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Magnetic properties of CoFeB films grown on a single-layer graphene underlayer
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Associating thin ferromagnetic (FM) films with two-dimensional (2D) materials appears to be a promising
approach for the next-generation spintronic devices. Consequently, the control of the magnetic phenomena in
the FM/2D systems is of the utmost importance. We investigate in this paper the structural, static, and dynamic
magnetic properties of SiO2/single−layer graphene (SLG)/CoFeB (3 nm � tCFB � 20 nm)/Cu (3 nm) structures
and compared them with control samples, without the SLG underlayer. The single-layer characteristics of the
synthesized graphene are deduced from Raman spectroscopy investigations. Vibrating sample magnetometry
measurements allowed deducting the magnetization at saturation Ms, the coercive field Hc, and the magnetic
dead layer thickness td . In the absence of SLG, the nominal thickness tCFB is almost preserved, while td ≈
2 nm was determined in presence of graphene. Here, Hc was found to increase in presence of SLG compared
with the control structures, while Ms are comparable. Brillouin light scattering and microstrip FM resonance
measurements were employed to investigate the dynamic magnetic properties of the samples. It was found that
the magnetic anisotropy results from interface and volume contributions and that the largest interface anisotropy
was observed in presence of SLG. Measurements of the spin waves nonreciprocity, related to the interfacial
Dzyloshinskii-Moriya interaction (iDMI), revealed weak iDMI in our samples. The magnetic damping in the
SLG/CFB films was found to be dominated by the two-magnon contribution. No spin pumping was observed
either without or with graphene. Our results highlight the influence of the graphene ripples on the magnetic
properties of graphene/FM-based heterostructures.
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I. INTRODUCTION

The control of the properties of magnetic materials is
crucial for spintronic applications [1,2]. The usual approach
combines ferromagnetic (FM) thin layers with different prop-
erties, highlighting the dominant role of interface phenomena
[3], such as in FM/heavy metal (HM) heterostructures [4],
taking advantage of the large spin-orbit coupling (SOC) of
the HM materials. A possibility emerged more recently con-
sisting of the association of FM layers with two-dimensional
(2D) materials [5–7]. Indeed, 2D materials exhibit interesting
characteristics for spintronics, especially strong spin signals
and long spin diffusion length [8]. Interestingly, among the
2D materials, graphene (Gr) shows an impressive suitabil-
ity for spintronics with demonstrated efficient spin transport
and spin filtering, leading to high tunnel magnetoresistance
ratios (TMR) [9], or for development of spintronics devices
based on perpendicular spin sources as required, for instance,
for perpendicular-magnetic random-access memory schemes
[10]. In this context, the control of the interface effects is of
utmost importance since they can strongly affect the surface
magnetic properties of nanometer-thick FM film in FM/2D
materials [5,6,11,12]. This occurs through interfacial interac-
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tions, leading to the enhancement of the magnetic properties
at the interfaces. Thus, the control of the FM/2D interface,
including morphological, chemical, and electronic properties,
is important to monitor interface magnetic phenomena, such
as perpendicular magnetic anisotropy (PMA), damping and
interface Dzyaloshinskii-Moriya interaction (iDMI), which
are of great interest for next-generation spintronic devices.
Indeed, these parameters are sensitive to the disorder, de-
fects, and the arrangement of atoms at the interfaces. Their
investigation in FM/2D structures through the study of their
static and dynamic magnetic properties, in relation with their
interface structure and morphology, is a timely topic.

