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The understanding and manipulation of anisotropic Gilbert damping is crucial for both fundamental
research and versatile engineering and optimization. Although several works on anisotropic damping have
been reported, no direct relationship between the band structure and anisotropic damping was established.
Here, we observed an anisotropic damping in Fe=GeTe manipulated by the symmetric band structures of
GeTe via angle-resolved photoemission spectroscopy. Moreover, the anisotropic damping can be modified
by the symmetry of band structures. Our Letter provides insightful understandings of the anisotropic
Gilbert damping in ferromagnets interfaced with Rashba semiconductors and suggests the possibility of
manipulating the Gilbert damping by band engineering.
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As one of the key parameters in spin dynamics [1],
Gilbert damping characterizes the rate of angular momen-
tum transfer from spin to other degrees of freedom and
determines the performance of a variety of spintronic
devices, such as the magnetization switching time and
the critical current density [2,3]. Manipulating the Gilbert
damping of metallic ferromagnetic (FM) thin films or
ferromagnet/nonmagnetic (NM) heterostructures remains
one of the central interests in spintronics applications [1].
Both theoretical calculations and experimental works have
demonstrated that the Gilbert damping can be controlled via
modification of the strength of spin-orbit coupling ξ, the
density of states at the Fermi energy NðEFÞ, and the
momentum scattering time τ of magnetic materials [4–8].
Apart from these factors, in heterostructures composed of
ferromagnetic and nonmagnetic materials, magnetization
dynamics in FM can transfer angular momentum and energy
into NM in the form of electrons (or magnons) and phonons.
The former mechanism is known as the spin-pumping effect
[9–12], while the latter is termed the phonon pumping effect
[13]. Both effects can lead to an enhanced damping in
nonlocal form.
The on-demand control over the anisotropy of Gilbert

damping is also crucial for both fundamental research and
versatile spintronic device engineering and optimization.
From the generalized Landau-Lifshitz-Gilbert equation, the
Gilbert damping is a tensor rather than a scalar, implying

that a rotational or orientational anisotropic phenomenon
may be present [8,14–16]. However, experimental obser-
vations of the anisotropic Gilbert damping are rare due to
the random scattering which occurs in both FM and NM
layers. The orientational anisotropy of Gilbert damping
has been observed only in the metallic ferromagnet/
semiconductor interface of Fe=GaAsð001Þ and in epitaxial
CoFe and CoFeB films [17–20]. On the other hand, Chen
et al. recently predicted strong anisotropic damping due to
the interfacial spin-orbit coupling in ultrathin magnetic
films [21]. However, no obvious anisotropic damping was
experimentally observed either in Pt=Ni81Fe19=Pt or in
Pd=Fe [22,23]. Although several works on anisotropic
damping have been reported, the possible mechanism of
anisotropic damping is interpreted by either the anisotropic
density of states, spin-orbit coupling, or momentum scat-
tering time. Because damping from phonons is 6–30 times
less than the intrinsic damping in magnetic films like Fe
and Ni, excluding phonon contributions [24], to date, no
direct relationship between band structures and Gilbert
damping has been established. Therefore, a complete
microscopic understanding of anisotropic damping, espe-
cially nonlocal Gilbert damping, is highly desirable.
Here, we reported the experimental observations of

an anisotropic nonlocal Gilbert damping in Fe=α-GeTe
bilayers via Ferromagnetic resonance (FMR) measure-
ments. By comparing the angle-resolved photoemission
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spectrum (ARPES) of GeTe (5 nm) with that of GeTe
(30 nm), we confirm that the sixfold anisotropic damp-
ing of Fe=GeTe originates mainly from the sixfold sym-
metric band splitting of GeTe. Our findings suggest
that the anisotropic damping can be realized by band
engineering and an anisotropic spin-current injection in
ferromagnet=α-GeTe heterostructures which opens a
pathway toward adjusting anisotropic Gilbert damping in
Rashba-based spintronic devices.
Figure 1(a) shows the bulk Brillouin zone of α-GeTe and

