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Abstract
The Dzyaloshinskii–Moriya interaction (DMI) and perpendicular magnetic anisotropy (PMA) were measured on four series of Co films
(1 to 2.2 nm thick) grown on Pt or Au and covered with h-BN or Cu. Clean h-BN/Co interfaces were obtained by exfoliating h-BN and
transferring it onto the Co film in-situ in the ultra-high vacuum evaporation chamber. By comparing h-BN and Cu-covered samples, the
DMI induced by Co/h-BN interface was extracted and found to be of comparable strength to Pt/Co, one of the largest known values. The
strong observed DMI despite the weak spin-orbit interaction in h-BN supports a Rashba-like origin in agreement with recent theoretical
results. By combining it with Pt/Co in Pt/Co/h-BN heterostructures, an even larger PMA and DMI is found which stabilises skyrmions
at room temperature and low magnetic field.

Keywords: hexagonal boron nitride, cobalt, Dzyaloshinskii–Moriya interaction, perpendicular magnetic anisotropy,
Brillouin light scattering, Skyrmions

Since the first exfoliation of graphene [1], the science of two-dimensional van der Waals (vdW) materials
has revealed systems with radically new properties [2, 3]. Heterostructures based on vdW materials allow a
great freedom of material stackings and interfaces with outstanding quality and multiple functionalities [4].
However, the interfaces between vdW materials and metallic thin films are still little explored, although they
could also bring interesting results [5]. During the same period, new interfacial effects were observed in
metallic magnetic heterostructures induced by strong spin-orbit coupling (SOC), leading to Dzyaloshinskii-
Moriya interaction (DMI) and perpendicular magnetic anisotropy (PMA), that stabilise chiral textures [6, 7, 8].
Among the new types of textures, skyrmions, which are easily moved by spin-orbit torques, form the basis for
many new proposed spintronic devices [9, 10]. This has motivated a search for systems with strong DMI.

The vdW/metallic ferromagnets could bring these two domains together. A natural choice would be vdW with
high SOC. For example, a giant enhancement of PMA and current-induced spin-orbit torques by MoS2 [11]
and the valley splitting of WSe2 and WS2 monolayers on EuS [12, 13] have been reported. Yet, the observation
of sizable DMI at graphene/Co interface [14] or the current-induced magnetic switching of SrRuO3/hexagonal
Boron nitride (h-BN) [15] show that light 2D materials can also produce significant effects. Additionally,
different spin filtering behaviors have been measured in Co/h-BN/Co and Co/h-BN/Fe tunnel junctions [16],
which shows the diverse functionality of heterostructures based on h-BN. This is striking given that h-BN is
an insulator with negligible SOC [17], more often used as an encapsulation layer than a functional material in
vdW heterostructures.

In this work, we focus on the Co/h-BN interface for which a large DMI and PMA were recently theoretically
predicted [18]. This prediction raises important questions concerning the origin and role of SOC in DMI
and PMA. Additionally, density functional theory calculations predict that the Co work function is modified
by the chemisorption of h-BN, leading to the formation of a large interfacial potential step [19]. A recent
experimental study has shown, however, almost no DMI for Co deposited directly on h-BN [20]. Here, we
developed a method to deposit h-BN flakes on clean Co layers in ultra-high vacuum (UHV). Using Brillouin
light scattering (BLS) spectroscopy, we unambiguously show that this induces a sizeable DMI and PMA, with
a magnitude comparable to the Pt/Co interface, which is one of the interfaces with the largest effects known
to date. This leads to the formation of skyrmions at moderate applied fields in Pt/Co/h-BN heterostructures.
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Experiments

Sample preparation and measurements

We prepared four series of samples containing either a Ta/Pt or Ta/Au buffer layer, a Co ultra-thin film (tCo
ranging from 1 to 2.2 nm), and either a h-BN or metallic Cu/Al cap (see further details in the Experimental
Section and in the S.I.). The metallic films were deposited by electron-beam evaporation in UHV. The layers
were grown on a Ta buffer to promote a (111) crystallographic orientation and Co layers of the same lattice
constant as h-BN [18]. The metallic cap was chosen to produce reference interfaces with low DMI [21].
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Figure 1: (a) Schematic of the fabrication steps of a sample with a Co/h-BN interface and schematic drawings of the mechanical
exfoliation in UHV. (b) Micrographs of the studied h-BN flakes on cobalt thin films. The lateral size of the flake is ∼30
µm and the thickness is ∼ 40 nm. (c) Hysteresis cycle measured by PMOKE of a Ta/Pt/Co (1.9 nm)/h-BN film covered
by h-BN in the region shown by the circle in b) (orange) and on a control sample made with Ta/Pt/Co (1.9 nm)/Cu/Al
(black). The signals were corrected to remove a linear contribution from the Faraday effect.