In Gr/transition metal (TM) interfaces, it was reported
that the presence of Gr can substantially alter the electronic
and magnetic properties of TM atoms, which depends on
the degree of hybridization between the metal 3d and Gr
π orbitals [13–15]. Strong PMA of Co/Gr structures was
reported from both first-principles and experiments [11,16].
Magnetic damping was found, for instance, to increase in Gr
flakes/Co structure [17] due to inhomogeneous broadening
induced by sample imperfections, excluding the spin-pumping
effect that one can observe in FM/HM systems [18]. In-
trinsic SOC associated with induced surface defects from
the growth of CoFeB (CFB) on Gr was invoked to explain
the observed large modulation of the Gilbert damping [19].
Recently, Rashba-shift-induced spin pumping in single-layer
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graphene (SLG)/CFB structures was reported and correlated
with structural and nanoscale morphological properties mon-
itored during sputter deposition of the CFB layer [20]. On
another hand, calculations showed that the graphene coating
of Co is found to induce a significant iDMI due to the Rashba
effect [21], despite the weak SOC of Gr. Rashba-shift-induced
iDMI was also reported [20]. Conversely, almost no iDMI for
Co thin film deposited on Gr flakes was observed experimen-
tally [17]. Recently, it has been shown that exfoliated h-BN
transferred, under ultrahigh vacuum conditions, on ultrathin
Co film induces large DMI and PMA [22], suggesting that
the 2D/FM interface quality is of great importance. It is then
essential to consider the morphological specificities of Gr,
namely, the corrugations (wrinkles and ripples) that it forms,
and to investigate their effect on the magnetic parameters
mentioned above. Gr surface corrugations (wrinkles and rip-
ples) have been reported in suspended Gr [23,24]. Indeed,
2D crystals are strictly instable due to the thermodynamic
requirement for the existence of out-of-plane bending with in-
teratomic interaction generating a mathematical paradox [25].
The stability of the pseudo-2D material is achieved by ripple
formation resulting from the partially decoupled bending and
stretching modes [26,27]. Transmission electron microscopy
experiments on suspended Gr showed the presence of rip-
ples with height up to 1 nm [28]. Nanometer-sized ripples,
like those found on freestanding Gr, were also reported in
scanning-probe microscopy studies of Gr on SiO2 substrates
[29] or by scanning tunnelling spectroscopy measurements
of Gr on Cu [30]. In this context, it is important to probe
the effect of these corrugations on the magnetic parameters,
particularly in the range of nanometric FM thicknesses. Our
results, including the effect of ripples, are discussed sub-
sequently in the light of studies addressing particularly the
dynamic magnetic properties of Gr/FM-based systems.

We report in this paper on the effect of the Gr ripples
on PMA, damping, and iDMI parameters in SLG/CoFeB
(3 nm � tCFB � 20 nm)/Cu (3 nm) heterostructures. Chemi-
cal vapor deposition was used for the synthesis of Gr that
we transferred to Si/SiO2 substrates. CFB film of a given
thickness was then grown on top of graphene and capped
by a 3-nm-thick Cu layer, using physical vapor deposition
(PVD). Reference samples without SLG were also elabo-
rated for further comparison. The quality and domain size
of graphene were deduced from Raman spectroscopy. The
vibrating sample magnetometry (VSM) technique was used
to study the static magnetic behaviors (saturation magnetiza-
tion, coercive field, and magnetic dead layer) of the samples,
while magnetic anisotropy and iDMI were deduced from the
dynamic magnetic properties from spin-wave behavior using
Brillouin light scattering (BLS) spectroscopy, and microstrip
line FM resonance (MS-FMR) measurements were mainly
used to analyze the magnetic damping.

II. SAMPLES AND EXPERIMENTS

Series of samples Si/SiO2/SLG/Co20Fe60B20(tCFB)/Cu (3
nm) [Fig. 1(a)] and Si/SiO2/Co20Fe60B20 (3 nm � tCFB �
20 nm)/Cu (3 nm) [Fig. 1(b)] were elaborated.

The Gr was synthesized using the inductive heating method
using copper as a catalyst [31–33]. Heating of copper was

FIG. 1. Scheme of the (a) single-layer graphene (SLG)/CFB/Cu
and (b) CFB/Cu samples. (c) Raman spectra of the SLG/CFB(t)/Cu
samples and (d) SLG domain sizes determined for the SLG/CFB
samples; line is a guide for the eyes.

