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Giant Anisotropic Gilbert Damping in Single-Crystal Co-Fe-B(001) Films
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We investigate the anisotropy of Gilbert damping in Co-Fe-B(001) films with body-centered-cubic
crystalline structure using the ferromagnetic resonance method. The Co-Fe-B(001) films are epitaxied
on MgO(001) by means of pulsed-laser deposition using a Cog4Fe( 4By, target. The measured damping
constant shows a clear four-fold symmetry with respect to the in-plane field orientation with a maximum-
minimum ratio larger than 650%, and maximum damping exists for the field along Co-Fe-B(100). Such
a large damping anisotropy can trigger the strong field-orientation dependence of microwave-excited
magnetization precession. The anisotropic magnetoresistance (AMR) in Co-Fe-B(001) films shows lit-
tle current-orientation dependence, indicating that AMR has weak correlation with the origin of damping
anisotropy. Our experimental results provide an effective way to control intrinsic damping with mag-
netization orientation for designing and optimizing the performance of spintronics devices based on

Co-Fe-B.
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I. INTRODUCTION

Gilbert damping plays a major role in emerging applica-
tions of spintronics, since it determines the energy relax-
ation rate of magnetization precession [1-4] and governs
the critical current of magnetization switching [2,5—7], the
velocity of domain-wall motion [1,8], and the spin-wave
propagation [8,9]. The larger damping can trigger faster
magnetization switching, and the lower damping enables
more energy-efficient excitations and longer spin-wave
propagation length. Therefore, it is crucial to explore the
capability of controlling intrinsic damping for designing
and optimizing the performance of spintronics devices.

Intrinsic Gilbert damping has been theoretically pre-
dicted to be associated with the band structure and can
be changed with the magnetization orientation [10,11].
Most early experimental studies of intrinsic damping
anisotropy were too weak for practical applications [12,
13]. In epitaxial CogsFegs thin films, a giant Gilbert-
damping anisotropy with a maximum-minimum ratio of
400% has been reported [14—16], which was attributed to
the variation of spin-orbit coupling (SOC) depending on
magnetization orientation. However, such giant damping
anisotropy cannot be reproduced by the first-principles cal-
culation, and only a 200% anisotropy ratio was achieved
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due to the interfacial SOC [17]. Thus, in order to clarify
the microscopic mechanism of anisotropic damping, it is
highly desirable to explore Gilbert damping with strong
anisotropy in different magnetic systems.

It is well known that the Co-Fe-B thin film has
been widely applied in spintronics devices due to the
large tunneling magnetoresistance (TMR) ratio in MgO-
based magnetic tunnel junctions (MTJs) [18-20]. In
most Co-Fe-B/MgO/Co-Fe-B based MTJ devices, the
Co-Fe-B layers are usually highly textured with the
body-centered-cubic (bce) structure [19,20], and the bee
Co-Fe-B film can also be epitaxially grown on MgO(001)
[21]. Thus, it should be highly interesting to explore
whether a Co-Fe-B layer with bee structure can exhibit
similar strong anisotropic damping, which should influ-
ence the performance of spintronics devices based on
Co-Fe-B layers. In this paper, we show that single-crystal
Co-Fe-B film epitaxied on MgO(001) contains a strong
anisotropy of Gilbert damping with a maximum-minimum
ratio greater than 650%. The magnetization-orientation-
dependent damping constant shows a clear four-fold sym-
metry with the maximum for the field along Co-Fe-B(100).
Such damping anisotropy can trigger strong anisotropy
of microwave-excited magnetization precession. Weak
current-orientation effect of anisotropic magnetoresistance
(AMR) was observed in the Co-Fe-B layer, which dis-
proves the correlation between anisotropic damping and
AMR, as discussed in the CogsFegs system [14]. Our
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studies not only provide an interesting material system
with strong damping anisotropy for further exploring the
intrinsic mechanism of anisotropic magnetic damping, but
also could trigger subsequent studies on the effect of
anisotropic damping in spintronics devices based on the
Co-Fe-B layer.

