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We have studied the magnetism of a cobalt ultrathin film deposited on different two-dimensional (2D)
materials, namely graphene, h-BN, and WSe2 by the Brillouin light scattering technique. The studied samples are
prepared by a pick-up method of large flakes deposited on SiO2 and the subsequent physical vapor deposition of
metal layers, in a similar way to what is done to make spintronic devices out of such materials. Compared to the
reference layer (Co/SiO2), the perpendicular magnetic anisotropy is enhanced in the Co/2D systems, although
less than what could be expected on single crystal samples. This result is quantitatively discussed by comparison
with ab initio calculations in the case of the Co/graphene interface. We also measure an increase of the magnetic
damping and a small Dzyaloshinskii-Moriya interaction in such samples which are discussed with respect to the
recent literature.

DOI: 10.1103/PhysRevMaterials.5.014004

I. INTRODUCTION

Two-dimensional (2D) materials have been largely stud-
ied in the last decade due to their extraordinary electronic
and optoelectronic properties [1]. More recently, it has been
proposed that they can display interesting properties for spin-
tronics. For example, graphene (Gr), with its high electronic
mobility and low spin-orbit coupling, is among the best can-
didate for long spin diffusion lengths [2,3]. Hexagonal boron
nitride (h-BN), which is a natural substrate for graphene due
to a large band gap and a small lattice mismatch, also seems to
have potential interest (tunnel barrier, strong spin polarization,
half-metallicity) [4]. Dichalcogenides, and especially those
with heavy atoms like WSe2 have also attracted considerable
attention for either spin-orbitronics [5] or light-controled spin
transport [6].

Although the latter studies generally require interfaces be-
tween 2D materials and magnetic electrodes, such as cobalt,
the characterization of magnetic properties in such systems is
still scarce, especially in devicelike samples where the mag-
netic electrode is deposited on top of the 2D material before
or after lithographic processes in a clean room. However, it
is of high importance to know how key parameters for spin-
tronics such as perpendicular magnetic anisotropy (PMA),
magnetic damping or the Dzyaloshinskii-Moriya interaction
(DMI) vary at Co/2D interfaces. Model studies on single
crystals have already shown that the hybridization with the π

electrons of either C60 [7] or graphene [8–10] could increase
significantly the PMA of Co films. However, in this latter case,
the Co is grown below the graphene layer by intercalation
and the role of the metallic substrate could also be important
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to explain the PMA [11]. Theoretically, several works have
predicted PMA at ferromagnet/2D interfaces [12]. Con-
cerning DMI, the situation is quite controversial. While
a significant DMI has been deduced from Gr/Co/Pt and
Gr/Co/Ru single crystal samples (once again grown by in-
tercalation where the role of the substrate is not negligible)
[13,14], a recent study has shown almost no DMI for mag-
netic films deposited directly on pristine graphene and that
induced defects in the graphene layer are necessary to obtain
significant DMI [15].

In the idea of testing the potential of ferromagnetic
(FM)/2D materials systems in the development of the next
generation of spintronic devices, the study of the behavior
of those parameters (PMA, DMI, and damping) is of great
importance. An efficient approach allowing their simultane-
ous investigation directly on a device setup, i.e., with tens of
micrometers size, is to study their dynamic magnetic prop-
erties with the Brillouin light scattering (BLS) technique.
BLS is a well-known optical noninvasive tool based on the
study of the spin waves (SWs) propagating within the investi-
gated magnetic layers. As explained in the following, such an
experimental approach allows one to access simultaneously
perpendicular magnetic anisotropy, damping, and DMI on
different hybrid FM/2D materials. More precisely, we report
BLS measurements conducted on three systems, namely a thin
1.5 nm cobalt layer deposited on graphene, h-BN and WSe2

flakes, which are compared to a Co/SiO2 reference layer.