performed via magnetic induction, which involves a changing
magnetic field in the radiofrequency mode. This allows for
fast and localized heating, thereby reducing the heating time
and improving thermal homogeneity. The different steps of
this method are briefly exposed: (i) A methane flow is decom-
posed over the Cu substrate heated by magnetic induction to
∼1035 ◦C; (ii) the copper allows for significant reduction of
the energy required to form strong Cu−CHx and Cu–H bonds;
(iii) surface chemistry catalyzed by Cu allows graphene nu-
cleation and growth; and (iv) carbon is deposited on the
Cu substrate to form graphene over it. The step following
graphene growth consists of removing the Cu substrate and
transfer of graphene onto the whole surface of the Si/SiO2

substrate. This is achieved, first, by spin-coating the sample
with poly-methyl methacrylate (PMMA) and then removing
of the Cu substrate by wet chemical etching, followed by
transfer of the graphene/PMMA layer onto the Si/SiO2 sub-
strate. The PMMA is then removed using acetone. Note that
we have previously reported the observation of Gr ripples for-
mation, synthesized with our method, already at early stages
of Gr synthesis [31].

Before CFB and Cu deposition under ultrahigh vacuum
PVD, the samples were heated to 445 K for 5 min in the
sputter chamber to desorb oxygen on Gr [34]. Deposition
rates were ∼1 and 2.5 nm/min for CFB and Cu, respec-
tively. The thickness control is ensured with quartz balance
equipment with precision of ∼±10%. The crystalline quality
and thickness of the as-grown Gr films were investigated by
room-temperature (RT) Raman spectroscopy operating with
a laser wavelength λRAMAN = 473 nm. VSM measurements
allowed determining the coercive field Hc and the saturation
magnetic moment per unit area (Ms × tCFB) that is used to
obtain the Ms and the thickness of the magnetic dead layer
(td ). BLS, operating with a laser wavelength λBLS = 532 nm
in the Damon-Eshbach configuration [35], was employed to
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investigate the PMA, the magnetic damping, and the iDMI.
Indeed, BLS provided information on the iDMI, through the
investigation of the nonreciprocity of the spin waves (SWs)
within the samples [36,37]. The BLS setup operates in the
3–100 GHz SW frequency range. The SW frequency can
be studied as function of SW wave vector k in the range
4−20 µm−1, related to the incident angle θ through the rela-
tion k = 4π sin(θ )/λBLS, and of an in-plane applied magnetic
field H up to 1.3 T. MS-FMR [38] was also used to investigate
damping through the study of the frequency dependence of
the FMR field linewidth (�H ).

III. RESULTS AND DISCUSSION

A. Raman measurements

Figure 1(c) shows the Raman spectra obtained from the
as-grown graphene and the graphene/CFB samples. We ob-
serve the characteristics bands of graphene, namely, the G
band (∼1583 cm−1) and the 2D band (∼2667 cm−1), together
with the D band (∼1337 cm−1) related to defects and disorder
[39,40]. The G band originates from the stretching vibration
in the sp2 carbon plane [40,41]. The 2D band is linked to
the band structure of the graphene layers and originates from
a double two-phonon resonance process [42]. One can also
notice the presence of a D′ band of a weak intensity, associated
with an E symmetry mode, which is double degenerate; as
such, a splitting is expected under uniaxial strain [43]. The
intensity ratio ID/IG of band D to band G allows analyzing
the quantity of defects in graphene [39], indicating in our case
a good Gr structural quality with the presence of low-defect
concentration since this ratio ∼0.3 fulfills the condition of
being less than unity. Note that sputtering deposition of CFB
may increase defects regarding the as-grown graphene. This
latter is single layer (SL) since the I2D/IG intensity ratio is
higher than unity, being ∼1.3 [44]. The observed shifts in
phonon frequencies can be attributed to stress accompanying
metal deposition onto the SLG [45]. The SLG domain size
(La) is estimated for as-grown Gr from the ID/IG ratio using
[46]

La(nm) = (2.4 × 10−10)λ4
RAMAN(ID/IG)−1. (1)

This expression provides an estimation of La for the as-
grown Gr alone and probably a rough estimation in the case of
the SLG/CFB samples [Fig. 1(d)]. The domain size is found to
be tens of nanometers, which may potentially impact interface
magnetic effects in Si/SiO2/SLG/CFB/Cu heterostructures,
as we discuss below.

B. Static magnetic properties

Figures 2(a) and 2(b) show two representative hys-
teresis loops recorded for the CFB films with nominal
thicknesses tCFB = 5 and 15 nm, respectively, without and
with SLG.

