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Emergence of anisotropic Gilbert damping in
ultrathin Fe layers on GaAs(001)

L. Chen®?, S. Mankovsky? S. Wimmer?, M. A. W. Schoen’, H. S. Kérner', M. Kronseder', D. Schuh’,
D. Bougeard', H. Ebert?, D. Weiss' and C. H. Back®™

As a fundamental parameter in magnetism, the phenomenological Gilbert damping constant a determines the performance
of many spintronic devices. For most magnetic materials, « is treated as an isotropic parameter entering the Landau-Lifshitz-
Gilbert equation. However, could the Gilbert damping be anisotropic? Although several theoretical approaches have suggested
that anisotropic a could appear in single-crystalline bulk systems, experimental evidence of its existence is scarce. Here, we
report the emergence of anisotropic magnetic damping by exploring a quasi-two-dimensional single-crystalline ferromagnetic
metal/semiconductor interface—that is, a Fe/GaAs(001) heterojunction. The observed anisotropic damping shows twofold C,,
symmetry, which is expected from the interplay of interfacial Rashba and Dresselhaus spin-orbit interaction, and is manifested
by the anisotropic density of states at the Fe/GaAs (001) interface. This discovery of anisotropic damping will enrich the under-
standing of magnetization relaxation mechanisms and can provide a route towards the search for anisotropic damping at other

ferromagnetic metal/semiconductor interfaces.

n the past decades, the damping constant a has been successfully

described theoretically—in some cases even quantitatively—using

various approaches such as the breathing Fermi-surface model'?,
the torque correlation model’, scattering theory*® and the torque-
torque correlation within a linear response model®’. On the basis
of these works, a is expected to scale as a ~ n(Ep)&*! under certain
circumstances, where n(Ey) is the density of states at the Fermi level
E, & is the strength of the spin-orbit interaction and 7 is the electron
momentum scattering time®’. Indeed, the dependences on n(Ey)
(refs °'1), & (refs'>*) and 7 (ref. **) have been confirmed separately
in a large variety of materials. In general, it is assumed that damping
is isotropic. However, several theoretical works'>~'® have suggested
that damping should be anisotropic in single-crystalline ferromag-
netic metals, such as bulk Fe, Co and Ni. This prediction is based
on the anisotropic electronic structure where the shape of the Fermi
surface depends on the orientation of the magnetization direction
due to the spin-orbit interaction. The anisotropic electronic struc-
ture and thus the anisotropic damping, however, can be dramati-
cally reduced due to smearing of the energy bands in the presence
of electron scattering, which makes the experimental observation
of the anisotropic damping in bulk materials difficult. So far, only a
few experiments'*-** have tried to prove the existence of anisotropic
damping in bulk magnets but convincing experimental evidence is
still lacking.

Here, we report the observation of anisotropic Gilbert damping
in a quasi-two-dimensional Fe/GaAs(001) system. The idea behind
this is to explore the interfacial spin-orbit interaction of a single-
crystalline ferromagnetic metal/semiconductor interface. Our find-
ings differ distinctly from the theoretical predictions made for bulk
magnets. The Fe/GaAs heterostructure was intensively studied in
the past two decades for semiconductor spintronics, and has been
utilized, for example, to realize spin injection at room tempera-
ture”. Recently, interest in this system has been revived in view of
spin-orbit electronics, because of the existence of robust spin—orbit
fields at the Fe/GaAs interface, which can cause a mutual conversion

between spin and charge currents at room temperature*’. The spin-
orbit fields, including both Bychkov-Rashba- and Dresselhaus-like
terms, result from the C,, symmetry of the interface®. Specifically,
at the Fe/GaAs(001) interface, Fe Bloch states near E; penetrate
into GaAs. Therefore, electrons of Fe 'feel' both Bychkov-Rashba
and Dresselhaus spin-orbit interaction at the interface, causing a
rich variety of interfacial spin-orbit-related phenomena. It has been
found, for example, that the symmetry of anisotropic magnetoresis-
tance® and the polar magneto-optic Kerr effect”” of Fe is governed
by the twofold interfacial C,, symmetry rather than its bulk four-
fold C,, symmetry when the thickness of Fe is decreased to a few
monolayers (MLs). Here, we address the importance of symmetry-
breaking on magnetic damping.

