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Gate-tunable spin-dependent properties could be induced in graphene at room temperature
through magnetic proximity effect by placing it in contact with a metallic ferromagnet. Because
strong chemical bonding with the metallic substrate makes gating ineffective, an intervening passi-
vation layer is needed. Previously considered passivation layers result in a large shift of the Dirac
point away from the Fermi level, so that unrealistically large gate fields are required to tune the spin
polarization in graphene. We show that a monolayer of Au or Pt used as the passivation layer be-
tween Co and graphene brings the Dirac point closer to the Fermi level. In the Co/Pt/Gr system the
proximity-induced spin polarization in graphene and its gate control are strongly enhanced by the
presence of a surface band near the Fermi level. Furthermore, the shift of the Dirac point could be
eliminated entirely by selecting submonolayer coverage in the passivation layer. Our findings open
a path towards experimental realization of an optimized two-dimensional system with gate-tunable
spin-dependent properties.

I. INTRODUCTION

With its high mobility and low spin-orbit coupling,
graphene (Gr) is expected to be a particularly suitable
material for spin transport and spintronics [1–3]. From
the first demonstration of spin injection in graphene [4],
there has been significant progress in extending the char-
acteristic time and length scales over which spin infor-
mation can be sustained [5, 6]. Graphene-based spin-
logic gates have been demonstrated at room tempera-
ture [7], supporting proposals for specialized applications
that could outperform complementary metal-oxide semi-
conductor (CMOS) based counterparts [8].

Despite its attractive intrinsic properties, there is a
strong interest in introducing superconductivity, mag-
netism, a sizeable energy gap, topological properties, or
strong spin-orbit coupling into graphene. Chemical dop-
ing or functionalization tend to introduce unwanted dis-
order and significantly reduce the mobility of charge car-
riers in graphene [9]. However, the atomic thickness of
graphene and other two-dimensional (2D) materials offers
an alternative way to modify their properties through
short-range proximity effect [9] from an adjacent layer
that already has the desired properties [10–16].

Interest in magnetic proximity effects in 2D systems is
exceedingly broad, as they are considered for implement-
ing magnetic skyrmions [17], exotic properties of topo-
logical insulators [18], and Majorana bound states for
topological quantum computing [19–22]. In this paper
we focus on magnetic-proximity effects in Co/Gr-based
hetrostructures, of the type shown in Fig. 1, that could
enhance graphene for spintronic applications.

Many graphene-based spintronic devices operate by
switching the magnetization in ferromagnetic con-

∗ mbosnar@irb.hr
† ivor.loncaric@gmail.com

tacts [1–3, 23–25]. As an alternative to the use of an
external magnetic field, it is attractive to take advantage
of the electrically-tunable magnetic proximity effect in
graphene, which is potentially faster and more energy-
efficient [26, 27]. To characterize this effect, we use the
proximity-induced spin polarization P (E) in graphene,
which is defined as

P (E) =
N↑(E)−N↓(E)

N↑(E) +N↓(E)
, (1)

where Ns(E) is the projected density of states (PDOS)
for spin projection s averaged over the C atoms. Both
magnitude and sign of P (E) near the Fermi level EF can
be controlled by electric gating [26].

It is usually expected that tunable magnetic proxim-
ity effects require a magnetic insulator to avoid shorting
the circuit through the metallic ferromagnet [28–33]. In-
deed, graphene forms strong chemical bonds with Co and
Ni [26, 34, 35], which essentially turns it into a metallic
continuation of the ferromagnet with a large DOS at the
Fermi level. As a result, it is practically impossible to
change P (EF ) in such chemisorbed graphene by electric
gating [26].

FIG. 1. Schematic view of the proposed system.
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Therefore, the idea to select heterostructures with a
van-der-Waals (vdW) bonded layer of graphene was in-
troduced [26]. A common metallic ferromagnet with high
Curie temperature could then be considered for tunable
magnetic proximity effects. In particular, surface passi-
vation through an addition of another graphene layer [26]
or a layer of h-BN [26, 34] between graphene and Co, as
shown in Fig. 1, was studied. In both cases passivation
results in weak vdW bonding of the top layer of graphene
to the underlying structure [26].