II. SAMPLES AND EXPERIMENTS

The studied samples are constituted of multilayer flakes of
graphene, h-BN or WSe2 deposited on a SiO2(100 nm)/Si
substrate, and subsequently covered with a thin Co film of
nominal thickness of 1.5 nm, calibrated with an in situ quartz
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FIG. 1. 100 × 100 μm2 optical microscope images of the three
different samples. In all cases, the chosen flakes have been deposited
on SiO2 at the center of converging gold electrodes (seen in yellow
at the border of the images). The whole structure have been covered
with 1.5 nm of Co and 4 nm of Au. (a) Graphene flakes. (b) h-BN
flakes. (c) WSe2 flakes.

microbalance. 100 μm scale optical microscope images of the
three samples are presented in Fig. 1. The thickness of the
dielectric seed material SiO2 was chosen in order to max-
imize the intensity of the inelastic Brillouin scattered light
signal [16]. Indeed such a boost-up of the signal eases the
magnon visualization in ultrathin magnetic films, speeds-up
the measurement, and increases the reliability of the data. The
multilayers flakes are obtained from a standard exfoliation
process from high-quality bulk crystals purchased from HQ-
Graphene [1]. The 2D crystals are exfoliated and transferred
over a first SiO2(280 nm)/Si substrate. This oxide thickness
is known to maximize the contrast between the randomly
dispersed 2D flakes allowing a clear distinction between the
different thicknesses through a specific color gradient [17,18].
The chosen multilayer flakes are of around 30 nm in thickness
and of 30 × 20 μm2 in area. They are then selectively trans-
ferred over a prepatterened SiO2(100 nm)/Si substrate using
a dry pick-up transfer technique [19]. This transfer technique
is based on the glass transition properties of polypropylene
carbonate (PPC) polymer. PPC is hard and glassy at room
temperature, and becomes viscous and rubbery around 40 ◦C
and even a more fluid liquid when the temperature is raised
around 70 ◦C. This allows a two-step process for picking-up
the desired 2D flake and dropping it down precisely over a
predefined area. This area is an almost 100 μm wide SiO2

area surrounded by gold electrodes. Whereas those electrodes
are generally used to connect electrically the samples with
further lithographic processes, here we take advantage of
such a pattern to locate easily the flakes. In BLS experi-
ments, the gold electrodes (and the flakes to a lesser extent)
diffract the focused laser beam, which allows to locate them
unambiguously. The sample is finally rinsed in acetone and
isopropanol for few minutes to remove polymer residues. It is
then directly transferred in the evaporation chamber where we
evaporate the 1.5-nm Co ultrathin film capped by a protective
4- nm-thick Au film using an electron-beam at very low rates
(0.01 nm/s) in a 10−7 mbar range vacuum. The choice of Au
as a capping layer is motivated by the vanishingly small DMI
induced at the Au/Co interface [20]. During the whole fabri-
cation process, the sample is kept in a clean-room controlled
atmosphere to prevent any dust contamination.

In the BLS experiments, the sample is illuminated with a
laser having a wavelength λ = 532 nm, through a lens which

serves to focus the beam on a diameter ≈20 μm, enough
to focus the light only on a single flake. The interaction of
the incident beam (photons) with SW (magnons) results, for
part of the backscattered photons, by a change in frequency.
This scattering is the inelastic light signal. The backscattered
beam is sent inside a tandem Fabry-Perot spectrometer and
the signal is collected as an intensity spectrum versus the
scanned frequency. The SWs with in-plane wave number k
in the range 0–20 μm−1 are probed in the Damon-Eshbach
geometry (field applied in the plane of the sample, perpendic-
ular to the incident light), which allows SW propagating along
the in-plane direction perpendicular to the applied field to be
probed. After setting accurately the zero frequency shift posi-
tion [21], the Stokes (fS) and anti-Stokes (fAS) frequency shifts
were detected simultaneously. The SW frequencies shifts and
the full width at half maximum (FWHM) were determined
from the Lorentzian fits of the BLS spectra, allowing an
accurate study of the perpendicular anisotropy, damping and
DMI behaviours. It should be noted that the uncertainty due
to finite angle of acceptance is negligible in our experiments:
It corresponds to a maximal frequency uncertainty of about
3 × 10−4 GHz to be compared with the observed linewidths
of about 3 GHz.