its two-dimensional (2D) Brillouin zone projected on the
(0001) surfacewith high symmetry points. The Fermi surface
map is shown in Fig. 1(b), which presents two pockets
around the Γ point. Previous studies [25,26] have identified
these pockets as the anisotropic bulkRashba spin-split bands.
To understand the impact of the Dresselhaus effect on the
bulk Rashba splitting, we cut the spectrum along different
directions in k space as illustrated in Fig. 1(b). Figure 1(c)
presents the momentum cut for θ ¼ 0°, where θ is defined
by the Fermi surface angle (others shown in Supplemental
Material [27], Fig. S4). It is evident that the size of bulk
Rashba splitting first expands and then shrinks as the angle
is increased. Especially, the smallest Rashba splitting is
along Γ̄ − M̄. The dispersion of Rashba bands is described
by E� ¼ ðℏ2k2=2m�Þ � αRjkj. The Rashba parameter
αR ∝ ξEZ, where the ξ is the spin-orbit coupling strength
of the materials and Ez is the electric field, which is
perpendicular to the sample’s surface. The peaks of the
bulk Rashba bands are extracted by cutting the momentum

distribution curves and fitting with a Lorentzian function.
The red dashed lines in Fig. 1(c) are the best-fitted results.
The in-plane angular dependence of Rashba parameters
extracted from these fittings is shown in Fig. 1(d). One can
observe from Fig. 1(d) that these Rashba parameters show a
sixfold symmetry and the maximum αmax

R and minimum
αmin
R are 4.89 eV Å and 3.15 eV Å, respectively.
To investigate the effect of anisotropic band splitting

of GeTe on the magnetic damping of Fe=GeTe hetero-
structure, a 10 nm thick Fe layer was deposited on
α-GeTe (shown in Supplemental Material [27]) [41].
Ferromagnetic resonance measurements (FMR) are carried
out as illustrated in Fig. 2(a) where ϕH is the definition of
magnetic field angle with respect to the GeTe½112̄0�.
Figure 2(b) illustrates the dependence of FMR linewidth
on resonance frequency (3.6 GHz–25 GHz) for the
Feð10 nmÞ=α-GeTeð30 nmÞ sample at ϕH ¼ 0° and 30°
(others shown in Supplemental Material [27], Fig. S8) and
they can be fitted linearly with R2 ∼ 0.99. The fact that a
linear frequency dependence of the linewidth persists
throughout the frequency range provides convincing evi-
dence that the extrinsic effects on the linewidths are not
significant. In addition, by further taking the two-magnon
scattering into account, we also fitted the experimental ΔH
versus f using the equation ΔHtotal ¼ ΔHG þ ΔH2M þ
ΔH0 [42–44]. Here, ΔHG ¼ ð4παf=μ0γÞ represents the
linewidth contribution from the Gilbert term;

ΔH2M ¼ Γsin−1
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is the linewidth contribution from two-magnon scattering
with f0 ¼ ðγμ0=2πÞMeff and the strength of two-magnon
scattering Γ. The ΔHtotal (red solid lines), ΔHG (blue solid
lines), ΔH2M (purple solid lines), and ΔH0 (green solid
lines) are shown in Fig. 2(d). We found that the maximum
contribution of two-magnon scattering to the FMR line-
width is smaller than 10 Oe at 25 GHz at ϕH ¼ 30°, which
is only 3% (ΔH2M=ΔHtotal) of the total FMR linewidth.
These experimental results confirm that ΔH versus f is
predominantly determined by the Gilbert contribution and
the contribution of two-magnon scattering is negligible in
our high-quality films. By excluding the contribution
from extrinsic effects to the FMR linewidth (shown in
Supplemental Material [27]), we obtain that the damping
of Fe=GeTe at ϕH ¼ 0° and 30° are 0.0113� 0.0001 and
0.0152� 0.0004, respectively.
Considering the phonon-related processes, the FMR

mode can observably interact with the phonon when the
modes’ frequencies match, thereby resulting in an appreci-
able impact on the FMR linewidth. Nevertheless, in the
case of GeTe, the frequency of its soft phonon modes