.

For the series capped with h-BN, an exfoliated h-BN flake was then transferred to the Co film by stamping
a PDMS adhesive, onto which h-BN flakes had been previously exfoliated (see Figure 1a and Experimental
Section). The final h-BN exfoliation and transfer onto the Co film were done in-situ, in UHV to prevent
Co oxidation. The flakes are typically a few tens of µm in width and tens of nm in thickness, as confirmed
by atomic force microscopy (see Supporting Information). Figure 1b shows optical microscopy images of
typical h-BN exfoliated flakes deposited on Co (more examples are given in the Supporting Information. The
difference in color of the flakes is due to their different thickness. In many flakes, a difference in optical
contrast between the center and the border is visible, as in the right-hand flake in Figure 1b.

The sample magnetic properties were measured at room temperature with polar magneto-optical Kerr mi-
croscopy (PMOKE), which is sensitive to out-of-plane magnetization. Figure 1c shows the hysteresis loops
of the Pt/Co (1.9 nm)/h-BN sample (on the flake region circled in Figure 1b) and of the Pt/Co (1.9 nm)/Cu
control sample. The Pt/Co/h-BN film has a perpendicular magnetic anisotropy evidenced by the partial out-of-
plane remanence, contrary to the control sample. For all sample series, thinner Co films are perpendicularly
magnetized while thicker Co films are magnetized in-plane. This reveals a competition between a perpendic-
ular interfacial anisotropy Ks (with Ks in J/m2) and the dipolar-induced shape anisotropy, as described by the
anisotropy field

HK =
2Ks

µ0MstCo
−Ms (1)
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where MS is the spontaneous magnetization and µ0 is the vacuum permeability. At small thicknesses, the
interfacial anisotropy dominates and the magnetization is perpendicular (HK > 0). The reorientation thickness
(where HK = 0) depends on Ks, therefore on the anisotropies induced by the buffer and capping layers.
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Figure 2: (a,b) BLS spectra at different incidence angles θ for (a) Ta/Au/Co(2.2nm)/Cu (Hext = 100 mT) and (b) Ta/Au/Co(2.2
nm)/h-BN (Hext = 148 mT). (c,d) S-AS frequency shift (∆ f ) as a function of the spin-wave wavevector (kSW) for (c)
Au/Co(2.2 nm)/Cu and Au/Co(2.2 nm)/h-BN and for (d) Pt/Co(2 nm)/Cu and Pt/Co(1.9 nm)/h-BN. The circles and stars
correspond to the experimental data and the line is a linear fit used in the determination of the DMI strength. The error
bars (often smaller than the symbols) show the error from the fitting of the peaks.

We use Brillouin light scattering (BLS) spectroscopy to extract locally the strength of DMI and PMA by
analyzing the frequency shift of backscattered photons from an impinging laser beam. The measurements
are carried out in the Damon-Eshbach configuration [22] with an external magnetic field Hext that saturates
the magnetization along an in-plane direction. An aperture allows to probe locally the properties on the flake
over a diameter of 15 to 30 µm. The spectra consist of two peaks, the Stokes (S) and the anti-Stokes (AS),
associated with counter-propagating spin waves (SWs), which are affected by DMI in opposite ways, and so
present a frequency difference given by [23, 24]

∆ f (kSW) = | fAS|− | fS|=
2γ

πMs

Ds

tCo
kSW, (2)

where kSW is the spinwave wavector, γ is the gyromagnetic ratio, and Ds quantifies the DMI interfacial strength
and sign. The quality of the spectra allows for the detection of frequency differences down to a few tens of
MHz. The incidence angle θ is varied between 10° and 60° to vary the SW wavevector, as kSW = 4π sin(θ)/λ ,
where λ = 532 nm is the laser wavelength. We assumed Ms = 1.15± 0.05 MA/m for all samples based on
magnetometry measurements of Cu-capped samples (see Experimental Section). Experimental reports on
these metallic interfaces [25, 26, 27] and band structure calculations of the Co/h-BN interface show that the
magnetic moment is not modified so the magnetization is considered constant across the cobalt thickness.
Likewise, the gyromagnetic ratio was assumed to be the same for all samples [28, 29, 30] and was measured
on a Au/Co/h-BN sample (see Supporting Informtion).

