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Abstract

Amorphous CoFeB �lms grown on GaAs(001) substrates demonstrating signi�cant in-plane

uniaxial magnetic anisotropy were investigated by vector network analyzer ferromagnetic

resonance. Distinct in-plane anisotropy of magnetic damping, with a largest

maximum–minimum damping ratio of about 109%, was observed via analyzing the frequency

dependence of linewidth in a linear manner. As the CoFeB �lm thickness increases from

3.5 nm to 30 nm, the amorphous structure for all the CoFeB �lms is maintained while the

magnetic damping anisotropy decreases signi�cantly. In order to reveal the inherent

mechanism responsible for the anisotropic magnetic damping, studies on time-resolved

magneto-optical Kerr effect and high resolution transmission electron microscopy were

performed. Those results indicate that the in-plane angular dependent anisotropic damping

mainly originates from two-magnon scattering, while the Gilbert damping keeps almost

unchanged.
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1. Introduction

Magnetic damping governs the performance of spintronic

devices including hard drives, magnetic random access memo-

ries, magnetic logic devices, and magnetic �eld sensors [1, 2].

In general, it is understood that the magnetic damping re�ects

energy and angular momentum dissipation from the excited

uniform spin motions directly to lattice or to spin waves (k 6=
0) initially and to lattice �nally [3]. The former is the intrin-

sic damping speci�ed by the LLG equation, which can be

expressed by [4]

dm

dt
= −γµ0m×Heff + αm× dm

dt
, (1)

where m is the unit magnetization vector, Heff is the effec-

tive magnetic �eld, γ is the gyromagnetic ratio described by

γ = gµB/h, and α is the Gilbert damping value. The latter

refers to spin-wave-dominated damping mechanism, such as

the commonly known two-magnon scattering (TMS), which

is an extrinsic contribution to magnetic damping and pro-

vides a pathway for transferring energy from the uniform spin

motions to the short-wavelength spin waves and then to the

lattice [5–7]. Unambiguously, both the intrinsic and extrinsic

mechanisms can cause energy dissipation of the magnetic pre-

cession and determine the ef�ciency and power consumption

of the spintronic devices [8, 9]. Therefore, it is of great impor-

tance to manipulatemagnetic dampingwithin the same device,

although little progress has been achieved so far.

Utilization of spin torque is a method to manipulate the

magnetic damping [10–13], however, the requirement of large

current density restricts its practical application. Alternatively,

if the magnetic damping has prominent anisotropy, it can be

tuned easily by rotating the magnetization orientation within

the same device. Unfortunately, although several theoretical

works predicted that Gilbert damping could be anisotropic

in some single-crystalline ferromagnets, such as Fe, Co and

Ni [14], the effect of experimental observation was too weak

to be convincing. Until very recently, several exciting �nd-

ings aroused people’s interests. L Chen et al reported that the

Gilbert damping is anisotropic in ultrathin single-crystalline

Fe �lm deposited on GaAs(001) substrate and attributed this

to the anisotropic density of state at the Fermi level [15].

Soon after, Y Li et al demonstrated a giant Gilbert damp-

ing anisotropy of 400% in epitaxial CoFe thin �lms deposited

on MgO(100) substrate, which is due to the variation of the

spin–orbit coupling for different magnetization orientations

[16]. These two studies both excluded the TMS contributions.

The anisotropy of magnetic damping has been also observed in

some epitaxialmagnetic alloy �lms, such as Co2FeAl [17–19],

Co2FeSi [20], Co2MnSi [21] and FeGa [22], althoughwhether

the origin of the damping anisotropy is intrinsic or extrinsic

remains controversial.

Up to now, magnetic anisotropic damping has been all

found in single-crystalline or high textured polycrystalline

magnetic thin �lms, which normally shows fourfold magneto-

crystalline anisotropy (MCA) and twofold uniaxial magnetic

anisotropy (UMA) simultaneously.No effortswere undertaken

on the anisotropic damping for amorphous ferromagnetic thin

�lms, which may rule out the in�uence of MCA and mean-

time demonstrate a pure twofold UMA. For example, very thin

CoFeB �lm deposited on GaAs substrate could exhibit a pure

and signi�cant in-planeUMA and its anisotropic �eld could be

even larger than 300Oe [23–27]. In this work, we have investi-

gated the in-planemagnetic damping in the amorphousCoFeB

�lms on GaAs(001) substrates by vector network analyzer fer-

romagnetic resonance (VNA-FMR) in combinationwith time-

resolved magneto-optical Kerr effect (TRMOKE) techniques.

