its zero-field value of
1.0 pup per defect. 2L, 3L and 4L graphene display a clear
dependence of the magnetic moment on £ which in the
studied range varies from 1.0 up to 0.2 up per defect.
Our calculations also show that this effect is indepen-
dent of the stacking order, Bernal (ABA) and Rhombo-
hedral (ABC), giving numerically the same results for
3L graphene. Both stackings under an applied gate bias
work in a different way as was recently reported?! 23
but the electric-spin dependence on the stacking of the
graphene layers was not observed. The dependence of
the spin moment on &£ saturates in 4L graphene with val-
ues close to that obtained for 3L graphene. Calculations
performed for different chemisorbed adsorbates (NPD,
NH,, COOH) show similar results, which in principle is
not an obvious behavior'3. Figure 1b presents their de-
pendence of the magnetic moment as a function of £ on a
2L graphene. Despite of the particular adsorbate consid-
ered, the magnetic moment varies from 1.0 pp to 0.6/0.2
up per defect side depending on the direction of the ap-
plied field. An increasing asymmetry on the damping of
the spin moment is observed from H to NPD molecules
at positive external fields. This is due to the polarized
charge density Ap induced on the adsorbates as shown in
Figure 1c. For H adatoms at £ > 0, Ap has contribution
from both the C-surface and the adsorbate (upper right
panel in Fig. 1¢). However, for NPD Ap is mainly local-
ized at the molecule on the NOs radical which is more
polarizable under the field (lower right panel in Fig. 1c).
This generates an additional charge density that helps to
dampen the magnetic moment to lower values.



B. Molecular Coverage and Disorder

We address next the dependence of the magnetoelec-
tric effect on the molecular coverage. In Figure 2 we
plot the spin moment as a function of the field £ for a
2L graphene at 50%, 12.5%, 3.1%, 1.4% and 0.8% cov-
erage. At the limit of Graphone (50%), where half-side
of graphene is fully functionalized, the magnetic moment
does not change significantly. It keeps its value of 1.0 up
at £ = 0. As the coverage is reduced the variation of the
magnetic moment with the field becomes stronger. At the
dilute limit considered here, ~0.8%, variations of 100%
in the value of the magnetic moment are obtained for
E=05V/ A. This suggests that for a hydrogenated few-
layer graphene at high dilution (< 28.9 10'2/cm?), an ex-
ternal field can induce switching between ON and OFF
states similar to that in magnetoresistance?* and magne-
toelectric devices?®. This is in close agreement with re-
cent SQUID measurements, performed for defective and
functionalized multilayer graphene where the interplay
between magnetism and electrical means was detected?S.

£=+0.20 V/A

FIG. 3: (Color online) Spin magnetization density for 2L
graphene with H adatoms at different sublattices: a, at the
same layer (A'B') and b, at different layers (A'B?). Spin up
and spin down are defined for positive (dark blue) and nega-
tive (light red) isosurfaces. The value of the external field £
is given in each panel. Cutoffs at +0.007 e~ /bohr® and +0.01
ef/bohr?’ in a, and b, respectively. The bottom layer in a,
has a different color in comparison to the top one.

Possible effects of disorder and functionalization at dif-
ferent layers were also studied. We considered H atoms
as the test molecule, because of its high reactivity with
C and its small steric size compared to the other ad-
sorbates, may help the diffusion to other layers. Bigger
molecules, in particular NPD, were not considered due
to their periodic coverage recently observed!®'2. For
two H atoms at the same layer, but at different sublat-
tices (A'B!), £ generates a spin moment of ~0.10 up
(see Figure 3a). It comprises the first impurity neigh-
bors with an antiferromagnetic (AFM) spin coupling be-
tween them. The calculated exchange energy (Jaip1)
gives Jai1gt ~2 meV which also depends on the relative
distribution of H atoms. An electric-spin response is ob-
served as long as the impurities do not cluster or form
dimmers??. Simulations carried out for many H positions
confirm this trend. When hydrogenation takes place at
different layers?® but at the same sublattice (A1 A?), both
ferromagnetic (FM) and AFM solutions are energetically
stable with Ja142 ~2.1 meV. The total spin magnetiza-
tion integrates to 2.00 pp in the FM case, at zero field,
with a similar tuning of the magnetic properties as that
in A'A! situation. If the two molecules are located at dif-
ferent sublattices (A'B?) the AFM configuration is the
most stable??. The energy difference in relation to the
spin compensated solutions, closer in energy than the
FM ones, is Exigz =31 meV/cell at £ =0. For this con-
figuration an AFM-magnetoelectric response is observed
as displayed in Figure 3b.