Spin-orbit ferromagnetic resonance

We use spin-orbit ferromagnetic resonance’* (SO-FMR) to mea-
sure damping. Although the conventional full-film FMR technique
also supports the experimental findings, SO-FMR facilitates the
detection of magnetization dynamics of ultrathin films by higher
sensitivity, and largely avoids extrinsic effects contributing to the
FMR linewidth (see Supplementary Information for a comparison
between full-film FMR and SO-FMR). Two series of samples, S1
and S2, with different nominal Fe thickness ¢ have been prepared
(see Methods). We mainly report measurements from the S1 series
(samples from series S2 show similar results). Devices with dimen-
sions of 6.4pmx100.0pum oriented along the [100] direction are
defined by employing electron-beam lithography and ion-beam
etching (Fig. la and see Methods). Fig. 1c shows the typical d.c.
voltage spectra of sample SI1(1.3nm) for a fixed magnetic-field
angle @y =125° at several selected frequencies. Each spectrum can
be well fitted by combining a symmetric (L, = AH*/[4(H-Hy)*+
AH?’]) and an antisymmetric Lorentzian (L,.,,=—4AH(H-H,)/
[4(H-Hp)+AH]), V—Vge=Vyulym+ Vigmlagm where H is
the external magnetic field, Hy is H at FMR, AH is the full-width
at half-maximum, V,(V,,,,) is the magnitude of the symmetric
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Fig. 1| Typical d.c. voltage spectra induced by ferromagnetic resonance
at the Fe/GaAs(001) interface. a, Schematic of the device structure and
spin-orbit ferromagnetic resonance set-up. Microwaves pass through a
bias-tee and then into the Fe stripe, which is grown on a semi-insulating
(SI) GaAs(001) substrate. The stripe is 100 pm long and 6.4 pm wide.
The injected microwave current j(t) generates time-dependent spin-orbit
fields, which drive the magnetization dynamics M(t), causing time-
dependent resistance R(t) via the anisotropic magnetoresistance effect.
A rectified d.c. voltage emerges from the coupling of j(t) and R(t) at
ferromagnetic resonance. b, Crystal orientation of GaAs and definition

of the angles of magnetization ¢, and external magnetic field ¢, with
respect to the [100] direction ¢, Typical d.c. voltage spectra for several
selected frequencies of S1(1.3nm) measured at ¢, =125° and room
temperature. Each spectrum can be fitted by a combination of symmetric
and antisymmetric Lorentzian functions, from which the FMR resonance
field Hg and the linewidth AH are obtained.

(antisymmetric) component of the d.c. voltage and Vg, is the offset
background voltage. The fitting procedure gives values for V.,
V, ym Hr and AH. The magnitude of V, ,, and V, ,, is related to the
magnitude of the spin-orbit fields*, Hy is connected to the mag-
netic anisotropy and AH is linked to the magnetic damping, which

we will focus on below.

Magnetic-field-angle dependence of linewidth

Fig. 2a shows the dependence of linewidth AH on the magnetic-
field angle ¢, for sample S1(1.9nm) measured at microwave fre-
quency f=12GHz. AH strongly depends on ¢,;: AH exhibits two
peaks around the [110] direction, and AH for the [110] and [110]
orientation has, within experimental accuracy, the same magnitude
as indicated by the horizontal dashed line. The angular variation of
AH can be ascribed to the in-plane magnetic anisotropy, typical for
thin Fe films grown on GaAs (001). The angular dependence can
be fitted by**

HoAH=poA[Im(y)] +poAH, (1)

where p, is the magnetic permeability of free space, AH, is the
zero-frequency inhomogeneous linewidth and A[Im(y)] is the
linewidth of the imaginary part of the dynamic magnetic suscep-
tibility Im(y). Im(y) is obtained by solving the Landau-Lifshitz—
Gilbert equation*

aHRHR [HH,+ HRHN M

2
(HH,~HH,") "+ a’HH, (H,+ H,)*

Im(y) = (2)
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Fig. 2 | Magnetic-field-angle dependence of the linewidth. a,b, Magnetic-
field-angle ¢, dependence of the linewidth AH for S1(1.9nm) (a) and
S1(1.3nm) (b) measured at a microwave frequency of 12 GHz and room
temperature. The solid lines in a and b are calculated by equation (1) using
an isotropic damping constant and AH,=0 mT, which can reasonably
reproduce the experimental results for S1(1.9 nm). However, for S1(1.3nm),
a distinctly smaller linewidth around the [110] orientation appears (see
the horizontal dashed lines), and the calculation using a scalar damping
constant cannot reproduce the experimental results. These results indicate
the emergence of anisotropic damping when reducing the Fe thickness

on GaAs(001). Here, EA represents the magnetic easy axis [110] and HA
represents the magnetic hard axis [110].

with  H,=Hcos(¢y— @y) + Hg+ Hy(3+ cosd,,)/4 — Hysin*(@y, —45°)
and H,=Hcos(¢y— ¢y) + Hycosdgp,, — Hysin2¢p,,. Here ¢, is the mag-
netization angle, Hy is the effective perpendicular magnetic anisotropy
field including the demagnetization field, Hy is the biaxial magnetic
anisotropy field along <100>, Hy is the in-plane uniaxial magnetic
anisotropy field along the [110] orientation and H,*(H,") is H,(H,) at Hy.
By using values of Hy, Hy and H,;, obtained by analysing the ¢ depen-
dence of Hy (see Supplementary Information), the ¢y dependence of
AH of S1(1.9nm) can be well reproduced by using equation (1) with
an isotropic a of 0.0044 and AH,=0mT, which is shown by a solid line
in Fig. 2a.

