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Giant anisotropy of magnetic damping and significant in-plane
uniaxial magnetic anisotropy in amorphous Co40Fe40B20

films on GaAs(001)∗
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Tuning magnetic damping constant in dedicated spintronic devices has important scientific and technological implica-
tions. Here we report on anisotropic damping in various compositional amorphous CoFeB films grown on GaAs(001) sub-
strates. Measured by a vector network analyzer-ferromagnetic resonance (VNA-FMR) equipment, a giant magnetic damp-
ing anisotropy of 385%, i.e., the damping constant increases by about four times, is observed in a 10-nm-thick Co40Fe40B20
film when its magnetization rotates from easy axis to hard axis, accompanied by a large and pure in-plane uniaxial mag-
netic anisotropy (UMA) with its anisotropic field of about 450 Oe. The distinct damping anisotropy is mainly resulted from
anisotropic two-magnon-scattering induced by the interface between the ferromagnetic layer and the substrate, which also
generates a significant UMA in the film plane.

Keywords: magnetic damping, uniaxial magnetic anisotropy, ferromagnetic resonance, two-magnon scatter-
ing
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1. Introduction

Magnetic damping constant α plays an important role in
magnetic precession and spin relaxation process in spintronic
devices.[1–7] During magnetization switching, α essentially
determines the speed of magnetization reversal, hence one can
substantially reduce the switching time by increasing α .[4,5]

Moreover, the critical current density of spin-transfer-torque
(STT) switching is found to be proportional to α .[6,7] There-
fore, tuning α to an appropriate value is of great importance to
develop high performance spintronic devices. Intensive efforts
have been devoted to effective modification of α , e.g., alter
the thickness[8] or composition[9] of the ferromagnetic (FM)
layer, change the capping layer,[10] modify the interface,[11]

incorporate the dopants into the FM layer,[12] and so on, but it
remains difficult to manipulate α in a single dedicated device.
Although tuning α through spin torque has been demonstrated
as an effective approach,[13,14] its volatile nature and the re-
quired large current density place strong hurdles for practical
applications.

Recently, several groups[15–21] reported anisotropic
damping in the film plane, i.e., α could be tuned via ro-
tating the magnetization orientation of the FM layer in
the same sample. Meanwhile, the anisotropic damping is
found to be accompanied with prominent in-plane magnetic
anisotropies in the FM layer, e.g., twofold uniaxial magnetic
anisotropy (UMA), fourfold magneto-crystalline anisotropy
(MCA), or both of them. For the convenience of compar-
ison, a damping anisotropy constant (η) is defined as η =

[α(maximum)/α(minimum)−1]×100%. Chen et al.[15] re-
ported an anisotropic Gilbert damping with a significant UMA
in the Fe/GaAs(001) system, however, η is only about 20%.
They attributed the damping anisotropy to anisotropic density
of state at the Fermi level. Li et al.[16] reported a giant Gilbert
damping anisotropy with a maximum–minimum ratio of 400%
(i.e., η = 300%) in the CoFe/MgO(100) system. This damping
anisotropy is found to be accompanied with an obvious MCA
and its mechanism is attributed to the variation of spin–orbit
coupling for different magnetization orientations. In contrast
to the results in Ref. [15], for the same Fe/GaAs(001) sys-
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tem, Yang et al.[17] reported that η could be increased to 66%.
They claimed that the damping anisotropy is correlated to the
in-plane UMA of the Fe film which originates from the inter-
facial effect between Fe and GaAs. The anisotropic magnetic
damping has also been observed in some other magnetic al-
loy films, such as Co2FeAl,[18] Co2FeSi,[19] Co2MnSi,[20] and
FeGa.[21] However, in all these studies, the FM layers are ei-
ther single-crystalline or highly textured polycrystalline. Since
MCA can be completely ruled out, amorphous FM film (e.g.,
CoFeB) has been found to exhibit a pure in-plane UMA after
being deposited on an appropriate substrate (e.g., GaAs).[22,23]

Although the mechanism responsible for such UMA remains
not fully resolved, it is well recognized that the UMA orig-
inates from the interfacial interaction between the FM layer
and the substrate.[22,23]

Very recently, we reported an anisotropic magnetic damp-
ing accompanied with a pure in-plane UMA in amorphous
Co56Fe24B20 film deposited on GaAs(001) substrate, which
is explained by anisotropic two-magnon scattering (TMS).[24]

However, the largest values of UMA field and η could only
reach ∼ 200 Oe and 109%, respectively. Since both magnetic
damping and magnetic anisotropy are closely related to the
composition of magnetic alloy,[9,25,26] in this work, we aim to
enhance the damping anisotropy by changing the relative com-
position between Co and Fe while maintaining the B content
in various amorphous CoFeB films. Remarkably, the largest
tuning effect has been achieved in a 10-nm-thick Co40Fe40B20

film deposited on GaAs(001) substrate for which η could be
increased substantially to 385% with the UMA field ∼ 450 Oe.