Interestingly, the effective magnetic damping along the UMA

hard axis (HA) is obviously larger than that along the easy

axis (EA), and the inherent mechanism responsible for the

anisotropic magnetic damping is addressed.

2. Experimental

The commercial GaAs(001) wafers were used with the major-

�at direction along [110] and the secondary-�at direction along

[1–10]. The GaAs wafer is n-type with very light doping (Si-

doped, 1016–1017 cm−3). These wafers were diced into about

4 mm × 4 mm pieces as substrates. Before deposition, the

surface of the substrate needs to be etched/cleaned by proper

procedures as reported previously [25, 26]. At room tempera-

ture, four CoFeB �lms with different thicknesses, i.e. 3.5 nm

(A1), 10 nm (A2), 20 nm (A3) and 30 nm (A4) were deposited

on GaAs(001) substrates by dc magnetron sputtering at nor-

mal incidence from a Co56Fe24B20 alloy target. It needs to

be emphasized that no bias magnetic �eld was applied and

the substrates were held still without self-rotating or sweep-

ing during deposition. Sample A2 is chosen as a representative

and will be discussed in detail in the following. A Ta �lm of

2 nm was deposited as capping layer to prevent the CoFeB

�lm from oxidation. The base pressure was lower than 8.0 ×
10−6 Pa and the Ar pressure was kept at 0.3 Pa during �lm

deposition.

The crystalline structures of the samples were characterized

by x-ray diffraction (XRD, Bruker D8-Advance) with Cu Kα

radiation. In order to know themicrostructure of the �lm, espe-

cially for the locations near the �lm-substrate interface, cross-

sectional high-resolution transmission electron microscopy

(TEM, JEOL 2200FS) characterizations were performed. The

in-plane magnetic hysteresis (M–H) loops were measured

by a superconducting quantum interference device-vibrating

sample magnetometer (SQUID-VSM, Quantum Design). To

study the in-plane anisotropy of magnetic damping for the

GaAs(001)/CoFeB�lms, a home-madeVNA-FMR equipment

was employed with its microwave frequency varied from 5

GHz to 18 GHz. A home-made pump-probeTRMOKE equip-

ment was also used to characterize the magnetic damping.

3. Results and discussion

As shown in �gure 1, the XRD patterns for all the four sam-

ples are much similar to that of pure GaAs(001) substrate and

no obvious diffraction peaks for Fe, Co, FeCo and other alloys

can be observed, indicating amorphous structures for all the

CoFeB �lms with thickness varied from 3.5 nm to 30 nm. The
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Figure 1. XRD patterns for all the CoFeB �lm samples and a pure
GaAs(001) substrate.

geometry of FMR measurement is schematically displayed in

�gure 2(a). H and M denote the external magnetic �eld and

the magnetization, respectively. The azimuthal angle ofH(M),

i.e. ϕH (ϕM), denotes the angle rotating anticlockwise from

[110] to the projection of H(M). In the present experimental

studies, since H is always applied in the �lm plane, θH = θM
= 0◦. The geometry of the TRMOKE measurement is exhib-

ited in �gure 2(b).While the azimuthal angleϕH changes from

0◦ to 90◦, the out-of-plane angle βH, which denotes the angle

rotated away from the �lm plane, is �xed at 19◦ during the

measurement.

The experimental values of resonance �eld (Hr) and

linewidth (∆H, de�ned by the full width at half maximum of

the FMR spectrum) can be obtained by �tting the FMR spec-

trum with both the symmetric and asymmetric parts [27]. The

total free energy per unit volume can be written as

F = −HMS [sin θM sin θH cos (ϕH − ϕM)+cos θM cos θH]

−
(

2πM2
S − KP

)

sin2 θM − Ku sin
2 θM cos2 ϕM, (2)

where the densities of Zeeman energy, effective demagnetized

energy, and in-plane UMA energy are described in the �rst,

second and third terms, respectively. The de�nition of θH (θM)
can be referred in �gure 2(a).Ms,KP andKu denote the saturate

magnetization, out-of-plane and in-plane UMA energy con-

stants, respectively. Since the magnetic �eld is always applied

in the �lm plane, the precession frequency f at resonance and

the equilibrium equation can be derived to be [4, 28]

f =
γ

2π

√
H1H2 (3)

Hr sin (ϕH − ϕM)−
1

2
Hu sin(2ϕM) = 0, (4)

where H1 = Hr cos (ϕH − ϕM)+ 4πMeff + Hu cos
2 ϕM,H2 =

Hr cos (ϕH − ϕM)+ Hu cos (2ϕM), Hr is the resonance �eld;

4πMeff = 4πMS − HP, Hu = 2Ku/MS, HP = 2KP/MS. There-

fore,Hu denotes the in-plane UMA �eld and will be discussed

in detail in the following.