III. RESULTS

A. Perpendicular magnetic anisotropy

Figure 2 shows typical BLS spectra (in grey) with their
fit (in blue) obtained for an applied field μ0H = 0.3 T and
a wave number k = 11.8 μm−1 respectively on (a) Au(4 nm)/
Co(1.5 nm)/Graphene, (b) Au(4 nm)/Co(1.5 nm)/h-BN,
and (c) Au(4 nm)/Co(1.5 nm)/WSe2. For the sake of com-
parison, we have added as a black curve the fit of BLS
spectrum recorded on the reference sample Au(4 nm)/
Co(1.5 nm)/SiO2. The first point to note is that we observe
clear SW modes, typical of continuous films, indicating that
even for such a small thickness the cobalt is fully covering the
substrate whatever its nature.

For Co deposited on graphene, h-BN, and WSe2, one can
observe a systematic diminution of the frequency with com-
parison to the reference layer deposited on SiO2. This can be
attributed to an enhancement of the perpendicular magnetic
anisotropy assuming that the saturation magnetization is not
modified with respect to the reference layer. Indeed, naturally,
the saturation magnetization can vary with the thickness of the
ferromagnetic film. However, in the case of thin cobalt films,
such a variation occurs mainly for thicknesses less than 1 nm
as shown in Pt/Co/Pt films with Co layer thickness ranging
between 0.5 and 0.8 nm [22], whereas the magnetization
tends towards the value at saturation for thicknesses as low
as 1.2 nm as reported in Pt/Co/AlOx films with thickness in
the range 0.6–1.2 nm [23]. Mean anisotropy constants have
been extracted from ferromagnetic resonance measurements
of cobalt samples, down to 1.13 nm, by fitting the experi-
mental results with a saturation magnetization equal to the
bulk value [24]. We can thus infer that a 1.5-nm-thick Co
layer should present a saturation magnetization similar to the
bulk one.
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FIG. 2. BLS spectra of the reference Co sample and the
(a) Co/Gr, (b) Co/h-BN and (c) Co/WSe2 samples, for an applied
magnetic field μ0H = 0.3 T and a wave number k = 11.8 μm−1.

In order to quantify the changes of the magnetic properties
induced by the presence of the 2D materials, we have per-
formed BLS spectra as function of magnetic field. Indeed,
we can derive a formula providing explicit expressions for
the SW frequency f of the magnon lines as function of field,
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FIG. 3. Variation of the frequency as function of the applied
magnetic field for (a) Co/Graphene (b) Co/h-BN, (c) Co/WSe2, and
(d) the reference Co film. Symbols are the experimental data and
continuous lines represent the theoretical fit. Error bars are less than
the symbol size.

depending on the magnetic anisotropy value [21]:

f = γ

2π
μ0

√
H (H + M − Ha), (1)

where γ is the gyromagnetic factor, H is the external magnetic
field, M is the magnetization, and Ha = 2K

μ0M is the anisotropy
field derived from the anisotropy energy K . Interestingly, for
large applied fields, the frequency variation is linear:

f = γ

2π
μ0(H + 1

2
(M − Ha)). (2)

Figure 3 represents the frequency variation as
function of the applied field for (a) the reference
sample Au(4 nm)/Co(1.5 nm)SiO2, (b) Au(4 nm)/
Co(1.5 nm)/graphene, (c) Au(4 nm)/Co(1.5 nm)/h-BN,
and (d) Au(4 nm)/Co(1.5nm)/WSe2. The symbols are the
experimental data and the continuous lines are the theoretical
fit from expression (2) with γ

2π
=30 GHz/T, which allows

for determining the effective magnetization μ0(M − Ha) and
hence the perpendicular magnetic anisotropy.