II. EXPERIMENTS

Single-crystal Co-Fe-B films are prepared on MgO(001)
substrates in an ultrahigh vacuum (UHV) chamber [22].
The MgO(001) substrate is first annealed at 600 °C for
30 min in the UHV system, and a 10-nm MgO seed
layer is grown at 300°C to improve the surface qual-
ity, which is confirmed by sharp reflection high-energy
electron diffraction (RHEED) patterns, as shown in Fig.
1(a). The Co-Fe-B alloy films are epitaxially deposited on
the MgO(001) substrates at 400°C by pulsed-laser depo-
sition (PLD) with a 248-nm KrF excimer laser from a
Coo4Feo 4By, alloy target. Figure 1(b) shows the typical
RHEED pattern from a 10 nm Co-Fe-B film with the elec-
tron beam directed along the MgO(100) direction. The
clear elongated spots in the RHEED pattern demonstrate
the epitaxial growth of the Co-Fe-B film. Because the MgO
lattice constant is approximately V2 times larger than that
of bce Co-Fe-B, the Co-Fe-B film should have the epitax-
ial relationship of Co-Fe-B(110)(001)//MgO(100)(001)
[21]. Before being taken out from the UHV system, the
samples are covered with a 6-nm-thick MgO capping layer
to prevent oxidation. All film thicknesses are determined
by the deposition rate (approximately 1.0-2.0 A/min),
which is measured using a calibrated quartz thickness
monitor.

The crystal structure of the Co-Fe-B alloy film is also
characterized by x-ray diffraction (XRD). Figure 1(c)
shows a single peak at 64.4° in a wide angle range
beside the peaks from the MgO(001) substrate. The deter-
mined lattice constant of Co-Fe-B from the XRD data is
2.89 A, which is slightly larger than that of CoFe film
grown on MgO(001) [14]. The magnetic properties of the
Co-Fe-B film are firstly characterized by the longitudinal
magneto-optic Kerr effect (MOKE) at room temperature.
Figure 1(d) shows the hysteresis loops with the field H
along Co-Fe-B(100) and Co-Fe-B(110). Both loops satu-
rate for the field above 200 Oe, and the saturation field for
H//Co-Fe-B(110) is smaller.

The anisotropy of Gilbert damping in single-crystal
Co-Fe-B alloy films was first investigated by the spin-
torque ferromagnetic resonance (ST FMR) method at
room temperature. We further grew a 3-nm Pt layer on
top of the MgO(6 nm)/Co-Fe-B(10 nm)/MgO(001) sam-
ple, then pattern it into the microwave antenna device
through the ordinary photolithography and Ar" bombard-
ment process. The size of the antenna devices is 100 x
10 um?, with the orientation 60° away from Co-Fe-B[110]
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FIG. 1. (a),(b) Typical RHEED patterns from (a) MgO(001)
substrate and (b) a 10-nm-thick Co-Fe-B(001) film with the
electron incident along MgO(100). (c) The x-ray diffraction spec-
tra of a 10-nm-thick Co-Fe-B(001) film grown on MgO(001).
(d) Typical hysteresis loops with A along Co-Fe-B[100] and
Co-Fe-B[110], respectively.

direction. Contacts are made of a 10-nm-thick Cr layer
covered by a 150-nm-thick Au layer. The microwave cur-
rent through the Pt layer can induce an in-plane oscillating
transverse field in the Co-Fe-B layer, and then excites the
resonance of Co-Fe-B magnetization. A dc voltage V4. can
be detected by the spin-rectification (SR) signal due to
the magnetoresistance variation caused by the magnetiza-
tion precession [23]. The 6-nm MgO layer is thick enough
to isolate the transmission of the spin current between
Co-Fe-B and Pt, thus, the spin-torque effect from the Pt
layer and the spin pumping effect should be suppressed in
the FMR measurements [24,25]. The ST FMR measure-
ment is performed in a vector electromagnet system with a
maximum field of 3 kOe.