Figures 2(a,b) shows BLS spectra for different wave vectors for two Au/Co based samples, covered by Cu
and h-BN. A small difference between S and AS peak frequencies (∆ f ) is seen, indicating an asymmetric
dispersion f (k) induced by the DMI (Equation 2). Fitting the peaks (see Supporting Information), ∆ f is
evaluated and plotted as a function of kSW (Figure 2c). For both samples, ∆ f increases linearly with kSW, as
expected for a film with DMI [23, 31] and Ds can be extracted using Equation 2.
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We emphasize that the DMI sign can also be determined (see the Experimental Section). In all measurements,
the Ds is negative (using the sign convention of ref. [23]), so left-handed cycloids are favored.

In the limit of kSW ≈ 0, the mean of the Stokes and anti-Stokes frequencies, f0, is given by [32]

2π f0 = µ0γ
√

Hext(Hext−HK), (3)

Although kSW 6= 0 in BLS measurements and additional contributions to f0 are present [33], these remain
small and were neglected (see Supporting Information). The interfacial anisotropy parameter KS can then be
deduced from f0 using Equations 1 and 3.

Results: thickness dependence of the interfacial DMI and PMA
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Figure 3: (a) Interfacial DMI strength Ds and (b) interfacial anisotropy strength Ks versus Co thickness for Pt/Co/h-BN, Pt/Co/Cu,
Au/Co/h-BN and Au/Co/Cu. The dashed lines indicate the average values. The empty stars in (a) are measurements of the
Pt/Co/h-BN series that were not included in the averages. Note that some error bars (estimated from the fits) are smaller
than the symbols.

To extract the h-BN contribution to DMI and PMA, the four sample series were compared as shown in Fig-
ure 3. The values of Ds vary only marginally with the Co layer thickness, confirming the interfacial nature of
the DMI. The Ds values are more dispersed for h-BN-capped samples. In addition to the error due to the fitting
itself, this dispersion might be due to the flake-to-flake variability on a given sample (see S.I.). Even under
some single flakes, the Co/h-BN interface may not be homogeneous as suggested by different optical contrast
between the center and the border. Such a local variation is hard to probe given the spot size (> 15 µm) of our
BLS setup.

Table 1 summarizes the measured values of Ds for the four sample series. As the magnetic layers are thick
enough [37], DMI can be considered as an additive effect, where the Ds of a X/Co/Y stack can be decomposed
as the sum of its two interfaces: DX/Co/Y

s = DX/Co
s +DCo/Y

s . Note that the stacking order has to be taken into
account since DX/Co

s =−DCo/X
s . Experimentally, it is not possible to separate the two interfacial contributions,

and a comparison with a reference sample is required. As Cu is a light element and with a work function close
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Ds (pJ/m) Ks (mJ/m2)
Pt/Co/Cu −1.07±0.16 1.25±0.30

Co/Cu ≈ 0 0.2
Pt/Co −1.07±0.16 1.05±0.30

Pt/Co/h-BN −1.96±0.15 1.89±0.30
Co/h-BN −0.89±0.22 0.84±0.42

Au/Co/Cu −0.22±0.02 1.05±0.08
Au/Co −0.22±0.02 0.85±0.08

Au/Co/h-BN −0.43±0.18 1.45±0.41
Co/h-BN −0.21±0.18 0.60±0.41

Table 1: Mean values of Ds and Ks for the four sample series (from Figure 3). The error estimations are the standard deviation
of the data points. For each series, the contribution of each interface is deduced, assuming KCo/Cu

s = 0.2 mJ/m2[34] and
DCo/Cu

s = 0 pJ/m[21]. The values found for the Pt/Co and Au/Co are in good agreement with literature [35, 36].

to that of Co, we expect a very small Co/Cu contribution [21, 38] which is therefore neglected. We thus
find DPt/Co

s = −1.07 pJ/m. Knowing this value, the contribution of Co/h-BN interface is deduced from the
Pt/Co/h-BN series as DCo/h-BN

s = −0.89 pJ/m, a very large value. The same reasoning can be used for the
two series with the Au buffer, resulting in a lower value DCo/h-BN

s = −0.21 pJ/m, a difference that may be
attributed to buffer-dependent structural [39, 40, 41] and electronic [42, 43] properties of the Co film.