The results are summarized in the Table I. This effective
magnetization is found to be reduced in the Co/2D systems
regarding to the reference sample meaning that the anisotropy
field is higher in the presence of the 2D materials. However,
those variations remain rather weak, about a few tens of mT.
The amplitude of these perpendicular magnetic anisotropy

TABLE I. Parameters obtained from the fit of the data of Fig. 3
with the expression (2).

Sample μ0(M − Ha ) (mT) K (kJ/m3)

Co/SiO2 600 −420
Co/Gr 550 −385
Co/h-BN 530 −370
Co/WSe2 560 −390
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variations on 2D materials will be discussed with comparison
to the literature in Sec. IV. It is worth noticing that discrim-
inating the volume from the surface anisotropy requires us
to study the evolution of the anisotropy as function of the
thickness of the magnetic film. Indeed the perpendicular uni-
axial magnetic anisotropy constant K obeys K = Kv + Ks/tCo

where Kv is the volume contribution, Ks is the surface con-
tribution, and tCo is the Co thickness. When the effective
magnetization decreases linearly with the inverse of the fer-
romagnetic film thickness 1/tCo, this suggests the existence of
perpendicular interface anisotropy.

B. Damping

Another modification can be observed from BLS spectra
related to the FWHM of the BLS lines, which increases in
the presence of graphene, h-BN, and WSe2, regarding to
the reference Co film. This means that damping increases in
presence of the 2D materials. For a FM material interfaced
with a non-magnetic metal having a high spin orbit coupling
(SOC), enhancement of the damping is usually attributed to
interfacial spin pumping contribution [25]. The stronger the
SOC, the higher the damping. The total damping is thus given
by α = αFM + αpump, where αFM is the Gilbert damping of the
FM and αpump is the damping introduced by the spin pumping
effect due to the metallic capping layer. Here we find that this
mechanism is negligible, which seems reasonable as graphene
is a low SOC material and h-BN and WSe2 are nonconductive.
The damping is therefore more likely due to a change in
the Co film structure and morphology induced by the growth
on 2D materials. Indeed, sample imperfections such as grain
boundaries and grain size distribution induce inhomogeneous
broadening characterized by a term added to the one due to
the effective Gilbert damping [26].

In such a case, the FWHM of the BLS lines reads (cf.
Supplemental Material [21]):

δ f = α f + γ

4π
μ0δHa, (3)

where α is the Gilbert factor and δHa is the amplitude of
anisotropy field heterogeneity. Combined with Eq. (1), one
obtains the expected variation of δ f with the applied field.

The experimental variation of the FWHM as function of
the applied field is exhibited in Fig. 4. No clear variation
is observed meaning that the enhancement of damping is
mainly due to inhomogeneous broadening induced by sample
imperfections in the Co/2D investigated systems, confirming
that the interface induced structural quality of the Co film
is a striking parameter. Note that we can estimate an upper
limit of α around 10−2, in agreement with the value range
(0.005–0.0085) reported for hcp and fcc Co [27].

The mean value of μ0δHa varies significantly depending
on the substrate nature, from 220 mT for Co/SiO2 to 280,
270 and 240 mT, respectively, for Co/Gr, Co/h-BN and
Co/WSe2.

C. Dzyalonshinskii-Moriya interaction

The BLS technique has proved in the last years to be
a direct and robust tool for measurement of DMI con-
stants through frequency shifts of oppositely propagating SWs
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FIG. 4. FWHM of the BLS lines as function of the applied mag-
netic field for the reference sample Co/SiO2 (squares), Co/Graphene
(disks), Co/h-BN (triangles) and Co/WSe2 (diamonds).

[23,28]. The frequency difference between Stokes and anti-
Stokes frequencies � f = fS − fAS gives direct information
on the DMI value using � f = 2(γ /πM )Deff k [29], where γ

is the gyromagnetic coefficient (γ /2π = 30 GHz/T and the
saturation magnetization of cobalt μ0M = 1.76 T).