Note the enhancement of Hc in the presence of SLG, as
depicted in Fig. 3(c). It is also worth noticing the pecu-
liar behavior of the nominal tCFB = 3 nm film that showed
a significant reduction in remanence and magnetization in
the presence of SLG (see insert in Fig. 2). Pinning at Gr
domain boundaries can be considered a driving mechanism

FIG. 2. (a) Vibrating sample magnetometry (VSM) loops of
(a) CFB (5 nm) sample with or without single-layer graphene
(SLG) underlayer, (b) CFB (15 nm) sample with or without SLG
underlayer, (c) thickness dependence of coercive field µ0Hc, (d)
CFB thickness dependence of Ms × tCFB. Insert presents loops for
SLG/CFB(tCFB)/Cu for nominal tCFB = 3 and 5 nm, respectively.

for coercivity [47]. In the case of the Gr/Co system, large
three-dimensional (3D) clusters, with low density promoting
multigrain films, were observed to initiate the growth of Co on
Gr. Consequently, an increase in domain wall pinning likely
contributes to Hc enhancement in the presence of Gr [48].
SOC may also play a role [49]. Roughness is also an important
parameter determining the coercivity [50].

Usually, to quantify the magnetic interface effects, one
varies the FM layer thickness. However, the presence of a
magnetically dead layer (td ) can reduce the effective FM
thickness teff = tCFB − td [4]. The dead layer can be the
consequence of interdiffusion between atoms of materials
in contact with the FM layer and FM atoms. Another ori-
gin, when the material in contact with the FM layer is
graphene, can be structural due to the presence of Gr rip-
ples. The thickness of the magnetic dead layer (td ) and the
magnetization at saturation (Ms) should therefore be first de-
termined to avoid incorrect estimates of the magnetic interface
effects.

Figure 2(d) shows the typical dependence of the areal sat-
uration magnetic moment (Ms × tCFB) vs the CFB thickness
for samples without and with the SLG underlayer. Here, Ms

and td are determined from the linear fits: The slope indicates
Ms, while the horizontal axis intercept indicates the extent
of td . In the presence of SLG, td is estimated to be ∼2 nm,
while it is 0.14 nm without the SLG underlayer. Such a value
with SLG is consistent with the magnitude of the Gr ripples
reported by Ishigami et al. [29] and Bai et al. [30]. Here,
Ms is deduced to be ∼982 ± 50 kA/m (945 ± 50 kA/m) in
the absence (presence) of SLG, respectively. These values are
comparable with Ms = 800–1100 emu/cm3 obtained by Jang
et al. [51], Wang et al. [52], and Belmeguenai et al. [18]
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FIG. 3. BLS spectra: (a) CFB (5 nm) sample with or without single-layer graphene (SLG) underlayer, (b) CFB (15 nm) sample with or
without SLG underlayer, (c) field dependence of the mean value of Stokes (S) and anti-Stokes (aS) frequencies in absence of SLG, (d) field
dependence of the mean value of S and aS frequencies in presence of SLG, fitting curves obtained with Eq. (2) (see text), and (e) effective
magnetization (μ0Meff ) vs the reciprocal effective thickness teff of CoFeB films with or without SLG underlayer.

but lower than that (Ms ≈ 1200 emu/cm3) of W/CoFeB/MgO
[53] and Ta/CoFeB/Ta [54]. The dispersion in the value of Ms

points out the fact that the magnetization of thin film strongly
depends on its interfaces and the crystallization degrees of
CoFeB. In our case, the amorphous state of the CoFeB lay-
ers is expected, as anticipated for our boron content (20%)
[55]. Indeed, from x-ray diffraction measurements, the crit-
ical boron concentration at which CoFeB still crystallizes is
estimated to be ∼5−6%.