2. Experimental details
The commercial GaAs(001) wafers were diced into about

4mm × 4mm pieces as substrates. Each of them is in
rectangular shape with one edge along [110] and the other
along [11̄0] direction. Before deposition of CoFeB films,
the substrates need to be etched and cleaned by proper pro-
cess. Detailed descriptions of the GaAs wafer parameters
and the etching/cleaning procedures can be found in previous
reports.[27,28] Three sets of CoFeB films with different com-
positions, i.e., Co20Fe60B20, Co40Fe40B20, and Co56Fe24B20,
were deposited onto the GaAs substrates by dc magnetron
sputtering at normal incidence from the corresponding com-
mercial CoFeB alloy targets. The chamber base pressure was
lower than 8.0 × 10−6 Pa and the Ar pressure was kept at
0.3 Pa during film deposition. Finally, a 2 nm Ta film was
deposited as the capping layer to prevent the CoFeB film
from oxidation. The crystalline structures of the CoFeB sam-
ples were characterized by x-ray diffraction (XRD, Bruker
D8-Advance) with Cu Kα radiation. The in-plane magnetic
hysteresis (M–H) loops were measured by a vibrating sam-
ple magnetometer (VSM, Microsense EV7). The magnetic

dynamic properties were investigated by a home-made vec-
tor network analyzer-ferromagnetic resonance (VNA-FMR)
equipment with the driving microwave frequency varied from
8 GHz to 18 GHz.

3. Results and discussion
Figure 1 shows the XRD patterns for the two films of

GaAs/Co40Fe40B20 (10 nm)/Ta (2 nm) and GaAs/Co40Fe40B20

(20 nm)/Ta (2 nm), which are denoted as sample S1 and sam-
ple S2, respectively. From Fig. 1, it can be seen that the XRD
patterns for these two samples are almost the same as that of
the GaAs(001) substrate. The absence of diffraction peaks
from Fe, Co, FeCo, and other alloys possibly formed indicates
amorphous structure of the Co40Fe40B20 films deposited on
the GaAs(001) substrate. Similar results can also be observed
for the Co20Fe60B20 films (not shown here) and Co56Fe24B20

films[24] with the same thicknesses.
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Fig. 1. XRD patterns for the Co40Fe40B20 film samples and a pure
GaAs(001) substrate.

The M–H loops measured along GaAs [110] and [11̄0] di-
rections for samples S1 and S2 are displayed in Figs. 2(a) and
2(b), respectively. The nearly squared loops with low satu-
ration fields in Fig. 2(a) and slant loops with high saturation
fields in Fig. 2(b) indicate that the easy axis (EA) is along
GaAs [110] while the hard axis (HA) is along GaAs [11̄0]. In
Fig. 2(b), the saturation field along HA is ∼ 500 Oe for sam-
ple S1, which is much larger than ∼ 260 Oe for sample S2. At
low fields, a kink (a small loop) appearing at the loop along
EA (HA) may be caused by the complex magnetizing process
due to the interfacial magnetic inhomogeneity between CoFeB
and GaAs. In order to reveal the symmetry of the in-plane
magnetic anisotropy for these two samples, the M–H loops
were measured every 15◦ from the GaAs [110] direction. As
shown in Fig. 2(c), the azimuthal dependence of MR/MS (i.e.,
the ratio between the remanent magnetization and the satura-
tion magnetization) clearly shows that a pure UMA exists in
the film plane for sample S1 or S2 with EA (HA) along GaAs
[110] (GaAs [11̄0]).
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Fig. 2. The M–H loops measured along [110] (a) and [11̄0] (b) crystallographic orientations of the GaAs(001) substrate and the azimuthal dependence
of remanence ratio (c) for samples S1 and S2.
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Fig. 3. (a) The measurement configuration of VNA-FMR. (b) Typical VNA-FMR spectra for several selected frequencies at ϕH = 0◦. (c)
Typical VNA-FMR spectra at various azimuthal angles recorded at f = 10 GHz. (d) The experimental (square dots) and fitted (red line)
in-plane azimuthal dependence of Hr at f = 10 GHz.