FIG. 1. Anisotropy of bulk Rashba bands. (a) 3D BZ of α-GeTe
and its 2D BZ projected on the (0001) surface with high-
symmetry points. (b) Fermi surface of α-GeTeð0001Þ. The white
dashed lines show the momentum position of the cuts. (c) Spec-
trum cut at θ ¼ 0°, the red dashed lines are the fitted lines for
Rashba bands. The momentum cuts here are defined by the Fermi
surface angle θ. (d) The anisotropic Rashba parameters αR.
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exceeds 2 THz at 300 K [45,46], while the magnitude of the
spin current pumped into GeTe from the GeTe=Fe interface
operates at the gigahertz scale. Besides that, the magneti-
zation dampingwith a nonmonotonous dependence onFMR
frequency [13,47]. In contrast, the damping enhancement
from electronic spin pumping is independent of the FMR
frequency. In our FMR measurements, we have observed
that the resonant linewidth scales proportionally with the
FMR frequency across all samples. Thismeans the Fe=GeTe
samples show a negligible phonon pumping contribution.
According to previous studies [41,48], the spin-pumping
effect exists in FM=GeTe bilayers. The difference in the
damping may be caused by the spin-diffusion length along
different crystal directions. We measured the spin-mixing
conductances (SMC) g↑↓eff ¼ ð4πMstFe=gμBÞðαeff − α0Þ (the
efficiency of spin current injection from FM to GeTe) at two
crystal directions HkGeTe½01̄10� and HkGeTe½112̄0� as
shown in Fig. 2(c), respectively, and fit the data with the
following equation [49],

g↑↓eff ¼ g↑↓
1

1þ
�
2

ffiffi
ε
3

p
tanh

�
dN
λs

��−1: ð1Þ

Here, Ms is the saturation magnetization, g is the Landé g
factor, tFe is the thickness of the Fe layer, dN and λs are the
nonmagnetic layer thickness and spin-diffusion length of
nonmagnetic layer, and ε is a dimensionless parameter
proportional to the product of the atomic number and

fine-structure constant in the nonmagnetic materials. The
best-fitted results give that the spin diffusion length λs along
two directions of ½01̄10� and ½112̄0� are ð8.98� 0.55Þ nm
and ð8.82� 0.41Þ nm, and the effective SMC along
GeTe½112̄0� are around g↑↓eff ∼ 6.97 × 1019 m−2 and

g↑↓eff ∼ 2.8 × 1019 m−2, respectively. In Fig. 2(c) a nearly
10 nmoffset is shown in the fitting results, which arises from
the thickness-dependent band structure of GeTe, in which
the Rashba parameter was expressed by the scaling law
discussed in our previous work [50]. As dN=λs ≫ 1,
tanhðdN=λsÞ ¼ 1. Therefore, the real part of the SMC,
g↑↓, can be calculated by measuring thicker Fe samples.
The anisotropic damping ðα½01̄10� − α½112̄0�Þ=α½112̄0�) induced
by the slight difference in spin diffusion length between
these two directions is estimated to be smaller than 0.1%,
suggesting that the anisotropic damping does not originate
from the slight difference in spin diffusion length. These
observations imply that the anisotropic nonlocal damping
αsp mainly originates from the anisotropy of g↑↓, i.e., the
anisotropic efficiency of spin current injection from Fe
to GeTe.
Figure 3(a) shows the angular dependence of the

effective damping of Feð10 nmÞ=α-GeTeð30 nmÞ (blue

FIG. 2. FMR results of Fe=α-GeTe. (a) The FMR configuration
in the ferromagnet=α-GeTe bilayer and the definition of the
angles of external magnetic field ϕH with respect to the ½112̄0�
direction. (b) The relationship between resonant linewidth ΔH
and resonant frequency f for ϕH ¼ 0° and 30°. (c) SMC of
Fe/α-GeTe bilayer as a function of the thickness of GeTe.
The experimental data were measured at HkGeTe½01̄10� and
HkGeTe½112̄0�, respectively. The pink and blue lines are the
fitted result using Eq. (1).