Weak vdW bonding tends to preserve major features
of the electronic structure, such as the Dirac cone in
graphene [26, 35, 36], but the bound system still has
important differences compared to its standalone com-
ponents. In systems studied previously, the most rele-
vant features are (n-type) doping [26, 35] and lifting of
the spin degeneracy in graphene due to the proximity ef-
fect [26, 34]. This proximity effect has been utilized in
transport experiments [36] aiming to use graphene not as
a spin filter (as in the tunneling geometry [37]) but as a
source of spin-polarized carriers.

Graphene and the passivated surface can be thought of
as two plates of a capacitor. Gate voltage Vgate induces
an electrostatic potential difference and charge trans-
fer between these plates, which can change P (EF ) in
graphene and sometimes even its sign [26]. The poten-
tial difference depends inversely on the DOS at the Fermi
level in graphene [26]. It is, therefore, expected that
P (EF ) should be more sensitive to gating if the Fermi
level is close to the Dirac point.

With h-BN and graphene passivation layers on the
surface of Co, physisorbed graphene is n-doped with its
Dirac point shifted approximately 0.5 eV below the Fermi
level and a relatively large DOS at the Fermi level [26].
First-principles calculations have shown that significant
tuning of P (E) in this system requires large electric
fields [26] that are achievable only by ionic-liquid gat-
ing [39, 40]. This conclusion was corroborated by ex-
periments on lateral Co/h-BN/Gr-based spin valves [41],
where electrostatic gating failed to produce tunable mag-
netic proximity effects in 2D ferromagnetic contacts in
the planar geometry similar to Fig. 1. Instead, to re-
duce detrimental n-doping, one-dimensional edge con-
tacts were used to achieve the ability to switch the
proximity-induced spin polarization in graphene by gat-
ing [41].

In this paper we explore a different path to realiz-
ing tunable spin polarization in 2D geometry by using
a monolayer of noble-metal atoms like Au or Pt as the
passivation layer between the Co surface and graphene.
Furthermore, we show that additional flexibility can be
achieved by using a passivation layer with a variable par-
tial coverage. In fact, a study of graphene doping on
Au-passivated Ni surface found that reducing the cov-
erage of Ni by Au atoms reduces the doping level in
graphene [42]. Our first-principles calculations based on
these considerations provide useful guidance for realizing
proximity-induced spin polarization and spin gating in

graphene.
While doping of graphene is not eliminated in any of

the structures studied here, all of them have more than
an order of magnitude larger P (EF ) at electric fields un-
der 0.1 V/Å compared to Co/h-BN/Gr heterostructures,
reaching 15% with Pt-passivated Co. Furthermore, dop-
ing in 100% covered structures is p-type, in contrast to
n-type in the Co/h-BN/Gr structure, while the reduction
in coverage drastically shifts the doping level towards n-
type for both Au and Pt-passivated Co. This result sug-
gests a way to design the desired structure where doping
is entirely cancelled.

II. COMPUTATIONAL DETAILS

Proximity-induced spin polarization in graphene was
studied using density functional theory (DFT) as imple-
mented in a real-space code GPAW [43–45]. The real-
space approach avoids the use of periodic boundary con-
ditions in the non-periodic direction, preventing spurious
tunneling [26] and obviating the need for dipole interac-
tion corrections [46].

We used projector-augmented-wave (PAW) [47, 48]
PBE [49] setups from the GPAW package and the semilo-
cal vdW functional vdw-df-cx [50–52] from the libvdwxc
library [53] for exchange and correlation. The cell was
sampled by a grid of 0.133 (0.129) Å spacing in the planes
parallel (perpendicular) to the heterostructure layers.