Anisotropic damping of the Co-Fe-B layer is also deter-
mined through the microwave adsorption measurement
with a broadband coplanar waveguide (CPW) in a vector
superconducting magnet. The sample is positioned on the
signal line of the waveguide, and the transmission parame-
ter S, is measured using the vector network analyzer with
the field sweeping along different in-plane directions.

II1. RESULTS AND DISCUSSION

Figure 2(a) shows the typical ST FMR voltage spectra
measured at f = 16 GHz with H along different directions.
The ST FMR spectra are dominated with the antisymmet-
ric lineshape due to the SR signal driven by the microwave
field, which also proves the negligible spin-orbit torque
effect in our ST FMR measurement [23]. The resonance
field H, shows little change for the field varying from
[110] (¢pg = 0°) to [100] (¢py = 45°), indicating a weak
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FIG. 2. (a) Typical FMR spectra detected with different ¢

from a device with a current orientation angle of 6; = 60°. The
microwave frequency is 16 GHz. The inset shows the geometry
of the measured ST FMR device. (b)~«(d) The fitted resonance
field H,, the symmetrical and asymmetrical voltages ¥ and V,
and the linewidth AH as a function of ¢ ;. The solid lines are the
fitting curves as described in the main text.

magnetic anisotropy in this sample. As emphasized by the
purple dashed lines, the linewidth AH of the resonant peak
shows a strong increase for ¢ increasing from 0° to 45°.

The voltage spectra in Fig. 2(a) can be quantitively
fitted by a combination of symmetric and antisymmetric
Lorentzian functions [23]

AH?

. AH(H — H,)
“(H — H)* + AH?

“(H— H)? + AH?
(1)

where V and V, are the magnitude of symmetric and anti-
symmetric voltages, respectively. The parameters H,, Vi,
V4, and AH as a function of ¢; can be determined through
the fitting, as shown in Figs. 2(b)-2(d). Figure 2(b) shows
the ¢ dependence of H, with f =16 GHz. The variation
of H, is less than 170 Oe, much smaller than the H, value
of approximately 1.7 kOe, indicating very small magnetic
anisotropy in the Co-Fe-B film. The H,(¢y) curve also
indicates the presence of twofold and fourfold magnetic
anisotropies. The H,(¢y) curve in Fig. 2(b) can be well

Vdc =

fitted by the modified Kittel formula [26,27]

2
(9) = p3H/H], @
14

with H = H cos(py — ¢n) + My + Hy(3 — cosdpy) /4 —
H,cos’¢py and H" = H cos(¢yr — ¢rr) — Hycosdepys +
H,cos2¢y. H and H) represent the magnitudes of H’
and H", respectively, while H is equal to H,. Here, y
is the gyromagnetic ratio, ¢, is the angle between the
magnetization and Co-Fe-B[110], M, is the saturation
magnetization, Hy is the fourfold anisotropy field with
easy axis along (110), and H, is the uniaxial anisotropy
field with easy axis along [010]. By fitting the H,(¢y)
data with the red line, we determine the saturation mag-
netization M, = 14.7 kOe, the Landé g factor g = 2.17,
the fourfold anisotropy field H; = 35 Oe with easy axis
along (110), and the uniaxial anisotropy field H, = 70 Oe
with easy axis along (100). Note that M; and H; for
10 nm CoFe(001) film grown on MgO(001) are 24.5 kOe
and 270 Oe, respectively [15]. Although the stoichiome-
try in the Co-Fe-B film may be different from that in the
Coo.4Feo4Bg20 target, the determined magnetization and
weak magnetic anisotropy agree well with the properties
of Co-Fe-B films reported in the literature [28—30].