FIG. 3. Anisotropic damping of Fe=α-GeTe. (a) The angu-
lar dependence of the damping of Fe=α-GeTeð30 nmÞ,
Fe=Cu=α-GeTe, and reference sample Fe=FeSi2=Si are shown
by the blue, orange, and red circles, respectively. (b) The Fermi
surface of bulk bands of 30 nm GeTe. The dark circles and green
squares represent the peaks of the outer and inner spin-split
bands, respectively. The solid lines are the fitted results with
Eq. (2) and the color represents the z component of spin. The
color bar is the magnitude of sz. (c) The isotropic damping of
Fe=α-GeTeð5 nmÞ. (d) The Fermi surface of bulk bands of 5 nm
GeTe. The black circles are the peaks of the bulk bands at the
Fermi level. The solid line is the fitting result with Eq. (2) and
the color [sharing the same color bar with (b)] represents the
z component of spin.
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dots), and the red dots show that of the reference sample
Fe=FeSi2=Si. The FeSi2 buffer layer plays a significant role
in the epitaxial growth of Fe(111) on Si(111) [51]. As a
result, it has the same orientation as Fe deposited on
α-GeTe. For 10 nm Fe deposited on α-GeTe, the Gilbert
damping shows a clear sixfold symmetry. However, this
phenomenon is not observed in the Fe reference sample. To
rule out the possible proximity effect, a 3.0 nm Cu spacer
layer is inserted between Fe and GeTe [52]. The damping of
the Fe=Cuð3 nmÞ=GeTe trilayer sample is still sixfold
symmetric, which demonstrates that the anisotropic damp-
ing does not arise from a magnetic proximity effect. We can
clearly find that the damping of Fe=Cu=GeTe is higher than
the reference sample Fe=FeSi2=Si [Fig. 3(a)], due to the
spin-pumping effect. The increase in damping for Fe=GeTe
as compared to the Fe=Cu=GeTe originates from the
magnetic proximity effect between Fe and GeTe. There-
fore, we can conclude that the anisotropic damping is due to
the spin-pumping effect.
We further analyzed the band dispersions at the Fermi

surface of α-GeTe. Because of the anisotropic Rashba
parameters in α-GeTe [Fig. 1(d)], the spin splitting comes
from the coexistence of the Rashba and cubic Dresselhaus
effects [26,53]. This anisotropic band splitting can be
described by the following dispersion [26,54],

E�ðkÞ ¼ E0ðkÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2Rk

2 þ η2k6cos2ð3θÞ
q

: ð2Þ

Here, E0ðkÞ ¼ ℏ2k2=2m� and η represents the strength of
the cubic Dresselhaus effect. Figure 3(b) shows the Fermi
surface of bulk states of α-GeTe. The momentum position
on the Fermi surface of the outer and inner anisotropic spin
split bands are represented by the dark circles and the green
squares, respectively, all of which are extracted from
momentum distribution curves. The solid lines are the
fitted results by Eq. (2). The best-fitted results give the
strength of cubic Dresselhaus effect η ∼ 100 eVÅ3.
Because of the cubic Dresselhaus effect which couples
to σZ, the spin polarization of the bulk states should have an
out-of-plane spin component sZ, which can be calculated
through sz ¼ cosð3θÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ð3θÞ þ ½1=ðkaÞ4�

p
[41], where

a≡ ffiffiffiffiffiffiffiffiffiffi
η=αR

p
. As shown in Fig. 3(b), the magnitude of sZ of

the outer bands is anisotropic with a sixfold symmetry and
has a maximum of around 0.41 along Z − A. According to
our previous work [37], the bulk band structures of GeTe
are modified due to the polarization varied with thickness.
Therefore, we found the damping and the bulk band
structures of a control sample of Fe=GeTe (5 nm) are
isotropic as shown in Figs. 3(c) and 3(d). We use Eq. (2) to
fit the band structure of 5 nm GeTe and the Dresselhaus
effect η ∼ 1 eVÅ3. The maximum sz is around 0.003 along
with Z − A as shown in Fig. 3(d). Therefore, the sz
component of spin polarization is likely a major influence
on the anisotropic damping.

As shown in Fig. 4(a), along Z −U, where sZ ¼ 0, the
strength of the cubic Dresselhaus effect can be neglected.
Hence, the possibility of the scattering between the spin of
α-GeTe bulk states and spin current in this direction is
lower than that in the direction of Z − A0, which has a
nonzero sZ. As a result, the isotropic spin current source
generated in the FM experiences an anisotropic spin
potential due to the sZ of the bulk states of α-GeTe and
thereby enables the anisotropic SMC.
Considering the spin current with in-plane spin polari-