The Ks parameter does not show any significant variation with Co layer thickness (Figure 3b) as well, confirm-
ing its interfacial origin. As for Ds, Ks is the sum of the two interface contributions and the same arithmetic as
above can be used, considering KCo/Cu

s = 0.2 mJ/m2 [34]. We find that the interfacial anisotropy of Co/h-BN
interface, KCo/h-BN

s , is 0.84 mJ/m2 for the Pt stacks and 0.60 mJ/m2 for the Au stacks. The difference with the
buffer and the dispersion in the values for the Co/h-BN samples may be explained with the same arguments as
for Ds.

Remarkably, Pt/Co and Co/h-BN induce a DMI of the same sign. Films with large DMI typically contain one
Pt/Co interface, which produces one of the largest known values of Ds [23, 44]. As reversing the interface
reverses the sign of the DMI (i.e., one expects DPt/Co

s ≈ −DCo/Pt
s ), it is not possible to double the DMI by

simply adding a second Pt layer (e.g., Pt/Co/Pt). Our results pave the way to an increased DMI, since in
Pt/Co/h-BN the contributions of the two interfaces are significant and add up.

Magnetic skyrmions

The large contribution of the Co/h-BN interface to DMI should improve the stability of chiral magnetic textures
at room temperature. The hysteresis cycle shown in Figure1c for Pt/Co (1.9 nm)/h-BN is not saturated at low
field, which is a fingerprint of magnetic textures including skyrmions. Figure 4 shows images of the magnetic
textures at different applied fields. Striped, labyrinthine domains are observed at low field, with a typical
width of ≈ 300 nm (measured in the center of the flake). When a field is applied, these stripes collapse and
very small bubble-like domains appear, of a typical size of ≈ 140 nm. Bubble-like domains are likely to be
skyrmions as the measured DMI is large enough to impose a well-defined chirality [6] and, thus, topology [7].

PMOKE (0 mT) MFM (6 mT)

(b) (c) (d) (e)

5 µm

MFM (8 mT) MFM (13 mT) MFM (16 mT)

(a)

Figure 4: Magnetic textures in the Pt/Co(1.9 nm)/h-BN sample imaged by (a) PMOKE at zero magnetic field, and by (b-e) magnetic
force microscopy (MFM) at different fields.

A difference is found between the center of the flake and its periphery, with larger domains observed in the
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center of Figure 4b. Larger domains may be caused by lower magnetization or higher domain wall energy (or
both) [45, 46]. Note that even slight variations of any magnetic parameter (magnetization, anisotropy or DMI
that may be different at the center) change significantly the size of stripes or skyrmions.

Theory and rare experiments state that the local electronic structure of the Co/h-BN interface drives its mag-
netic properties. A host of factors enable the interface engineering of such heterostructures (crystallography,
presence of local structural or chemical defects, hybridization, oxidation, locally embedded charges. . . ). In
the theoretical study based on electronic structure calculations of ref. [18], a key point was that Co and h-BN
formed a hexagonal lattice with a tiny mismatch (0.12%). The calculations found that the AB stacking was
slightly lower in energy than the AC stacking with differences of 10% in PMA and 20% in DMI. In our sam-
ples, even if perfect h-BN crystals were deposited on the Co layer, such ideal stackings are unlikely over a
significant area fraction because the Pt layer consists of 15-nm-sized (111)-textured grains oriented randomly
in-plane (see S.I.) and the h-BN lattice undergoes smooth undulations of crystalline orientation over a flake.
In such conditions, the DMI value reported here, about one-half of the calculated one, suggests a more general
cause. In a recent analogue study [15] of h-BN/SrRuO3 interface with an enormous lattice mismatch (30%),
the crystallographic incompatibility was addressed in an effective tight-binding model that bears no relation
to the lattices of the two compounds, and in which the key parameter is the hybridization between the h-BN
pz and the Ru 3d orbitals. Thus, the high DMI can mostly be attributed to hybridization at the interface,
relying only on the Co/h-BN proximity, a feature which is expected to depend much less on a precise crys-
tallographic structure. Given the observed chemisorption [19], the work function of Co interfaced with h-BN
should decrease regardless of the detailed crystallography. This supports a DMI physical origin different from
the one observed at heavy metal/ferromagnetic material interfaces, where DMI originates from a superex-
change through non-magnetic atoms [35, 38, 47] and is sensitive to atomic stacking. Instead for Co/h-BN, the
Rashba-induced DMI only requires a hybridization at the interfaces [18, 48, 49].