Figure 2b shows the same kind of data as Fig. 2a, but for sample
S1(1.3nm) with a thinner Fe film. The variation of AH around [110]
is stronger than that for S1(1.9nm) due to a larger uniaxial mag-
netic anisotropy field (see Supplementary Information). The key
difference in these two data sets is that the magnitude of AH of
S1(1.3nm) along [110] is significantly larger than that along [110].
If we fit the data the same way as for S1(1.9 nm) (that is, by using an
isotropic & 0f0.0086 and AH, =0 mT), the result (solid line in Fig. 2b)
deviates distinctly from that of the experiment for the [110] orienta-
tion. The smaller value of AH around the [110] orientation is a first
indication of an anisotropic damping for reduced Fe thickness.

Frequency dependence of linewidth

Besides the measurements of the angular dependence of the line-
width, analysing the dependence of AH on frequency f is also a
well-accepted method to extract the magnitude of a with higher
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accuracy. Fig. 3a shows the frequency dependence of linewidth
AH for S1(1.9nm) along the [110] and [110] orientations. For both
directions, AH is linear in f with the same slope, indicating isotro-
pic damping, which is consistent with the results shown in Fig. 2a.
However, the corresponding data for S1(1.3 nm), presented in Fig. 3b,
show distinctly different slopes for AH along [110] and [110], indi-
cating the existence of anisotropic damping. Corresponding data
taken from sample series S2 are shown in the insets of Fig. 3a,b.

For directions other than [110] and [110], AH(f) becomes non-
linear (for example, ¢,;=75°, Fig. 3d) or even non-monotonic (for
example, ¢,; =115 Fig. 3f) as ¢y, increases from 45°to 135°. This
nonlinearity can be ascribed to the magnetic dragging effect stem-
ming from the strong in-plane magnetic anisotropy: ¢,, deviates
from ¢, for all angles except for the [110] and [110] orientations
(see Supplementary Information). Both the nonlinear and linear f
dependences of AH of S1(1.3nm) can be well reproduced by equa-
tion (1), which connects the linewidth to the dynamic magnetic
susceptibility Im(y). The best fit to the data shown in Fig. 3c—f (blue
solid lines) using equation (1) suggests that the magnitude of & of
S1(1.3nm) gradually increases from the [110] to the [110] direction.
To confirm the isotropic damping in thicker Fe films, we show in
the Supplementary Information that the frequency dependence of
AH for S1(1.9nm) along all orientations can be well fitted by an
isotropic a of 0.0038.

Besides the intrinsic damping and AH,, extrinsic effects, such as
two-magnon scattering”~"! and mosaicity broadening’-*, could in
principle contribute to the observed FMR linewidth. We confirm in
the Supplementary Information that the extrinsic contributions are

negligibly small, and the main contribution is from intrinsic damp-
ing due to the high quality of our samples.

We propose that equation (1) is general in analysing both the
magnetic-field angle and the frequency dependence of the FMR
linewidth. In particular, it applies to single-crystalline materials with
in-plane anisotropy and gives exactly the same results as a formula
previously suggested™*, AH=a(H,, H,) | d(w/y)/dHy | -1, where
o (=2xf) is the angular frequency and y represents the gyromagnetic
ratio. In the absence of in-plane magnetic anisotropy (Hy=H,=0),
AH has no angular dependence and equation (1) can be simplified
to the well-accepted linear form, u,AH=_2a(w/y) +pu,AH,, which
has been widely used for amorphous or polycrystalline materials
such as Py.