zation from the FM injected into α-GeTe, the spin scatter-
ing can occur at both the α-GeTe surface states and the bulk
states. To obtain a deeper understanding of the contribution
of the surface states of α-GeTe to the anisotropic damping,
we use density functional theory (DFT) calculations to
estimate this contribution [Fig. 4(b) shows the crystal
structure in our DFT calculations]. On the basis of the
modulated Fermi level by Ge vacancies, we set the Fermi
level at −0.19 eV to obtain the Gilbert damping para-
meter in the Fe=α-GeTe heterostructure. Figure 4(c) shows
the DFT-calculated Gilbert damping parameter αDFT of
Fe=α-GeTe with an Fe layer magnetized in plane. We can
see that the angular dependence of αDFT has a sixfold
symmetry, and the minimum and maximum damping
occurs at Hk½112̄0� and Hk½01̄10�, respectively. As shown
in Fig. 4(d), DFT-calculated band structures at Hk½112̄0�

FIG. 4. The spin pumping model and DFT calculated
anisotropy of Gilbert damping in Fe=α-GeTe bilayer. (a) The
schematic of spin current injection from the FM layer to the GeTe
layer. The left and right are taken at U and A0 point of GeTe,
respectively. (b) Schematic illustration of Fe=α-GeTe crystal
structure. (c) The angular dependence of the DFT-calculated
Gilbert damping parameter is shown by the red circles. (d) The
DFT-calculated band structure of Fe=α-GeTe at ϕH ¼ 0° (red
lines and dots) and ϕH ¼ 30° (blue lines and dots). The bottom
panel shows a close-up of the bands in the energy window from
−0.195 to −0.185 eV.
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and Hk½01̄10� are visibly different. Such differences in
band structures naturally give rise to different Gilbert
damping parameters. However, by analyzing the Gilbert
damping calculated by DFT, we obtain the following
results: (i) the DFT calculated Gilbert damping parameters
are smaller than the experimentally measured ones; (ii) the
experimentally measured anisotropy ratio ðα½01̄10� −
α½112̄0�Þ=α½112̄0� ∼ 36.3% is obviously larger than that

obtained by DFT
�
αDFT
½01̄10� − αDFT

½112̄0�
�
=αDFT

½112̄0� ∼ 11%. These

discrepancies between the experimentally measured and
DFT-calculated magnetic damping originate from the con-
tribution of damping from spin pumping, which is not
included in our DFT calculations. Another likely reason is
that the effect of interface coupling becomes weaker as the
thickness of the Fe film is increased. In conclusion, both the
bulk and surface states of α-GeTe can contribute to an
anisotropic damping factor, but the main contribution to the
anisotropic damping is the bulk band.
Finally, the top Fe layer is replaced by permalloy (Py),

which has a much weaker magnetic anisotropy, and the
same experiments were repeated. The results show that the
damping of Py=α-GeTe=Si also possesses a pronounced
sixfold symmetry while the reference sample Py=Si
exhibits an isotropic damping (shown in Supplemental
Material [27]). Therefore, we can conclude that the
anisotropic damping originates from the anisotropic
spin-pumping effect caused by the anisotropic bulk band
splitting of GeTe.
A previous study reported an anisotropic damping in a

spin valve structure Co50Fe50=Cr=Ni81Fe19 [55]. In this
Letter, spin pumping in the polycrystalline Ni81Fe19 gen-
erates a spin current anisotropically absorbed by the crys-
talline Co50Fe50 due to spin torque, thus resulting in an
anisotropic damping ofNi81Fe19. In this case, the underlying
mechanism for the anisotropic damping does not involve the
direction dependence of the band structure and spin-orbit
coupling. In contrast, this Letter shows for the first time that
the symmetry of the anisotropic magnetic damping can be
influenced by the symmetry of band structures in an adjacent
material and address the origin of spin pumping related to the
spin polarization of Fermi surface.
In summary, we provide direct experimental evidence for

the anisotropic nonlocal Gilbert damping in Fe=α-GeTe
(30 nm) bilayers. Compared with the isotropic damping
sample in Fe=GeTe (5 nm) bilayers, this anisotropic
damping is mainly caused by the anisotropic band splitting
of bulk states of α-GeTe. The experimental realization of an
anisotropic nonlocal Gilbert damping by band engineering
provides new opportunities for control over the damping
and developing new applications in spintronics devices,
such as the anisotropic spin-flip efficiency in spin-transfer
torque-based devices.
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