Figures 3(a) and (b) show the in-plane angular dependent

Hr for sample A2 at f = 10 GHz and 13 GHz, respectively.

By taking into account an in-plane UMA solely, the experi-

mental Hr–ϕH results can be well �tted and Hu is calculated

to be about 192 Oe. This result indicates that there exists a

signi�cant and pure in-plane UMA with the EA along [110]

and the HA along [1–10]. Similar twofold symmetry of the

azimuthal angular dependentHr can also be observed at other

frequencies, e.g. f = 8 GHz and 14 GHz, as shown in �gure

S1 (http://stacks.iop.org/JPhysCM/32/335804/mmedia) in the

supporting information. Similar results can also be found in

sample A1 (see �gure 3(a) in reference [26]) and other two

samples (see �gure S2 in the supporting information), indicat-

ing that pure in-plane UMA exists in the CoFeB �lms grown

on GaAs(001) with the thickness varying from 3.5 nm to 30

nm. By �tting calculations, Hu can be obtained to be 303 Oe,

192 Oe, 113 Oe and 82 Oe for sample A1, A2, A3 and A4,

respectively. Figures 3(c) and (d) show the M–H loops for

all the samples along the HA and EA, respectively. The Hu

value can also be evaluated from the saturation �eld along the

HA, although it can not be determined accurately. From both

the FMR and M–H loop measurement results, it can be seen

clearly that Hu decreases monotonically with increasing the

CoFeB thickness, implying that the UMA is interface induced,

which is in agreementwith our previous result thatHu is almost

inversely proportional to the CoFeB thickness in the range

between 3.5 nm and 20 nm [29]. As for the non-monotonic

variation of Hc versus the CoFeB �lm thickness, as shown in

�gure 3(d), it may be due to the transformation from Néel-

type to Bloch-type domain wall with increasing the thickness,

which has also been found in FeNi �lms before [30].

Figure 4(a) shows the �ttedHr–f curveswith ϕH = 0◦, 30◦,
60◦, 90◦ for sample A2, in which it can be seen clearly that

the �tted results (lines) are in good agreement with the exper-

imental ones (dots) and the entire Hr–f curve shifts upwards

with rotating H from EA to HA gradually. Similar results can

also be seen in other samples, as shown in �gure S3 in the

supporting information. Besides the resonance �eld Hr, the

linewidth ∆H is another important parameter, which is much

correlated to the magnetic damping. Usually, ∆H is analyzed

by considering four different contributions given by [7, 17, 18]

∆H = ∆HGi
+∆H2mag

+∆Hmos
+∆Hinh, (5)

where the �rst and second terms denote the Gilbert and TMS

contributions, which are frequency dependent and contribute

to magnetic damping certainly. However, because the third

term∆Hmos resulted from the orientation spread of the crystal-

lites and the last term∆Hinh caused by the local inhomogeneity

are both independent on frequency [7], they do not contribute

to magnetic damping. Similar toHr, the azimuthal dependence

of ∆H also demonstrates a twofold symmetry with the mini-

mum (maximum) located at the [110] ([1−10]) direction, as

shown in �gure 4(b) at f = 10 GHz for sample A2. Similar

results can also be found at other frequencies, e.g. 8 GHz and

14GHz, as shown in �gure S4 in the supporting information. In

the present FMR measurements, because the microwave driv-

ing frequency in the range of (5 GHz, 18 GHz) is much smaller

than f 0 ( f 0 = γMeff/2π ≈ 29.5 GHz), the frequency dependent

3
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Figure 2. The measurement geometries of VNA-FMR (a) and TRMOKE (b).

Figure 3. The experimental (square dots) and �tted (red lines) in-plane angular dependent Hr at f = 10 GHz (a) and 13 GHz (b) for sample
A2. M–H loops along HA (c) and EA (d) for all the samples.

linewidth can be approximately written as [17]

∆HGi+2mag ≈
[

α+
Γ2

2Meff

cos 2 (ϕH−ϕ2)

]

2π f

γ
= αeff

2π f

γ
,

(6)

where α is the Gilbert damping coef�cient and considered to

be isotropic generally,Γ 2 andϕ2 are induced from the two fold

symmetry; αeff is the effective damping coef�cient and can be

obtained from the slope of a linearly �tted ∆H–f curve.