Figure 5 shows BLS spectra for the Co/Gr, Co/h-BN
and Co/WSe2 samples. They were taken for a wave num-
ber k = 20 μm−1 corresponding to incidence angle θ =
60 deg (k = 4π sin θ/λ), the highest available value in our
BLS setup, under an applied field μ0H = 0.2 T. Importantly,
mirror-symmetrical results were obtained for μ0H = −0.2 T,
as expected from nonreciprocity. From the Lorentzian fits of
the spectra, � f was estimated to be about 0.2 GHz, whatever
the sample. It is important to note that the reference sample
Co/SiO2 displays perfectly symetric Stokes and anti-Stokes
frequencies. Using the values of k, M, and γ /2π mentioned
above, we obtain Deff around 0.1 mJ/m2, a value typically
ten times smaller than in Al2O3/Co/Pt samples of similar
thickness [23]. The studied 2D materials therefore induce a
weak DMI, certainly of interfacial origin. Surprisingly, the
presence of the heavy W atom in WSe2 has no significant
impact on the DMI value, which can be explained by the fact
that W is not in direct contact with Co.

IV. DISCUSSION

A. Magnetic anisotropy

As shown in Sec. III A, the modification of magnetic
anisotropy induced by the graphene substrate, as compared
to SiO2 is 35 kJ m−3 towards an out-of-plane anisotropy. If
assumed that this variation comes from the Co/Gr interface,
one can convert in interfacial anisotropy �KS = 5 × 10−2 mJ
m−2 or around 30 μeV per Co atom. This is typically ten
times smaller than expected from calculations for an ideal
Co/Gr interface [9] and five times smaller than the experi-
mental measurement with C60/Co [7]. A likely explanation
is that the interfacial hybridizations between C pz orbitals
and Co dz2 orbitals are weaker in such samples than in
samples realized on single crystal under ultrahigh vacuum
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FIG. 5. BLS spectra for (a) Co/Gr, (b) Co/h-BN and (c)
Co/WSe2 systems. They were recorded for a wave number k =
20 μm−1 under applied magnetic fields H = 0.2 T and −0.2 T to
evidence frequency difference between Stokes and anti-Stokes lines.

conditions. The first reason is that the surface energy of Co is
far higher than the one of graphene, meaning that the growth
is certainly occurring through three-dimensional clusters, ran-
domly oriented, with numerous grain boundaries, giving rise
to a poor quality of the interface. This picture is further
confirmed by the important inhomogeneous broadening mea-
sured in Sec. III. A second reason is that in the clean room

FIG. 6. MCA = E‖ − E⊥ for the surface layer according to the
distance between graphene and cobalt. In blue, the total MCA whose
the limit is the free cobalt surface value in blue dashed line. The
d orbitals contributions are shown in black, red and green, for re-
spectively, the average between dx2−y2 and dxy orbitals, the average
between dxz and dyz orbitals, and the dz2 orbital.

process that is used in this study, the 2D materials are in
contact with polymers and air before the Co deposition. It is
therefore possible that a contamination layer induces again
a poor quality of the interface. In order to better quantify
how this loss of hybridization can affect the value of the
interfacial anisotropy, we have performed calculations of the
Co/graphene interface with a varying distance between both
materials. The calculations are done using density functional
theory (DFT) in the generalized gradient approximation ap-
proach and Perdew-Burke-Ernzerhof parametrization in plane
waves, with Quantum ESPRESSO [30,31]. Pseudopotentials
have been chosen to be ultrasoft, the basis size for plane waves
is determined by the cutoff of 30 Ryd for the wave function,
and 300 Ryd for the charge density. The magnetic anisotropy,
and its local components, have been obtained by a three
step process based on the magnetic force theorem [7,32,33]
and a Marzari-Vanderbilt cold smearing with a broadening
of 0.05 eV was used. 25 × 25 k points have been used for
the self-consistent calculation (without SOC) and 50 × 50 k
points for the non- self-consistent step including spin orbit.
The thin film has been described with a sufficient vacuum
thickness of 11 A in the z direction to avoid spurious pe-
riodic slabs-slab interactions. Since the graphene essentially
hybridizes with the outermost surface layer of cobalt we have
calculated the contribution of this layer to the total magnetic
anisotropy using the procedure described in Ref. [32].