Input structures were constructed in QuantumWise
Virtual NanoLab [54]. For the fully covered hexagonal
close-packed Co (0001) surface we used a slab with 7 lay-
ers of Co atoms. The passivating Au or Pt monolayers
were added in an extension of this slab, fully covering the
surface and forming a 1 × 1 supercell. Since the exper-
imental lattice constants of graphene (2.461 Å) and Co
(0001) surface (2.507 Å) make a small lattice mismatch
of 1.8%, we used a 1 × 1 supercell with the lattice pa-
rameter of graphene. All supercells contained 10 Å of
vacuum on both sides of the heterostructure.

To find the optimal lateral position of graphene, we re-
laxed the system starting from three configurations: Au
or Pt atom located under the hollow site of graphene, un-
der a C-C bond, and under a C atom. Relaxations were
performed using the quasi-Newton algorithm, as imple-
mented in the ASE package [45], with GPAW as the DFT
calculator, until the force on each atom was smaller than
0.05 eV/Å. We fixed the bottom two layers of Co and
used a 15× 15× 1 Monkhorst-Pack sampling of the Bril-
louin zone with a Fermi-Dirac smearing of 200 meV.

The total energy for each relaxed structure was calcu-
lated with a dense 63× 63× 1 k-point mesh and Fermi-
Dirac smearing of 10 meV. The optimal configuration
for both passivation layers is with the Au or Pt atoms lo-
cated under the hollow site of graphene. For Co/Au/Gr
(Co/Pt/Gr), the bond structure is 21.9 (96.7) meV higher
in energy, and the on-top structure 56.1 (24.8) meV
higher than the hollow-site structure. The optimal struc-
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FIG. 2. Top (a) [(c)] and side (b) [(d)] view of the optimal energy structure with 100% [75%] Co surface coverage by Pt or
Au. C atoms are shown in dark blue, noble metal in yellow, and Co in light blue. Two inequivalent C atoms in case of 100%
coverage are marked by 1 and 2. The listed average interlayer distances correspond to equilibrium without the applied field.
This figure was made using XCrySDen software [38].

tures are shown in Figs. 2(a) and 2(b). These structures
were relaxed further with a homogeneous electric field of
Ez = ±0.01, ±0.05, ±0.1, and ±0.2 V/Å, applied per-
pendicular to the surface.

As a case study of a system with lower coverage in the
passivation layer, we used a system with a 75% covered
Co surface shown in Figs. 2(c) and 2(d). To obtain the
75% coverage, 3 atoms of Au or Pt were placed on the
2× 2 supercell of Co (0001). The starting positions were
taken from Ref. [42] for the Ni(111)/Au/Gr system. In-
stead of 7 Co layers used for the full coverage, here we
used 5 Co layers to keep the calculation manageable; the
system was relaxed with the same procedure.

We used finer Brilloiun zone sampling and Fermi-Dirac
smearing of 10meV for the precise calculation of the mag-
netic moments. For systems with 100% (75%) coverage
we used a 111×111×1 (32×32×1) k-point mesh, which
was also used to calculate the spin-resolved PDOS where
200 meV Gaussian broadening was chosen.

The atomic magnetic moments are estimated as the
integrals of the spin density S, defined as the difference
of electronic densities ρ in the two spin channels

S(r) = ρ↑(r)− ρ↓(r), (2)

over the augmentation spheres.

III. RESULTS AND DISCUSSION

III.1. Zero gate voltage

The band structures of the Co/Au/Gr and Co/Pt/Gr
systems with 100% coverage in the passivation layer, at
zero applied field, are shown in Fig. 3. In both cases
the Dirac cone of graphene is preserved but shifted to
higher energies by 0.33 eV and 0.22 eV for Pt and Au,
respectively. Along with the distances of about 3.5 Å
between graphene and the Pt or Au layer (see Fig. 2),
these results suggest vdW bonding between graphene and
the metallic surface. Graphene here is p-doped to a lesser
extent compared to n-doped graphene in the system with
a h-BN passivation layer [26].