In order to investigate the magnetic dynamic properties of
the samples, VNA-FMR measurements were employed with
the measurement configuration sketched in Fig. 3(a). H and
M denote the external magnetic field and the magnetization,
respectively. The azimuthal angle of H (M), i.e., ϕH (ϕM),
denotes the angle rotating anticlockwise from GaAs [110] to
the projection of H (M). For examples, ϕH = 0◦ and 90◦

means that H is applied along GaAs [110] and GaAs [11̄0],
respectively. θH (θM) denotes the angle between H (M) and
the z-axis. In the present studies, because H is always ap-
plied in the film plane, we can obtain θH = θM = 90◦. In
the following, sample S1 will be selected as a representative
sample to demonstrate the FMR results. Figures 3(b) and 3(c)
exhibit the FMR spectra for sample S1 at varied frequencies
along the EA (ϕH = 0◦) and at varied azimuthal angles with
a fixed frequency of 10 GHz, respectively. It can be seen
clearly that the resonance field (peak position of H) moves
towards high field side with increasing the driving frequency

(see Fig. 3(b)) or changing the azimuthal angle ϕH from EA to
HA (see Fig. 3(c)), and meanwhile the linewidth also increases
monotonically. By fitting the FMR spectrum by symmetrical
and asymmetric Lorentz lines,[29] the experimental values of
both the resonance field Hr and the linewidth ∆H (full width
at half maximum of the FMR spectrum) can be obtained.

The total free energy per unit volume can be written as[24]

F = −HMS[sinθM sinθH cos(ϕH −ϕM)+ cosθM cosθH ]

−(2πM2
S −KP)sin2

θM −Ku sin2
θM cos2

ϕM, (1)

where the first, second, and third terms denote the densities of
Zeeman energy, effective demagnetized energy, and in-plane
UMA energy, respectively. MS, KP, and Ku denote the saturate
magnetization, out-of-plane and in-plane UMA energy con-
stants, respectively. Note that the MCA has been neglected in
the total energy. According to the Smit–Beljers equation,[30]

the resonance equation for azimuthal rotation (θH = θM = 90◦)
can be derived to be[18,24]
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(
ω

γ

)2

= [Hr cos(ϕH −ϕM)+4πMeff +Hu cos2
ϕM]

× [Hr cos(ϕH −ϕM)+Hu cos(2ϕM)], (2)

where ω is the circular frequency (ω = 2π f ), γ is the gyro-
magnetic ratio (γ = gµB/}, g is the Landé factor, µB is the
Bohr magneton, } is the reduced Planck constant), Hr is the
resonance field, Hu is the in-plane UMA field (Hu = 2Ku/MS);
4πMeff = 4πMS −HP, HP = 2KP/MS. As shown in Fig. 3(d),
the experimental angular dependence of Hr at f = 10 GHz can
be well fitted according to Eq. (2) and the minimum condi-

tions of the total free energy, indicating a pure in-plane UMA

for sample S1, which is in good consistent with the MR/MS

results shown in Fig. 2(c). Similar results can be found at

other frequencies for sample S1 and in other CoFeB samples

with different thicknesses and compositions. By fitting cal-

culations, the parameters of Hu, 4πMeff, and g for sample S1

can be obtained as 450 Oe, 9889 Oe, and 2.10, respectively.

Note that the fitted value of Hu is close to the saturation field

(∼ 500 Oe) shown in Fig. 2(b), which further confirms the

presence of a pure in-plane UMA in sample S1.
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Fig. 4. (a) The Hr dependences of frequency at ϕH = 0◦, 30◦, 60◦, 75◦, 90◦, (b) azimuthal dependence of ∆H at f = 10 GHz, (c) frequency
dependences of ∆H at ϕH = 0◦, 30◦, 60◦, 75◦, 90◦, and (d) azimuthal dependence of αeff for sample S1. The experimental results are shown as
dots and the fitted results are shown as lines except for (b), in which the line is only guide to eyes.

The experimental f ∼ Hr results at a fixed ϕH can be also
fitted according to Eq. (2) and minimization of the energy. As
shown in Fig. 4(a), the fitted results are in good consistent with
the experimental ones at ϕH = 0◦, 30◦, 60◦, 75◦, 90◦ for sam-
ple S1. Similar results can be observed in all the other samples.
Besides the resonance field Hr, the linewidth ∆H is another
important parameter, which is much associated with the mag-
netic damping. Figure 4(b) shows the azimuthal dependence
of ∆H at f = 10 GHz for sample S1, which demonstrates a
clear twofold symmetry. Similar results can also be found at
other frequencies and in all the other samples. The frequency
dependent linewidth can be approximately written as[18]

∆H ≈ ∆H0 +

[(
α +

Γ0

2Meff

)
+

Γ2

2Meff
cos2(ϕH −ϕ2)