Figure 2(c) shows the fitted ¢y dependence of V; and
V4, and Vs is one order larger than V,. In Fig. 2(d),
we plot the ¢y dependence of the linewidth AH, which
clearly exhibits a fourfold symmetry with a maximum for
H//{100) and a minimum for H//(110). The ¢y -dependent
AH has a different symmetry from that of H,, so the damp-
ing anisotropy is not simply correlated with the magnetic
anisotropy. Note that the SR signal should be close to zero
for the field along or perpendicular to the sample strips in
ST FMR devices [23], thus the signal V, in Fig. 2(c) for
¢n ~ 60°,150°,240°,330° is close to 0, and around those
field angles, the fitted H, in Fig. 2(b) and AH in Fig. 2(d)
exhibit larger error bars.

Next, we show that the damping constant « in the
Co-Fe-B(001) film has strong anisotropy. In general, o
can be extracted by fitting the frequency-dependent AH
with the formula AH = AHjy, + 27f o/y. AHyy is the
inhomogeneous broadening due to the disorders in the
film. Figure 3(a) shows that the fitted AH has a linear
dependence on f between 7 and 20 GHz with H along
different directions. All the resonant fields are larger than
400 Oe for f > 7 GHz, thus due to the weak magnetic
anisotropy in Co-Fe-B film, the magnetization for all the
measurements in Fig. 2(a) is aligned well along the field
direction, i.e., ¢y ~ ¢y Figure 2(a) also shows that the
slope of AH (f') has a strong change with ¢y, but the sim-
ilar intercept AHj,, around approximately 22 Oe can be
obtained for all field orientations. The fitted damping con-
stant is ag110) = 0.0040 £ 0.0001 for H//[110](¢x = 0°)
and ai90) = 0.0322 £ 0.0004 for H//[100](¢y = 45°),
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FIG. 3. (a) FMR linewidth as a function of frequency for the selected ¢s. (b) The measured damping constant as a function of ¢ .

The solid lines are fitting curves as described in the main text.

thus the damping constant in the Co-Fe-B(001) film has an
anisotropy ratio of 805%, which is much larger than that
of 440% in CogsFe(5(001) films [14]. We perform the SR
measurements for all the field orientations, and the obtain
¢p-dependent « in Fig. 3(b) has a clear fourfold sym-
metry, which can be well fitted by the equation a(¢y) =
oy — Aa cos(4¢y). The fitting results in an anisotropy
ratio (g + Aa /oy — Awr) of 650%. Note that no damping
data can be obtained for ¢ ~ 60°,150°,240°,330°, since
the SR signal is close to zero around those field orientations
in our device.

The fourfold symmetry of « in Fig. 3(b) indicates the
anisotropic intrinsic Gilbert damping in Co-Fe-B(001)
associates with its crystal structure. Our measurements can
further rule out extrinsic contributions to the anisotropic
damping, such as a mosaic effect due to lattice disorder in
the epitaxial film [31-33], magnetic drag effect [34-36],
and two-magnon scattering (TMS) effect [33,36-—42]. The
mosaic effect on damping is induced by the lattice dis-
order due to the epitaxial strain in the film [31-33]. The
epitaxial growth of Co-Fe-B film on a MgO(001) surface
may induce a fourfold lattice disorder, which could fur-
ther influence the effective damping in the film. However,
the lattice disorder also strongly influences AHj,, as well.
Figure 3(a) indicates that AHjyy, is almost independent of
the field orientation, which can rule out the correlation
between the observed damping anisotropy and the possible
lattice disorder in Co-Fe-B(001) film.