A closer look at the band structure near the Fermi
level shown in the insets in Figs. 3(a) and 3(b) reveals
that spin splitting is induced in graphene in both sys-
tems. In Co/Au/Gr the splitting is approximately con-
stant near the Fermi level and we estimate it to be
about 1.05 meV. This splitting represents interlayer ex-
change [34]. In contrast, in Co/Pt/Gr the splitting varies
sharply near the Fermi level due to the hybridization
of the graphene and flat metal bands and the ensuing
avoided band crossings. We note that avoided crossings
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FIG. 3. The band structure of (a) Co/Au/Gr and (b) Co/Pt/Gr for full coverage in the passivation layer. Insets: enlarged
portion of the band structure near the Fermi level.

FIG. 4. Spin density S(r) [see Eq. (2)] in (a) Co/Au/Gr and (b) Co/Pt/Gr in a plane 0.33 Å above the graphene layer for
100% coverage in the passivation layer. Red (blue) areas: same (opposite) sign of the spin density as in Co. The colorbar scales
are different. Figure was made using the XCrySDen software [38].
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are also present in Co/Au/Gr, and exchange splitting is
present in Co/Pt/Gr, but their effect on the respective
band structures appears to be smaller.

The magnetic proximity effect induces a finite spin den-
sity S in graphene. Figure 4 shows a planar slice of S(r)
at a distance of 0.33 Å above the carbon nuclei. Clearly,
the spin density is inhomogeneous in both systems, re-
flecting the inhomogeneity of the surface. Furthermore,
the spin density in Co/Au/Gr has different signs on the
two inequivalent carbon atoms.

To gain insight into how S is formed from the band
contributions, one can integrate the difference in PDOS
Na,s(E) on a C atom of type a up to some energy E0

Da(E0) =

∫ E0

−∞
[Na,↑(E)−Na,↓(E)] dE. (3)

The resulting quantities Da(E0) are shown in Fig. 5 for
the two inequivalent C atoms; the values Da(EF ) at
the Fermi level are consistent with Fig. 4. We see that
Da(E0) are complicated functions that change sign mul-
tiple times in both systems. This means that the spin
density stems not from homogeneous exchange splitting,
but from the hybridization of graphene bands with the d
bands of the metallic surface.

Induced S in graphene is considerably larger in
Co/Pt/Gr compared to Co/Au/Gr, owing to greater hy-
bridization between the graphene and metal bands in for-
mer compared to latter. There are two reasons for this
stronger hybridization. First, graphene is closer to Co in
Co/Pt/Gr than in Co/Au/Gr, as seen in Fig. 2(b), be-
cause Pt binds more strongly to Co. Second, Co/Pt/Gr
features a band shown in the inset of Fig. 3(b), which
is absent in Co/Au/Gr. Orbital analysis shows that this
band is predominantly located on Pt atoms and the first
underlying layer of Co atoms, i.e., Co/Pt/Gr has a po-
larized surface resonant band near the Fermi level. This
band naturally has larger overlap with graphene wave
functions than the other, bulk-like, bands.

In the context of transport properties of proximity-
magnetized graphene, only Ns(E) and its polarization
near the Fermi level, shown in Fig. 6, are important.
Consistently with the band structure showing a largely
intact Dirac cone, the shape of PDOS is similar to free-
standing graphene. The avoided crossings with the bands
of the metallic surface give rise to pronounced peaks
and dips in graphene PDOS in both Co/Au/Gr and
Co/Pt/Gr, but these peaks are not visible in Fig. 6 due
to the broadening used in the calculation of PDOS.

In Co/Pt/Gr hybridization of the surface band seen in
the inset of Fig. 3 with the graphene states results in a
large P (EF ). The avoided crossings in Co/Au/Gr are
less pronounced, and their effect on the band structure
does not extend to the Fermi level. As a result, P (EF )
is smaller in Co/Au/Gr.