Figure 6 shows that the total anisotropy of the outermost
cobalt layer is strongly affected by the distance between cobalt
and graphene. Whereas the interfacial anisotropy (difference
between the hybridized system and the free cobalt layer)
reaches 0.25 meV per atom for the equilibrium distance be-
tween Co(0001) and graphene (2.1 Å), it drops by one order
of magnitude at 3.1 Å. The decomposition on the different
Co orbitals of this anisotropy is very instructive. Indeed, we
can observe that dxz-dyz and dxy-dx2−y2 contributions to the
magnetic anisotropy are not much affected by the presence
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of graphene, while the dz2 one, which favors strongly in-plane
magnetization for bare Co, is almost vanishing in contact with
graphene. This orbital selective quenching of the anisotropy
leads to an overall interfacial anisotropy that has the same
trend as the dz2 contribution, with a fast decrease of the
effect with the distance. Such a result could explain in our
sample the small measured value of the anisotropy change at
Co/Gr due to the presence of an interfacial corrugation which
increases in average the distance between the graphene and
Co layers. The origin of such a corrugation can be due to
the highly polycristalline nature of the Co layer but also to
buckling at the interface [34].

B. Dzyalonshinskii-Moriya interaction

The experimental results of Sec. III C show a small DMI
value of 0.1 mJ.m−2 that is roughly independant of the na-
ture of the 2D material. In the case of cobalt/graphene, it
can be compared with a recent experimental determination
in Gr/Co/Ru of 0.16 meV/Co atom (around 0.2 mJ m−2),
that was basically explained in the framework of a Rashba
model [14]. It is worth noting that a significant larger value
(0.8 mJ m−2) was deduced from domain wall motions in
a graphene/Co/Pt(111) sample, although the role of Pt is
certainly delicate to unravel [13]. In those last two cases, how-
ever, the graphene/Co interface is realized by intercalation
of Co through the graphene layer, previously synthetized on
either Ru or Pt. To our knowledge, only one recent paper
has reported the direct growth of a ferromagnetic layer on
graphene with a study of its magnetic properties and has found
a small DMI of 0.07 mJ m−2 for a 3-nm Fe20Ni80 film, in
rather good agreement with our determination [15]. Concern-
ing h-BN and WSe2 interfaces, it is surprising to find roughly
the same DMI value that can hardly be ascribed to a Rashba
effect. Further experimental and theoretical investigations will

be needed to better understand the origin of DMI at such
interfaces.

V. CONCLUSION

We have investigated by using a BLS technique the per-
pendicular magnetic anisotropy, the magnetic damping and
the DMI in a thin cobalt Co layer deposited on graphene,
h-BN, and WSe2 flakes in a devicelike configuration. We have
observed a small enhancement of the perpendicular magnetic
anisotropy in presence of the 2D material, although less than
expected from a theoretical point of view. We ascribe this be-
havior to a disordered interface, as confirmed by an increased
magnetic damping. Moreover, DFT calculations show that the
distance between Co and C atoms is a key parameter, with
the interfacial magnetic anisotropy decreasing by one order of
magnitude when the distance increases by 1 Å. A weak DMI
is also measured on the three 2D materials, which is lower in
the case of Co/graphene than in single crystal samples with
the magnetic layer grown by intercalation below the graphene
layer. Those results mainly show that when using such a
clean room process for the deposition of a Co layer on 2D
materials, the magnetic properties are not strongly modified
at the interface.
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