C. Dynamic magnetic properties

1. Effective magnetization and magnetic anisotropies

To estimate the PMA, we have first conducted BLS experi-
ments in the Damon-Eshbach configuration [35] which allows
SW propagating along the in-plane direction perpendicular to
the in-plane applied field H to be probed. The SW frequency
shifts were determined from the Lorentzian fits of the BLS
spectra. We have investigated the effective magnetizations

μ0Meff = μ0(Ms − H⊥). Here, H⊥ is the PMA field extracted
from the frequency variation vs the in-plane applied field.
Also, H⊥ can be expressed as H⊥ = 2K⊥/μ0Ms, where K⊥
is the perpendicular anisotropy constant. BLS measurements
were carried out at low wave vector (k = 8.07 µm−1, i.e.,
θ = 20◦) to avoid any possible contribution induced by the
iDMI [56]. Figure 3(a) and 3(b) exhibits BLS spectra obtained
for the nominal 5- and 15-nm-thick CFB films, respectively, in
the presence or not of an SLG underlayer, with H = 0.3 T. We
can observe that, for the 5 nm sample, the width of the BLS
lines is significantly enhanced in the presence of graphene. We
have also obtained a very degraded signal for the nominal 3
nm sample with the SLG underlayer, probably due to the dead
layer which significantly reduces the effective thickness of the
CFB layer. Obviously, this effect is expected to be particularly
pronounced for the thinnest films.

We obtained Meff from the fit of the field dependence of
the mean value of Stokes FS and anti-Stokes FaS frequencies,
as depicted in Figs. 3(c) and 3(d), using

F =
(

FS + FaS

2

)
=

(μ0γ

2π

)√
{[H + Jk2 + P(kteff )Ms][H + Jk2 − P(kteff )Ms + Meff ]}, (2)
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where ( γ

2π
) is equal to 30.13 GHz/T (i.e., g = 2.15) [57], H

is the in-plane applied field, J = 2Aex
Ms

, with Aex = 10−11 J/m
[58] the exchange stiffness constant of CFB, and P(kteff ) is a
coefficient describing the dipolar interactions that reduces to
P(kteff ) ≈ kteff/2 in thin films verifying kteff � 1 [57].

The obtained values of µ0Meff are shown in Fig. 3(e) vs
the reciprocal CFB effective thickness 1/teff . A linear de-
pendence is observed. Here, K⊥ can be described by the
phenomenological relationship K⊥ = Kv + Ks

teff
; thus, the lin-

ear fit of the thickness dependence of µ0Meff can provide the
perpendicular uniaxial surface Ks and volume anisotropy Kv

constants from the slope and the intercept with the vertical
axis, respectively. We obtain Ks = (1.97 ± 0.15) mJ/m2 and
Kv = (−2.39 ± 0.21) × 105 J/m3 for Si/SiO2/Gr/CFB/Cu,
and Ks = (1.60 ± 0.12) mJ/m2 and Kv = (−2.49 ± 0.21) ×
105 J/m3 for Si/SiO2/CFB/Cu. The volume anisotropy Kv

constant is similar and negative for the two systems, rein-
forcing the magnetization lying spontaneously in the films
plane. Here, Kv seems to not be influenced by the presence
of the SLG. More significant difference is observed for the
perpendicular uniaxial surface Ks constant that is reinforced in
the presence of a SLG underlayer. The obtained Ks values are
higher than those reported, for instance, for CoFeB/Pt (Ks =
1.3 mJ/m2) [18] or CoFeB/Cu/Pt (Ks = 1.15 ± 0.09 mJ/m2)
[59]. A certain degree of electron hybridization of 3d Co and
Fe orbitals with graphene π orbitals can be at the origin of the
observed enhancement of the interface PMA in the presence
of SLG [11,16,60]. In addition, if one considers the ripples as
an interface roughness, the effect will be to reduce the shape
anisotropy [61]. The anisotropy contribution resulting from
the roughness will, therefore, always be positive, thus favor-
ing PMA. It should be noted that the results of the effective
magnetizations obtained by FMR are in good agreement with
those determined by BLS [62]. They are not presented to avoid
redundancy.

2. iDMI

iDMI is associated with the nonreciprocity of SWs having
the same wavelength and propagating along two opposite di-
rections through a magnetic material [36,37,63], resulting in
a Stokes (FS)/anti−Stokes (FaS) frequency difference (�F =
FS − FaS). The iDMI value can thus be obtained using the
relation F = 2γ

πMs
Deff k, where the effective iDMI constant Deff

characterizes the strength of iDMI. As an interface effect,
iDMI scales linearly with the inverse thickness of the FM film.