In conclusion, we have reported the experimental observation of large DMI and PMA induced by h-BN flakes
on a Co thin film, in sharp contrast to the conventional use of h-BN as inert material to encapsulate other 2D
van der Waals materials. In addition to being relatively strong (comparable to the record values in metallic
systems), the DMI of Co/h-BN is of a sign that reinforces the DMI of Pt/Co when combined. Interestingly,
this strong effect in the absence of high spin-orbit in h-BN supports the hybridization Rashba-like mechanism
as a possible source of DMI. Moreover, the observed DMI rivals the predicted one in calculations for epitaxial
systems whereas our samples are not.

Our work thus reveals a new functionality of h-BN with consequences to other branches of physics such
as electronic structure, topological defects and 2D magnetism, as illustrated by the observation of stable
skyrmions at room temperature with a low magnetic field in Pt/Co/h-BN.

Experimental Section

All measurements were performed at room temperature.

Sample preparation: Metallic layers are deposited by electron-beam evaporation in ultra-high vacuum (base
pressure 10−10 mbar), on Si(001)/SiO2(300 nm) substrates (the SiO2 layer is meant to enhance magneto-
optical signals [50]). The thicknesses of the buffers are Ta (2.7 nm)/ Pt (4 nm) or Ta (2.7 nm)/ Au (4.5 nm),
and that of the metallic cap are Cu (3 nm)/ Al (3 nm).

Flakes of few-layer h-BN are mechanically exfoliated from a commercial h-BN crystal in a glove box using the
scotch tape method. Then a first PDMS adhesive (’PDMS-1’) is brought into contact to transfer the h-BN flakes
on top of it (Figure1a, step 1). Next, the PDMS-1 is transferred quickly to the UHV chamber using a box filled
with N2. A second exfoliation with another PDMS adhesive (’PDMS-2’) is done in UHV (step 2) to provide
a clean h-BN surface. Then, the h-BN is transferred onto the Co stack, which was previously deposited on a
Si/SiO2 substrate (steps 3 and 4). Finally, the complete stack (Ta/Au/Co/h-BN or Ta/Pt/Co/h-BN) is annealed
at 100°C in UHV.

Brillouin light scattering (BLS): BLS experiments are performed in the Damon–Eshbach configuration by
illuminating the sample with a green laser (30 µm diameter) at variable incident angle θ (10° to 60°). The
laser power is 30 mW to avoid sample overheating. The area of interest is selected by a 15 to 30 µm aperture
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located on the backscattered beam path. In our configuration, the transferred optical wavevector kSW (along
x̂), the applied field (along −ŷ) and the film normal (from the substrate to Co, ẑ) form a right-handed frame.
In this geometry, Ds has the opposite sign of ∆ f . The scattered light is collected by the focusing lens and
its spectrum is analyzed by triple-pass tandem Fabry-Perrot TFP-2 HC spectrometer. The acquisition time
is chosen so to obtain at least 300 counts at the peak maximum. The shown spectra were normalized to the
measurement time (and are shown as average counts per 10 scans of the spectrometer).

Polar magneto-optic Kerr microscopy: PMOKE measurements are performed using a commercial Evico/Zeiss
microscope. The image in Figure 4a was obtained by subtracting a reference image taken under a 100 mT
saturating field.

Magnetic force microscopy (MFM): MFM images are obtained using a two-pass technique using a Park
Technologies NX10 microscope: a tapping-mode pass provides the topography, and a second pass, at a lift
height of 20 nm, measures the magnetic signal from the phase variation of the tip oscillations. The tip is coated
with CoCr/Cr, whose thickness was adjusted to enhance the magnetic contrast on the h-BN flake. Out of the
h-BN flake, the tip stray field perturbs the magnetic textures, since it is much closer to the magnetic layer than
when on top of the h-BN flake.

Magnetometry: The magnetization was measured by SQUID magnetometry on Au/ Co (1nm)/ Cu and Pt/
Co (1nm)/ Cu samples at room temperature. The magnetization was evaluated by the difference at remanence,
after positive and negative saturation with an out-of-plane magnetic field. We obtained MS = 1.1 MA/m
and 1.2 MA/m for the Au and Pt based samples, respectively, in good agreement with literature [26, 51].
Considering a 10% uncertainty inherent to the technique, these values are considered to be similar and MS =
1.15 MA/m was used in the analysis.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04985.

It includes X-ray diffraction measurements of the metallic heterostructures, atomic force microscopy on h-BN
flakes, the fitting procedure of the BLS data, determination of the effective gyromagnetic factor g through BLS
experiments performed at different magnetic fields, determination of the magnetic anisotropy as a function of
the Co thickness for the 4 series of samples, summary table including all samples with all physical parameters.
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