In the system with strong in-plane anisotropy, the mag-
netic drag effect can result in resonant linewidth broad-
ening and nonlinear dependence of linewidth on fre-
quency stemming from field-magnetization misalignment
[12,15,34], thus it may influence the determination of
the intrinsic damping constant using the FMR technique
[33,34,36,37]. However, the magnetic drag effect strongly
depends on magnetic anisotropy, and a fourfold anisotropy

can induce the anisotropic linewidth broadening with an
eightfold symmetry [34,40]. In our Co-Fe-B(001) system,
the damping anisotropy and the magnetic anisotropy have
no correlation, since our sample contains both twofold
and fourfold magnetic anisotropies, but shows only a clear
fourfold damping symmetry. Moreover, the magnetic drag
effect can be well suppressed by a strong magnetic field
[8,10]. In the Co-Fe-B(001) film, the in-plane fourfold
anisotropy field is only approximately 35 Oe, so it is hard
to induce a significant magnetic drag effect for the field
above 400 Oe in our experiments.

The TMS contribution commonly exists in thin films
with the magnetization aligned in the film plane [33,
36,38]. Due to dipolar coupling, the short wavelength
spin waves can degenerate with the FMR mode, thus the
defects can scatter the FMR mode into such short wave-
length spin waves, which makes AH nonlinearly depen-
dent on f. In thin films with weak in-plane anisotropy,
the spin-wave dispersion should have weak dependence
on the magnetization orientation, thus the related TMS
contribution should not strongly depend on the magneti-
zation orientation. The TMS contribution AHtys can be
expressed as [41,42]

o + @27 — a2
Jo? + (@0/27 + w0/2

where I" is the TMS strength, wy = y oMes, and M.y is
the effective magnetization. AHrys has a steep nonlinear
slope at low frequencies, and saturates at high frequencies.
Thus, the TMS contribution should be suppressed at strong
field with high resonant frequency [33,38].

We perform wide-band microwave-adsorption measure-
ments on a MgO(6 nm)/Co-Fe-B(10 nm)/MgO(001) film

AHTMS = ['sin”

€)
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(a) Sample geometry for the microwave adsorption FMR measurement. (b),(c) Typical FMR spectra detected with different

f for the field along (b) Co-Fe-B[100] and (c) Co-Fe-B[110], respectively. The solid lines are the fitting curves with Eq. (1). (d) FMR
dispersion for H//Co-Fe-B[100] and H//Co-Fe-B[110], respectively. The solid lines are the fitting curves with Eq. (2). (¢) The f -
dependent AH for H//Co-Fe-B[100] and H//Co-Fe-B[110], respectively. The black dashed line is the TMS contribution to the FMR

linewidth calculated with Eq. (3).

in a vector superconducting magnet as shown in Fig.
4(a). Figures 4(b) and 4(c) show the typical FMR absorp-
tion spectra at different frequencies for H//[100] and
H//[110], respectively. The FMR absorption spectra can
be well measured for frequencies up to 30 GHz. The
linewidth for H//[100] is clearly much larger than that
for H//[110]. Through the fitting with Eq. (1), we can
obtain the f-dependent H, and AH. In Fig. 4(d), the
H, — f relations for H//[100] and H//[110] have very lit-
tle difference, which further confirms the weak in-plane
magnetic anisotropy in the Co-Fe-B film. The linewidth
AH shows good linear dependence for f up to 30 GHz
for both field orientations, proving that the anisotropic
damping is unlikely related to TMS. Through the linear
AH — f relations in Fig. 4(e), we can obtain the damping
constants ojo0) = 0.0368 + 0.0001 and op110) = 0.0039 &+
0.0002 with an the anisotropic ratio of (cfi007/01107) ~
944%, larger than the results obtained in ST FMR
measurements in Fig. 3(b). We also calculate the
f -dependent AHtys with I' =150 Oe and poMeg =

14.7 kOe, as shown by the dashed line in Fig. 4(e). The
calculated AHtys shows strong nonlinearity at approx-
imately 15 GHz, and the experimental data shows very
good linear dependence for f between 7 and 30 GHz,
so our experimental data demonstrates that TMS has lit-
tle contribution to the measured giant anisotropy of the
intrinsic damping in the Co-Fe-B(001) system.