Figure 4 exhibits BLS spectra obtained for the thinnest
films, i.e., the nominal 5-nm-thick samples, at k =
20.45 µm−1, corresponding to an incidence angle of the laser
beam of 60◦, the maximum value available from our BLS
setup, where the iDMI effect, if present, is the highest. In
the absence of the SLG underlayer, no measurable frequency
mismatch is observed, likely due to the weak SOC at the
CoFeB/Cu interface since Cu is a light element. A small
�F ∼ 0.1 GHz is observed in the presence of the SLG un-
derlayer when reversing the sign of the applied field deducing
Deff = 0.038 mJ/m2. Direct observation of unusual iDMI by
BLS has been shown in graphene/NiFe/Ta heterostructures
that increases with increasing the defect density of graphene
obtained by varying argon pressure during sputter deposition

FIG. 4. Brillouin light scattering (BLS) spectra for CFB (5 nm)
sample with and without single-layer graphene (SLG) underlayer
taken at k = 20.45 µm−1, corresponding to an incidence angle of
the laser beam of 60◦. Symbols refer to experimental data and solid
lines are Lorentzian fits for positive and negative field allowing
comparison of Stokes and anti-Stokes frequencies.

of Ni80Fe20 [64], suggesting that the observed iDMI originates
from defect-induced extrinsic SOC at the interface. A small
iDMI of 0.07 mJ/m2 was found for a 3 nm Fe20Ni80 film.
In SLG/CoFeB heterostructures, iDMI was correlated with
structural and nanoscale morphological properties monitored
during sputter deposition of the CoFeB layer, suggesting a
dominant role of the Rashba shift and defect density in the
emergence of iDMI [20]. No reference to a possible presence
of a dead layer associated with Gr ripples had been mentioned
in these studies. Note that, even if sputtering deposition of
CFB may increase defects regarding the as-grown graphene,
as the Raman results suggest, this seems not to be sufficient
to induce significant iDMI in our samples. In layered sys-
tems with broken structural inversion symmetry, it has been
demonstrated that the iDMI is maximized when the quality
parameter, defined as the difference between the roughness
parameters, such as amplitude and period of the top and bot-
tom interfaces of an FM layer, goes to zero [65,66]. This is
probably not the case for our samples because the roughness
at the bottom Gr/CFB interface, due to ripples, must be much
higher than that at the top CFB/Cu interface, leading to weak
iDMI. In ultrathin films composed of 5d HM/FM/4d (5d)
HM or oxide interfaces, a clear effect of atomic-scale surface
modulation on the magnetic properties and iDMI has been
explained within a model of correlated roughness of interfaces
[67]. When the amplitude and period of roughness are the
same for both the top and bottom interfaces of the studied
CoFeSiB-based systems, the CoFeSiB thickness remains un-
changed, resulting in a value near the maximum iDMI value,
which must be similar for ideally smooth interfaces. When
the roughness amplitude for the top and bottom interfaces
is different, there are local variations in the CoFeSiB layer
thickness and, consequently, local variations in the iDMI.
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FIG. 5. Ferromagnetic resonance (FMR) spectrum obtained for the 10- and 15-nm-thick samples with and without single-layer graphene
(SLG) underlayer; the fitting curves are obtained from Eq. (3).

IV. MAGNETIC DAMPING

We have investigated the magnetic damping using MS-
FMR. Figure 5 illustrates representative FMR spectra with
and without the presence of a SLG underlayer for the nominal
tCFB = 10 and 15 nm samples. The resonance field (μ0Hres )
and the half-linewidth (μ0�H) were determined from fitting
each spectrum using

FMRsignal = a(�H )(H − Hres)[(H − Hres)2 + (�H )2]
−2

+ b[(H − Hres)2 − (�H )2]

× [(H − Hres )2 + (�H )2]
−2 + c. (3)

The resonance field dependence of the frequency allow-
ing determining the effective magnetization is presented in
Ref. [62]. Good agreement is found with BLS ones.