IV. MAGNETOELECTRIC COEFFICIENTS
AND HALF-METALLIC BEHAVIOR

A. Fitting

Next we calculate the magnetoelectric coefficient o;
which quantifies the interplay between the magnetiza-
tion M and electric fields. This is given by the ten-
SOT vjj = [l (%—gﬁ), where po is the vacuum magnetic
permeability constant. In this approximation only the
transverse component, o, = of , will be considered. Be-
cause the orbital contribution L to the magnetization
M = S + L, which determines the other components
(Qzz, Qyuy, Qgy, etc.), is small in carbon. Fitting the
data shown in Figure 1b to of we find of in the range
of —10.43 — +7.72 10~ G cm?/V as shown in Table
I for each adsorbate and field polarization. The differ-
ent signs of af is due to the different orientation of the
magnetic moment at the defect side under £. The calcu-
lated values of a® are ~ 3 — 6 times larger than those in
ferromagnetic metal films (Fe(001), Co(0001), Ni(001))3°
but smaller in comparison with interfaces based on per-
ovskites (SrRuO3/SrTiO3)3!. Both types of systems con-
tain heavy metal atoms (with 3d or 4d electrons), in con-
trast with functionalized graphene which contains only
light C and H atoms (2s and 2p electrons). The average
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FIG. 4: a, Spin polarization P of hydrogenated 2L (blue
curve) and 3L (faint yellow curve) graphene at £ =+0.3 V/A,
0.0 V/A and -0.3 V/A. Positive and negative values of P cor-
respond to up and down spins. Er is marked by the dashed
vertical line. b, and ¢, show the respective cross section of P
(£0.02 e /bohr?) at £ =+0.3 V/A and -0.3 V/A. The color
gradient represents the relative polarization of the C atoms
for up and down spins.

calculated values of <% = 4+6.68 and a*>° = —8.54 are
close to the universal value ay = 6.44 x 10714 G cm?/V
for ferromagnetic half-metallic surfaces (CrOz (001))32

TABLE I: Calculated magnetoelectric coefficients (af) in a
functionalized 2L graphene at positive and negative external
electric fields.

Adsorbates

H NH. COOH NPD

af<% (107 G ecm?/V) 6.84 574 641  7.72

% (107 G cm?/V) -6.20 -9.08 -8.54 -10.43

B. Electrical Spin-Filtering Effect

We note that functionalized graphene multilayers ex-
hibit half-metallic behavior. This is shown in Figure 4a,
by the behavior of the polarization P for bilayer 2L and
trilayer 3L graphene as a function of the energy. P is

defined by P = %, where N, (F) is the spin-
dependent (o =1 or |) density of states. At & = +0.30
V/A , in both graphene stackings, just one spin chan-
nel (up or down) appears around the Fermi level (Er)
leading to almost complete polarization, |P| ~ 1. The
main atoms that contribute to this effect are localized
at the first C-neighbors to the defect side as is shown
in Figure 4b,c at distinct field polarization. This means
that covalent functionalization can create patches of spins
at specific state, driven by the electric field, which can
efficiently work as a spin-filter. Our simulations also
point that the magnetic interaction energies are large.
The energy difference between the half-metallic state at
£ = 4030 V/A and € = 0 V/A is 8 meV per car-
bon atom. This value should be compared to the spin-
polarized edge state of graphene nanoribbons, which has
a polarization energy of ~20 meV per edge atom?®3. We
note that the creation of graphene nanoribbons with well
controlled edges is probably more difficult than the cre-
ation of covalently functionalized graphene samples'® 12,

V. INTERLAYER CHARGE IMBALANCE
A. Electrically-Driven Spin State

We now analyze the origin of this half-metallicity as
well as the magnetoelectric effect. Figure 5a,b,d,e,
show the electronic structure of functionalized 1L and
2L graphene system. The results are for H adatoms
but they are equivalent to the other adsorbates as com-
mented above. In 1L graphene (Fig. 5a), the adsorbate
introduces a very narrow defect state that is pinned at
Er. This state shows a predominant 2p, contribution
from the nearest C-neighbors of the defect site, with a
smaller component from the adsorbate itself as seen in
Fig. 5¢c. The small dispersion of this 2p.-defect band
combined with its partially filled character favors the
spin-uncompensated solutions. The splitting energy be-
tween up and down 2p.-defect bands gives ~0.30 eV at
the I point, inside of a gap of ~1.3 eV between C-states
from the graphene surface. The behavior is similar for 2L
graphene, except that the presence of the second pristine
C layer reduces this gap to zero, and the interaction of
the bands at the K point produces some dispersion in the
two defect states (see Figure 5b). The second pristine C
layer introduces a Dirac cone at K in the functionalized
system that at £ = 0 is still at the neutrality point.

The application of an electric bias on the 1L graphene
produces no change in its band structure (see Figure 6),
but induces a pronounced effect in the band structure of
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FIG. 5: Schematic representation of the electronic structure (on left) and calculated band structure (on right) of hydrogenated
graphene for: a, 1L and b, 2L graphene both at £ = 0; spin up and spin down states are shown in blue (dark) and red (bright)
lines. The dashed line shows Ep for each electronic structure. ¢, Wavefunction of the defect state in 2L graphene (0.04
e/ bohr3) at the I" point and £ = 0; positive and negative values are shown in light pink and cyan surfaces. The bottom layer
is shown in light orange color. d, and e, are the corresponding band structures for the 2L graphene, at £ = —0.50 V/A and

+0.50 V/A. f, Magnetization density (+0.02 e~ /bohr®) at £ = 0 for 2L, graphene. The adsorbate concentration is 3.1%.

the 2L graphene. In particular, the electric field shifts
the Dirac cone of the pristine layer relative to the posi-
tion of the defect bands. This shift induces an interlayer
charge-transfer which depends on the field polarization.
Figure 5d,e, show these effects for £ = —0.50 V/A and
+0.50 V/ A, respectively, with the defect states shifting
to higher and lower energy (~0.33 V). This corresponds
to the observed half-metallic state. Increasing £ leads to
gradual occupation of the opposite spin state and the cor-
responding damping of the spin moment and polarization
P discussed earlier.