Figure 4(c) shows that the experimental frequency depen-

dencies of∆H at ϕH = 0◦, 30◦, 60◦, 90◦ for sample A2, which

can be all well �tted in linear functions.Hence, calculated from

the slopes, αeff can be obtained to be 0.0116, 0.0124, 0.0192

and 0.0242 when ϕH = 0◦, 30◦, 60◦, 90◦, respectively, which
indicates that αeff increases monotonically when the applied

�eld rotates from EA to HA. The linear dependency between

∆H and f at various ϕH and the similar variation trend of αeff

versus ϕH can also be clearly seen in other three samples, as

shown in �gure S5 in the supporting information. In order to

see the in-plane symmetry of αeff, a 360
◦ ϕH-scan at every 15

◦

for measuring a ∆H–f curve was performed for sample A2

and the results are displayed in �gure 4(d), which can be fairly

well �tted according to equation (6). All these above results

unambiguously indicate that αeff is anisotropic in the CoFeB

�lms and has the same twofold symmetry as that forHr or∆H.
In order to compare the damping anisotropy in different sam-

ples, a parameter referring to the maximum–minimum ratio is

de�ned by η = αeff (90
◦)/αeff (0

◦). The calculated values of

αeff at ϕH = 0◦, 30◦, 60◦, 90◦ by �tting and the correspond-

ing value of η for all the samples are summarized in table 1.

It can be seen that η decreases generally with increasing the

CoFeB �lm thickness, implying that the damping anisotropy

is also interface induced, in consistent with the origin

4
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Figure 4. The experimental (dots) and �tted (lines) frequency dependences of Hr with ϕH = 0◦, 30◦, 60◦, 90◦ (a), the experimental
azimuthal dependence of ∆H (dots) at f = 10 GHz (b), the experimental (dots) and �tted (lines) frequency dependences of ∆H with ϕH =

0◦, 30◦, 60◦, 90◦ (c), and the experimental (dots) and �tted (line) azimuthal dependences of αeff (d) for sample A2.

Table 1. The angular dependent magnetic damping of samples A1, A2, A3 and A4.

Sample 0◦ 30◦ 60◦ 90◦ η =∆α/α(0◦) (%)

A1 (3.5 nm) 0.0140 ± 0.0010 0.0173 ± 0.0008 0.0202 ± 0.0009 0.0260 ± 0.0010 86

A2 (10 nm) 0.0116 ± 0.0003 0.0124 ± 0.0005 0.0192 ± 0.0009 0.0242 ± 0.0009 109

A3 (20 nm) 0.0103 ± 0.0005 0.0104 ± 0.005 0.0141 ± 0.0005 0.0151 ± 0.0005 47

A4 (30 nm) 0.0189 ± 0.0005 0.0193 ± 0.0006 0.0226 ± 0.0007 0.0247 ± 0.0007 31

of UMA as mentioned above. As for the non-monotonic vari-

ation of αeff versus the CoFeB �lm thickness at a �xed ϕH

(e.g. 0◦), it may be also due to the transformation from Néel-

type to Bloch-type domain wall with increasing the FM layer

thickness [30].

As discussed above, the anisotropic behavior of αeff in

the amorphous CoFeB �lms can be only generated by two

sources, i.e. Gilbert damping andTMS. Since the anisotropy of

Gilbert damping can only be observed in some special single-

crystalline ferromagnetic thin �lms [15, 16], it is unlikely to

exist in amorphous ferromagnetic �lms. To our knowledge, the

TMS contribution to magnetic damping could be suppressed

greatly by increasing the appliedmagnetic �eld due to removal

of magnon degeneracy [18]. Note that the azimuthal angle

of H(ϕH) is varied while the out-of-plane angle of H(βH) is

�xed at 19◦ during the TRMOKE measurement. In this way,

the anisotropy of αeff can also be characterized by TRMOKE.

Figure 5(a) displays several representative precession curves

at ϕH = 90◦ for sample A2 when H is increased from 1000

Oe to 13000 Oe. The experimental TRMOKE signal can be

analyzed by the following formula [26]

θK ∼ A+B exp (−νt)+ A0 exp
(

− t

τ

)

sin (2π ft + φ0) . (7)