We were interested in the effect of the presence of the SLG
on the FMR field half-linewidth (μ0�H) that results from
extrinsic and intrinsic contributions to damping by analyzing
the frequency dependence of μ0�H using

μ0�H = μ0�H0 + α f

γ /2π
, (4)

where α is the Gilbert parameter, f is the driving frequency,
and µ0�H0 is the inhomogeneous residual half-width, which
is frequency independent. Figure 6 exhibits the experimental
data (symbols) and the fittings (continuous lines) obtained
from Eq. (4) (a) with and (b) without the SLG underlayer. The
deduced values of μ0�H0 and α are shown and commented
on in Ref. [62].

The insertion of a Gr layer is found to significantly increase
μ0�H0, indicating the increase of heterogeneities. We con-
clude that the SLG layer is responsible for additional defects.
Following Zhu et al. [68], the thickness dependence of the
damping parameter [Fig. 6(c)] is analyzed using

α = α0 + α1t−1 + α2t−2. (5)

Here, α0 represents the intrinsic Gilbert damping, α1t−1 corre-
sponds to the spin pumping contribution, and α2t−2 is related
to the two-magnon scattering at interfaces.

The best fitting parameters for SLG/CFB samples are
found to be α0 = 0.004, α1 = 0, and α2 = 550 nm2, while for
SiO2/CFB ones, α0 = 0.004, α1 = 0, and α2 = 180 nm2. The
intrinsic damping constant α0 is in line with values reported in
literature: αCFB = 0.004 for bulk Co20Fe60B20 [69], αCFB ≈
(0.0034 ± 0.0005) for CFB/Pt [18], and αCFB ≈ (0.0031 ±
0.0002) reported for CFB/TaOx [70]. Interestingly, no spin
pumping was observed either without or with graphene. This
is not in line with the results reporting spin pumping in the
SLG/CFB system that was correlated with the defect density
present at the surface of the SLG [20]. Remarkably, in this
latter study, the defect density had not been varied at constant

FIG. 6. Frequency dependence of µ0�H for (a) samples with
single-layer graphene (SLG) and (b) control samples without SLG.
Symbols refer to experimental data and continuous lines are fits
obtained using Eq. (4) (see text). (c) Damping for SiO2/CFB and
SLG/CFB plotted as a function of t−1

eff ; the fitting curves are obtained
using Eq. (5) (see text).
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thickness to establish a direct and unambiguous correlation.
Notably, we observe in this paper that the insertion of a Gr
layer significantly increases α2, i.e., the two-magnon contri-
bution, in line with the results reported by Berger et al. [48]
for the Gr/Co system. Based on our results, it is concluded
that the SLG layer is responsible for introducing additional
roughness, which is likely associated with the presence of
graphene ripples.

V. CONCLUSIONS

We prepared two series of heterostructures: Si/SiO2/

graphene/Co20Fe60B20/Cu and Si/SiO2/Co20Fe60B20/Cu,
with varying Co20Fe60B20 thicknesses ranging from 3 to
20 nm. The quality of graphene layers was assessed using
Raman spectra, confirming the SL character of graphene.
Magnetometry, MS-FMR, and BLS techniques were used
to investigate the magnetic properties of these samples.
The magnetometry data revealed that graphene introduces a
magnetic dead layer of ∼2 nm and increases the coercive
field by ∼0.7 mT. Both MS-FMR and BLS measurements
demonstrated an increase in surface magnetic anisotropy by
∼0.4 mJ/m2. MS-FMR measurements showed a significant
increase in the two-magnon scattering contribution to the
linewidth in the presence of the graphene layer but did not in-
dicate any spin-pumping contribution. The two-magnon scat-
tering contribution is amplified by a factor of three with the
introduction of graphene. Additionally, counterpropagating

SWs, probed by BLS, exhibited a very small frequency asym-
metry, providing weak iDMI with graphene.

These changes in the magnetic dead layer, coercive field,
two-magnon scattering, and surface magnetic anisotropy can
be attributed to the presence of graphene ripples. Conse-
quently, our findings highlight the significant influence of
graphene ripples on the magnetic properties of the multilayers
and offer valuable insights for the design of graphene/FM
structures.

Data will be made available on reasonable request.
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