Angle and thickness dependence of damping

The reproducible magnitude (see insets of Fig. 3ab and
Supplementary Information for even larger anisotropies appear-
ing in S2) of the damping constant as a function of magnetic-field
angles is summarized in Fig. 4a,b. A clear anisotropic behaviour
with twofold symmetry is seen for S1(1.3nm), while for S1(1.9nm),
damping is isotropic. Note that the difference in thickness is only
0.6nm (~4ML), which shows that the appearance of anisotropic
damping is abrupt, indicating an interface-induced origin (a similar
behaviour has also been observed for S2). The magnitude of a as
function of the inverse thickness ¢! is shown in Fig. 4c. Obviously, a
changes from isotropic to anisotropic behaviour as the Fe thickness
is decreased below a critical thickness. Furthermore, the magnitude
of a increases as t decreases. Two mechanisms could be responsible
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Fig. 3 | Microwave-frequency dependence of linewidth along various crystallographic orientations. a, Dependence of the linewidth AH on microwave
frequency f for S1(1.9 nm) with H along [110] (¢, =45°) and [110] (¢,,=135°). Both directions show the same slope. The green and pink solid lines are
calculated by equation (1) using an isotropic damping constant a of 0.0038. The dashed lines are extrapolations of the calculations, from which the
magnitude of AH, is obtained. b, Frequency f dependence of the linewidth AH for S1(1.3nm) for H along [110] and [110]. The green line is calculated by
equation (1) using a damping constant a of 0.0085, while for the pink line, to fit the [110] data best, & of 0.0070 has been used. These results show that
anisotropic damping emerges for reduced Fe thickness. The insets in a and b display the same plots for another set of samples, S2(1.1nm) and $2(0.9 nm),
demonstrating that the magnitude of damping anisotropy increases with reduced Fe thickness. Note that the actual thickness may differ from the nominal
thickness (see Methods), and quantitative comparison only makes sense for intra-series samples. e—f, AH(f) of S1(1.3nm) for ¢,;,=55° (c), @,;=75° (d),
@, =90° (e) and ¢, =115° (f). The green solid lines in ¢—f are calculated using equation (1) with a damping constant a of 0.0085; for the pink solid lines,
a=0.0070 is used and the blue lines are calculated with the corresponding a values indicated. b—f show that the magnitude of a gradually increases from
[110] to [110] orientations for S1(1.3 nm).
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for the observed enhancement. One is the electronic band effect in
the vicinity of the interface, and the other one is spin pumping. In
the isotropic regime (above 1.9 nm), a scales linearly with ¢! and the
enhancement of @ could be understood in terms of spin pumping™®,
where pure spin currents are excited in the Fe layer and then
absorbed at the interfacial Fe layer. This process can cause spin-to-
charge conversion at the interface, which is known as the spin gal-
vanic effect and has been proven experimentally*. According to the
theory of spin pumping in ferromagnetic metal/heavy metal bilayer
structures®, a=a,+ g 'yhi/(4nMt), where a, is the bulk damping
of Fe, g« is the effective spin mixing conductance and % is the
Planck constant. By fitting  against t~' in the isotropic regime, we
obtain gq''=2.8x10"¥m™ This value is comparable to the magni-
tude in ferromagnetic metal/heavy metal bilayer structures™. In the
anisotropic regime (below 1.9 nm), the magnitude of & shows a dra-
matic enhancement (~2 times). Two possibilities could lead to this
enhancement: one reason is an enhanced g.4'* due to the reduction
of the back-flowing spin current in the thin-Fe regime, where spin
current generation and absorption layers start to merge. The other
reason could be an enhanced “sensing’ of the interfacial spin-orbit
interaction when Fe approaches the interface, as evidenced from the
first-principle calculations (see Supplementary Information).