B. Electrical Capacitance and its Spin Analogous

The effect of the induced charge transfer An between
the pure and hydrogenated layers in functionalized 2L
graphene is shown in Figure 7. We found that An in-
creases or decreases approximately linear with the field
(solid black line), which is a behavior expected from a
parallel plate capacitor?. This results in a charge capac-
itance per unit area C = An/AV, with AV = d (€/e)
where d is the distance between the capacitor plates
and ¢ is the effective dielectric constant between the
plates. We calculate € by comparing the average electric
field in the region between the two C-planes and taking
the ratio to the externally applied field: € = &, /E.4

Energy (eV)

AN

1z

KM T KM

FIG. 6: (Color online) Spin polarized band structures for hy-
drogenated 1L graphene at 3.1% coverage. From the left to
the right panel, the electric fields are 40.0, +0.10, +0.30,
+0.50 V/A7 respectively. Up and downs spins are shown in
blue and red colors, respectively. FEr is set to zero in all
panels.

We obtain € ~ 2 — 4 which agrees well with recent
scanning tunneling microscopy®* and magnetoresistance
measurements®®. We use the value e = 3 which is in the



middle of the range. However, it is worth noting that e
is electric-field dependent as recently shown®¢. For 2L
graphene the modifications are smaller than ~4% which
allows us to use the same value of € in the calculated
range of fields. The values of the capacitance of the pris-
tine Cy and functionalized systems Cpg give Cy ~ 5.7 uF
ecm~?2 and Oy ~ 6.9 uF cm™2. The capacitance of the
pristine system Cj is also in close agreement with recent
experiments®® which report values in the range 6.8-7.5
uF em™2. It is important to compare the capacitance
calculated here to values predicted for SrRuO3/SrTiOs
interfaces®!, of 2.0 uF cm™2, which shows that they are
in the same magnitude.

The spin capacitance C° is another quantity of inter-
est in systems that exhibit spin-polarization and can be
relevant to the performance of spintronic devices based
on functionalized graphene materials. It is defined by3!
C® = A¢/AV, where A€ is the amount of spin-polarized
charge density per unit area induced by the voltage dif-
ference AV. In our systems, where charge mediates spin
compensation, we expect that C% = Cy should be val-
idated. We have verified numerically that this relation
holds to an accuracy better than 1%. Therefore, in func-
tionalized 2L graphene C% is of the same order of mag-
nitude as that found for StRuO3/SrTiO3 structures3’.

VI. ELECTROSTATIC EXFOLIATION

We have also observed that there exist a limit on the
intensity of the external field that can be applied to the
functionalized multilayer graphene. Figure 8 shows the
total energy for hydrogenated bilayer graphene as a func-
tion of the interlayer distance z. The equilibrium distance
(Zeq) is 3.4 A. At € =0.0 V/A, a van der Waals barrier
(AEyqw) of AE,qw =28.50 meV /atom prevents the sep-
aration of the two layers from z.q to infinity. For & #0
the value of AE,qw decreases, pointing that the C-planes
become weaker bound. At €& =1.88 V/A, the two planes
of the functionalized 2L graphene can be easily separated
with AE,qw ~ 1.0 meV/atom. This effect is due to the
electrostatic attraction force acting between the graphene
surface and the bias gate which compensates the van der
Waals forces between the layers. Similar observations
were experimentally used to exfoliate highly oriented py-
rolytic graphite in prepatterned few-layer graphene us-
ing an electrostatic gate3”. Thus, the intensity of the
external field should be carefully controlled in order to
just change the value of the magnetic properties of the
functionalized graphene structure, without inducing to
exfoliation.

VII. CONCLUSIONS

In conclusion, we have used first-principles electronic
structure calculations to demonstrate the interplay be-
tween electric and magnetic properties in functionalized
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FIG. 7: Charge transfer density An as a function of £ for 2L
graphene at different H coverage. The average of all curves is
shown by the solid dark curve. The accumulation and deple-
tion regions are highlighted.

few-layer graphene. The electrical-spin response is com-
parable to that observed in systems where heavy elements
play a role. This provides an additional degree of free-
dom in the design and modification of graphene-based
materials, opening new possibilities in spintronics and
magnetoelectric devices.
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FIG. 8: Total energy versus interlayer distance for hydro-
genated bilayer graphene at different values of £(V/A). The
vertical dashed line indicates the equilibrium position zeq.
The inset shows the van der Waals barrier (AE,qw) per atom
as a function of £. The adsorbate coverage is at 3.1%.
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