Here, A, B and ν are the offset, the background magnitude

and the background recovery rate, respectively; A0, f , τ and

φ0 denote precession amplitude, precession frequency, reversal

lifetime and initial phase, respectively.As shown in �gure 5(a),

the experimental TRMOKE results can be well �tted accord-

ing to equation (7) with removing the second (decaying) term,

and the values of f and 1/τ under differentH can be obtained

consequently. Then, αeff at different H can be calculated by

αeff = 1/2πf τ and the results are displayed in �gure 5(b),

which shows clearly that αeff decreases monotonically with

increasing H. Similar to ϕH = 90◦, the monotonic deceases

of αeff with increasing H can also be observed at ϕH = 15◦,
30◦ and 60◦. Due to limitation in the measurements, the max-

imum H can only be applied to be 13 000 Oe. As shown in

�gure 5(b), although αeff is not fully saturated at H = 13 000

Oe, its reducing speed levels off obviously and the αeff value

of 0.0135 obtained at this �eld must be close to the saturation

5
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Figure 5. (a) The TRMOKE precession signals obtained under various applied magnetic �elds with ϕH = 90◦ and their �ts (blue lines) for
sample A2. (b) The magnetic �eld dependence of αeff for sample A2. The inset shows the αeff values at ϕH = 15◦, 30◦, 60◦ and 90◦ under H
= 13 000 Oe. The red line is guide to eyes.

Figure 6. The HRTEM images for sample A2 along the EA (a) and the HA (b) directions.

one. As indicated by the red line in the inset of �gure 5(b),

αeff holds at about 0.0135 underH = 13 000 Oe at variousϕH,

which also supports that the saturation value of αeff under high

H is near to 0.0135.Because the TMS contribution to magnetic

damping can be greatly suppressed and even removed under

high H, it is reasonable to consider that the intrinsic Gilbert

damping factor is isotropic (angular independent) in the �lm

plane and approximately to be 0.0135. Therefore, comparing

the TRMOKE and VNA-FMR results, it can be concluded that

the anisotropy of αeff acquired by VNA-FMR is caused by

TMS, while the Gilbert damping is isotropic in the �lm plane.

It is well accepted that the microscopic mechanism respon-

sible for TMS is originated from surface or interface defects

[31, 32]. In order to know the microscopic origins result-

ing in TMS in the CoFeB �lms, HRTEM characterizations

were performed on sample A2 at the EA and HA direc-

tions, and the images are exhibited in �gure 6. First, it shows

clearly that the CoFeB layer and the Ta capping layer appear

to be amorphous because the lattice fringes can hardly be

observed. Secondly, comparing �gure 6(a) with �gure 6(b),

the CoFeB–GaAs interface is fairly �at along the EA, while

it becomes very rough and meantime serious inter-diffusion

happens along the HA. Similar phenomena can be easily

observed in other images taken at different places near the

CoFeB–GaAs interface. Although the microstructural origin

remains unclear, we speculate that reconstruction may happen

at the surface of GaAs substrate after pretreatments, which

may generate relatively �at and rough surface along [110]

and [1−10], respectively. This speculation is consistent with

relatively large rms roughness for sample A1 obtained from

the AFM image as we reported before [25]. Therefore, after

the deposition of the CoFeB �lm, a signi�cant UMA will be

generated with the EA (HA) along [110] ([1−10]) direction.

These results are much similar to the generation of UMA in

the AlGaAs/GaAs/CoFeB �lm, in which a kind of corruga-

tion with the lateral period of about 25 nm can be produced

at the surface of AlGaAs/GaAs �lm [23]. Therefore, besides

the generation of UMA, the anisotropic CoFeB–GaAs inter-

face can also induce TMS, which is the weakest (strongest)

along the EA (HA) and results in anisotropic magnetic damp-

ing consequently. Note that the approximate Gilbert damp-

ing factor of 0.0135 acquired by TRMOKE is close to but a

6
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little larger than 0.0116 derived fromVNA-FMR results along

the EA for sample A2. This result supports that the in�uence

of TMS is negligible along the EA, leading to αeff obtained

from VNA-FMR close to the Gilbert damping factor. More-

over, the slight increase of Gilbert damping factor acquired by

TRMOKE may be ascribed to the heating effect induced by

the pump laser excitation during the measurement [33].

4. Conclusions

In summary, the azimuthal dependence of magnetic damping

were carefully studied by VNA-FMR in amorphous CoFeB

�lms deposited on GaAs(001) substrates with signi�cant and

pure in-plane UMA, and a large anisotropy was observed in

the �lm plane. The anisotropy of effective magnetic damping

reduces signi�cantly with increasing the CoFeB �lm thick-

ness. The TRMOKE technique was also used to character-

ize the magnetic damping and negligible anisotropy could be

observed at high magnetic �eld. The microstructural analysis

reveal that the surface reconstruction of the GaAs(001) sub-

strate may produce the UMA and the TMS as well, which

results in the anisotropic magnetic damping. This kind of

manipulation of magnetic damping via modifying the inter-

facial morphology may be a practical way utilized in future

magnonic devices.
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