Discussion

Finally, we discuss the mechanism of anisotropic damping.
Previous results on anisotropic damping measured on Fe/InAs(001)
have been related to a growth-induced structural anisotropy'>".
However, this is not the case for Fe/GaAs(001) since for Fe films
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a
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thicker than 5MLs, it is found that there is no in-plane distortion
and the structure has fourfold symmetry”. We also noticed that
the twofold symmetry of the anisotropic damping coincides with
the symmetry observed for tunnelling anisotropic magnetoresis-
tance”, crystalline anisotropic magnetoresistance’® and the polar
magneto-optic Kerr effect””. This follows, as was shown?®, from the
C,, symmetry of the spin-orbit energy splitting governed by the C,,
symmetry of the Fe/GaAs(001) interface. Since the Gilbert damp-
ing and its anisotropy are determined by the electronic properties
of the Fe films, monitoring the electronic structure, in particular
the effect of interfacial symmetry-breaking on the electronic struc-
ture, should provide a deeper understanding of the experimental
observations. With this in mind, first-principle calculations of the
electronic structure and the Gilbert damping parameter have been
performed using the Korringa-Kohn-Rostoker Green function
method® (see Supplementary Information). As shown in Fig. 4a,
the density of states n(E;) of interfacial Fe films is anisotropic, and
depends on the orientation of the in-plane magnetization, in full
agreement with the observed symmetry of experimentally obtained
anisotropic damping. Here, interfacial spin-orbit coupling is made
responsible for the anisotropic electronic structure, by performing
the calculation in a parameter-free way using the Dirac formal-
ism. This ab initio approach shows that the interfacial spin-orbit
interactions modify the electronic structure on varying the mag-
netization orientation, with the modification stemming mainly
from the interfacial Fe dstates, as monitored, for example, by the
change of the orbital polarization of the Fe dstates at the Fe/GaAs
(001) interface (see Supplementary Figs. 19 and 20). For Fe layers
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Fig. 4 | Magnetic-field-angle and Fe-thickness dependence of damping. a,b, Magnetic-field-angle ¢, dependence of the damping constant a for
S1(1.3nm) (@) and S1(1.9 nm) (b). Isotropic damping is observed for S1(1.9 nm). However, for S1(1.3nm), a larger a along <110> is observed, and a
gradually decreases until approaching <110>. The anisotropic damping shows twofold symmetry, which results from the anisotropic density of states at
the Fe/GaAs interface, as shown by open symbols in a. The error bars in a and b are the standard deviation obtained from the fit. ¢, Inverse thickness t~'
dependence of the damping constant a. The circles represent isotropic damping while squares represent a along [110] and [110] for S1(1.3nm). The solid
line is the fit from spin pumping theory, from which the effective mixing conductance g.4'* is determined to be 2.8 x 10" m~2? and bulk damping a,=0.0026.
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away from the interface, the calculation shows that the anisotropy
of n(E;) quickly disappears (Supplementary Fig. 18), evidencing a
reduced impact from the interface. On the basis of these observa-
tions, one may expect that, for thicker Fe films, the damping should
approach the bulk value. In fact, for 9ML and 15ML Fe films, the
calculated « values are 0.014 and 0.009 for the [110] orientation,
and 0.027 and 0.012 for the [110] orientation, which shows that the
magnitude of the anisotropy (a0 — ;_y10))/@_11q; decreases from
1.25 for the 9-ML-thick sample to 0.56 for the 15-ML-thick sample
(see Supplementary Information). This also explains the experi-
mental finding that the magnitude of the damping diminishes and
its anisotropy disappears rapidly when the thickness of the Fe film
increases. Moreover, the close relation between the damping param-
eter a and n(E;) suggests that intra-band electron scattering domi-
nates the damping via the breathing Fermi-surface mechanism,
which corresponds to the conductivity-like regime.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0053-8.

Received: 25 July 2017; Accepted: 19 January 2018;
Published online: 5 March 2018
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Methods

Sample preparation. Fe/GaAs samples are grown by molecular beam epitaxy
(MBE) in a MBE cluster without being exposed to air to guarantee a high-quality
interface. First, an undoped GaAs buffer layer (100 nm) is deposited on top of

a GaAs (001) semi-insulating substrate at 560 °C in the III-V MBE chamber.

A clear (2x 4) surface reconstruction pattern has been observed, indicating an
As-terminated flat surface. Then, without breaking the vacuum, the wafer is
transferred to a metal MBE chamber, where Fe films with different set thickness ¢
are deposited on the same wafer at a substrate temperature of 75 °C by controlling
the main shutter. Two series of samples have been prepared: S1(t=5, 3.9, 1.9,
1.3nm) and S2(¢=1.1, 0.9 nm), here the set thickness is the nominal thickness
determined by a quartz thickness monitor. Note that, in the ultrathin limit, it is
hard to determine the thickness accurately. However, within one growth series,
the relative thickness can be given. The absolute value differs between different
sample series. A streaky reflection high-energy electron diffraction pattern and
reflection high-energy electron diffraction oscillations have been observed for all
of the samples, indicating the epitaxial growth mode as well as the flat interface

NATURE PHYSICS | www.nature.com/naturephysics

between Fe and GaAs. To avoid Fe oxidation, finally, a 3-nm-thick Al capping layer
is deposited onto the Fe film.

Device. For the SO-FMR measurements, the stripe dimension is 6.4 pm X 100.0 pm
(20 pm X 100.0 pm) for sample series S1 (S2), which are defined by electron-beam
lithography and ion-beam etching. All of the stripes are along the [100] orientation.
The contacts are made from 15nm Ti and 150 nm Au.

Measurements. For the spin-orbit ferromagnetic resonance measurement, a

bias tee is used to separate the d.c. voltage from the microwave background.

The microwave input power is 22 dBm. For the magnetic-field-angle-dependent
measurement, the microwave frequency was 12 GHz for S1 and 13 GHz for S2. All
measurements have been performed at room temperature.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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