]
4π f

γ

= ∆H0 +αeff
4π f

γ
, (3)

where ∆H0 is the linewidth independent of frequency known

as the inhomogeneous broadening, which originates from
magnetic inhomogeneity;[31] Γ0, Γ2, and ϕ2 are induced from
the expected twofold symmetry, αeff is the effective damping
coefficient and can be obtained from the slope of the frequency
dependency of ∆H. As shown in Fig. 4(c), the experimental re-
sults of ∆H ∼ f at various ϕH varied from 0◦ to 90◦ can be well
fitted in a linear manner and thus the corresponding values of
αeff can be obtained from the slope. As shown in Fig. 4(d),
after performing a 360◦ ϕH -scan at every 15◦ for measuring
a ∆H ∼ f curve, the experimental azimuthal dependence of
αeff (dots) is obtained, which can be fairly well fitted (solid
line) according to Eq. (3). Figure 4(d) also exhibits that αeff

is anisotropic in the film plane and presents a twofold symme-
try, similar to Hr and ∆H. Our previous studies[24] reveal that
the magnetic damping anisotropy in CoFeB/GaAs(001) sys-
tem mainly originates from the anisotropic strength of TMS,
which is induced by the CoFeB–GaAs interface and behaves
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the strongest (weakest) along the HA (EA), i.e., [11̄0] ([110])
crystallographic orientation of the GaAs substrate. More-
over, the angular dependence of ∆H0 (not shown here) also
presents a nearly twofold symmetry with the absolute value
of ∆H0 to be the largest (smallest) along the HA (EA), im-
plying that the magnetic nonuniformity is much more serious
near the HA than that near the EA, which is consistent with
the CoFeB–GaAs interface characterization results reported
previously.[24]

According to the definition of η , it can be written as
η = [αeff(90◦)/αeff(0◦)− 1]× 100%. The η values for all
the films with different thicknesses and compositions are sum-
marized in Table 1. It can be seen that η decreases with in-
creasing the film thickness at the same composition, in con-
sistent with that the magnetic damping anisotropy is interface

induced. The 10-nm-thick Co40Fe40B20 film has the largest η

of 385%, which means that the damping constant increases by
about four times when the sample is rotated from EA to HA.
More interestingly, the sample also has the strongest UMA
with Hu up to about 450 Oe, implying that the stronger the
UMA is, the larger damping the anisotropy presents. Accord-
ing to directional ordering of atom pairs of Néel–Taniguchi
theory,[32,33] the magnetization-induced UMA and its energy
constant Ku in Fe1−xCox films can be estimated by Ku =

ax2(1− x)2(TC −Td).[23,25,26] Here, x is the atomic concentra-
tion of cobalt, TC is the Curie temperature, Td is the deposition
or annealing temperature, and a is a constant. Based on this
formula, ideally the maximum Ku appears when Co and Fe
have equal compositions, which seems to be consistent with
the present CoFeB/GaAs system.

Table 1. Magnetic damping constants at various azimuthal angles and the corresponding values of η in the CoFeB films with different
compositions and thicknesses. The data for the Co56Fe24B20 (10 nm) and Co56Fe24B20 (20 nm) films are taken from Ref. [24].

Sample 0◦ 30◦ 60◦ 90◦ η

Co20Fe60B20 (10 nm) 0.0088±0.0004 0.0089±0.0004 0.0173±0.0009 0.0343±0.0009 290%

Co20Fe60B20 (20 nm) 0.0086±0.0003 0.0087±0.0005 0.0121±0.0005 0.0162±0.0007 88%

Co40Fe40B20 (10 nm) 0.0099±0.0005 0.0100±0.0005 0.0208±0.0009 0.0480±0.0009 385%

Co40Fe40B20 (20 nm) 0.0087±0.0003 0.0089±0.0003 0.0142±0.0003 0.0190±0.0007 118%

Co56Fe24B20 (10 nm) 0.0116±0.0003 0.0124±0.0005 0.0192±0.0009 0.0242±0.0009 109%

Co56Fe24B20 (20 nm) 0.0103±0.0005 0.0104±0.0005 0.0141±0.0005 0.0151±0.0005 47%

4. Conclusions

In summary, a distinct magnetic damping anisotropy
accompanied with a strong and pure in-plane UMA was
found in amorphous CoFeB films with different composi-
tions when they were deposited on GaAs(001) substrates.
The largest damping anisotropy and UMA field of 385% and
∼ 450 Oe, respectively, have been obtained in a 10-nm-thick
Co40Fe40B20 film. Both the damping anisotropy and UMA
exhibit similar composition and thickness dependences, indi-
cating that they may have the same origin stemming from in-
terfacial interactions. Our findings clearly demonstrate that
the magnetic damping can be continuously tuned via rotating
the magnetization orientation within a sample, which paves
the way to developing new-generation spintronic devices with
optimized dynamic properties.
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