Large P (EF ) in Co/Pt/Gr should be experimentally
testable by spin-polarized scanning tunneling microscopy
(STM) or scanning tunneling spectroscopy (STS) exper-
iments [55–57].

III.2. Submonolayer coverage in the passivation
layer

In this Section we show that the doping level in
graphene can be effectively controlled by changing the
coverage in the passivation layer, which also has a strong
effect on the spin polarization.

Figure 7 shows the graphene PDOS in Co/Au/Gr and
Co/Pt/Gr with 75% coverage in the Au or Pt layer at
zero external field. Based on the similarity of this PDOS
to the DOS of freestanding graphene and the large dis-
tances between graphene and the metallic surface [3.2 Å
for Co/Au/Gr and 3.3 Å for Co/Pt/Gr; see Fig. 2(d)],
we again conclude that graphene is physisorbed. Smaller
distance between graphene and the surface with 75% cov-
erage can be attributed to stronger binding, similarly to
graphene on Au-passivated Ni surface [42].

As seen in Fig. 7, the reduction in coverage has a sig-
nificant effect on the proximization of graphene. First,
the Dirac point is shifted from 0.22 eV (p-type doping) to
−0.21 eV (n-type doping) in Co/Au/Gr and from 0.33 eV
to 0.17 eV in Co/Pt/Gr. This is similar to the shift ob-
served in the Ni/Au/Gr system [42]. Second, P (EF ) in
Co/Au/Gr increases greatly for 75% coverage. Orbital
analysis shows that no surface bands are formed in the
Co/Au/Gr system. Thus, the increased P (EF ) is due to
stronger hybridization of graphene and Co states due to
the reduced distance. This explanation is consistent with
the much smaller change in P (EF ) in Co/Pt/Gr where
the graphene-Co distance does not decrease as much.

Therefore, the change in the coverage can drastically
change the doping level and even switch it from p-type
to n-type. Because doping in Ni/Au/Gr changes mono-
tonically with coverage [42], we expect there is a certain
coverage between 75 and 100% in Co/Au/Gr (and, simi-
larly, less than 75% in Co/Pt/Gr) for which graphene is
undoped. This choice of coverage could lead to greater
sensitivity to the applied electric field.

III.3. Gate control of spin polarization

The applied electric field induces charge transfer be-
tween graphene and the rest of the system, shifting the
PDOS relative to the Fermi level, as seen in Figs. 6(c)-
6(d) for 100%-covered systems. This shift can be traced
through the position of the point where PDOS has a min-
imum. This point moves up (away from the Fermi level)
at Ez > 0 because the electronic states of graphene are
raised in energy compared to the metal, and vice versa.

For the same magnitude of the electric field, total
PDOS shifts more in Co/Au/Gr compared to Co/Pt/Gr.
This is in agreement with the electrostatic model [26]:
doping in Co/Au/Gr, and hence PDOS at EF , is lower
in Co/Au/Gr compared to Co/Pt/Gr.

On the other hand, Fig. 8 shows the magnetic mo-
ments of the carbon atoms as a function of electric field
in systems with 100% coverage. The magnetic moments
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and their changes due to the electric field are greater in
Co/Pt/Gr than in Co/Au/Gr. Furthermore, Figs. 6(a)-
6(b) show P (E) near the Fermi level as a function of the
electric field. Similarly to the magnetic moments, P (E)
in Co/Pt/Gr is more responsive to the field compared to
Co/Au/Gr due to strong hybridization of the graphene
states with the surface resonant band in Co/Pt/Gr.

Note that the change in P (E) induced by the field is

not limited to a simple shift in energy. This is because
the bands of graphene and the metal surface are shifted
relative to each other, which modifies their hybridization
in a non-trivial way.

In contrast to the Co/h-BN/Gr system where P (EF )
changes sign in a large gate field [26, 34], it remains nega-
tive in the studied field range from −0.2 V/Å to 0.2 V/Å
in both Co/Au/Gr and Co/Pt/Gr.
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IV. CONCLUSIONS AND OUTLOOK

We have studied the magnetic proximity effect in
graphene that is physisorbed on a ferromagnetic Co slab
passivated by a layer of Au or Pt. The induced spin po-
larization can be tuned by the electric field, similarly to
the previously studied systems where h-BN or graphene
were used as passivation layers [26, 34].

The proximity-induced spin density in graphene has
the same (opposite) sign on the two inequivalent carbon
atoms in Co/Pt/Gr (Co/Au/Gr). The analysis of or-
bital contributions to the spin density shows that these
patterns are produced by hybridization of both graphene
orbitals with the d bands of the metal.

For spintronic applications relying on transport [58],
the spin polarization of the bands near the Fermi level
is important. We assume that the current can flow al-
most exclusively through the physisorbed graphene due
to its separation from the underlying metal by the van
der Waals gap. Note that this sets the limit on how long
the contact region with the metal can be: the resistance
along graphene sheet scales with the length of contact
region L, while the tunneling resistance across vdW gap
scales inversely with L. When L is under this limit the
spin polarization P (EF ) at the Fermi level of the pro-
jected DOS in graphene [see Eq. (1)] can be used as a
measure of the transport spin polarization in this sys-
tem.

P (EF ) is negative in both Co/Pt/Gr and Co/Au/Gr.
Its magnitude is larger, and the response to the ap-
plied field stronger, in Co/Pt/Gr compared to Co/Au/Gr
when Co is fully covered by the passivation layer in 1× 1
geometry. P (EF ) in Co/Pt/Gr is large enough to be
resolved by spin-polarized STM or STS experiments.

Even in Co/Au/Gr the magnitude of P (EF ) at zero
field is large compared to Co/h-BN/Gr [26], but the
response to the electric field is only slightly stronger.

The large magnitude of P (EF ) in Co/Pt/Gr is due

to a spin-down surface band just below the Fermi level.
Strong response to the electric field in this system is me-
diated by the field-induced shift of this band relative to
the Dirac point of graphene and is also facilitated by
the lower doping of graphene compared to the systems
with h-BN or graphene passivation layers. Because the
response to the field is weaker in Co/Au/Gr where the
doping level is even lower compared to Co/Pt/Gr, we
conclude that the presence of a surface band near the
Fermi level can serve as a design criterion for achiev-
ing strong response to the electric field in proximitized
graphene.

In contrast with Co/hBN/Gr heterostructures [26, 34,
36], graphene in fully covered Co/Au/Gr and Co/Pt/Gr
systems is p-doped. However, the doping level decreases,
and even switches to n-type in Co/Au/Gr, if the passi-
vation layer coverage is decreased to 75%. It is, there-
fore, expected that graphene should be undoped for a
certain passivation layer coverage in both Co/Au/Gr and
Co/Pt/Gr.

Further studies aiming at efficient gate-controlled spin
polarization in graphene should concentrate on finding
structures with nearly compensated graphene that fea-
ture surface bands near the Fermi level.

Elucidating magnetic proximity effects in graphene
heterostructures with metallic ferromagnets remains an
important issue as recent experiments on bias-dependent
reversal of magnetoresistance in vertical Co/Gr/NiFe
spin valves support an overlooked role of graphene [36].
These experiments show that, in contrast to ideally
lattice-matched single-crystalline ferromagnet/Gr struc-
tures required for effective spin filtering [37], van-der-
Waals heterostructures without such lattice matching
can be used in devices where proximitized graphene it-
self serves as a source of spin-polarized carriers [26, 36].
While Co and NiFe were responsible for effective n- and
p-doping of graphene in these experiments [36], our stud-
ies show that, even with a single ferromagnet, both n-



8

and p-doping of graphene is possible, which could en-
able different approaches for designing bias-dependent ef-
fects [25, 36, 59, 60]. In particular, the gate-controlled
modulation of spin polarization in Co/Pt/Gr based struc-
tures presented here would be desirable for transferring
information in spin interconnects [9, 61].
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