We also perform the temperature-dependent wide-band
microwave-adsorption measurement. The measured oo
is almost independent of temperature. The temperature-
dependent a9 shows a nonmonotonic behavior with the
maximum at approximately 50 K, and the maximum vari-
ation is less than 30%. So, the damping mechanism of
the Co-Fe-B layer is different with that in the CoFe(001)
system, which shows the conductivitylike damping behav-
ior [14]. It should be noted that the crystalline quality of
Co-Fe-B(001) film is much poorer in comparison with
CoFe(001) film, thus the impurity in Co-Fe-B film may
play a significant role on damping, which is expected to be
less temperature dependent.
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So far, the physical origin of large Gilbert-damping
anisotropy is still not well understood, although the intrin-
sic damping is believed to be determined by the inter-
band or intraband electron scatterings [10,43,44]. In Ref.
[15], the large damping anisotropy in CoFe(001) film is
attributed to the anisotropy of spin-orbit coupling (SOC)
related to crystal directions, which correlates with the
anisotropies of Gilbert damping and anisotropic magne-
toresistance (AMR). However, we find that the observed
giant damping anisotropy in the crystal Co-Fe-B film has
a weak correlation with the current-orientation dependent
AMR. We make several Hall bars with the current flow-
ing along different crystal angles. Figure 5(a) shows the
angular-dependent resistances for the current I along (100)
and (110). Both AMR curves show twofold angular depen-
dence with the maximum for the field along the current
direction, consistent with the ordinary AMR effect in most
magnetic metal systems. The AMR effect for ///(100) is
slightly larger than that for ///(110). If defining the AMR
ratio with (Rpax — Rmin)/Rmin, the measured AMR ratio
in Fig. 5(b) shows a clear fourfold symmetry with the
current orientation, but the AMR ratios for 7//(100) and
1//{110) only show an 80% difference, which is one order
smaller than the AMR anisotropy in CoFe(001) films [22].
Note that the ultrafast demagnetization in CoFe(001) film
excited by the femtosecond laser is found to be isotropic
[16]. Our studies suggest that intrinsic damping, AMR,
and ultrafast demagnetization may originate from different
mechanisms, although all these three important magnetic
properties should be correlated with the SOC in magnetic
systems.

Co-Fe-B film has been widely applied in spintron-
ics devices like MRAM [18,45,46], thus the damping
anisotropy should influence the performance of these spin-
tronics devices based on the magnetization reversal in
Co-Fe-B film. In Fig. 2(c), the angular-dependent SR
signal clearly deviates from the standard sin 26y, cos 6y,
function in most ST FMR studies [23,47—49], which
can be attributed to the effect of damping anisotropy
in Co-Fe-B film. Here, 6, is defined as the angle
between the magnetization and the microwave current.
The 6),-dependent SR signal V, can be expressed as
Voo (yH' /(aw(H' + H")))sin 26y, cos 6y, with H' and
H” defined in Eq. (2) [23]. Due to the small in-
plane magnetic anisotropy, H' and H” have very weak
dependence on 6,,. Figure 3 already shows that o
strongly depends on ¢y with a function of cos(4¢y).
If considering the offset angle of 60° between ¢y
and 6, the SR signal ¥V, can be expressed as V, «
(sin2(60 — ¢g)cos(60 — ¢py)) /(g — A cos(4¢y)), which
can well fit the experimental curve, as shown by the red
line in Fig. 2(c). Moreover, the microwave-adsorption data
in Fig. 4 also demonstrates that the resonant adsorption sig-
nal for H//{110) with small & is much larger than that for
H//{100) with large «. Therefore, our results well prove
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< 77
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FIG. 5. (a) The Oy-dependent magnetoresistance for cur-

rents applied along Co-Fe-B[110] (6; =0°) and Co-Fe-B[100]
(6; =45°) in a Co-Fe-B(10 nm)/MgO(001) sample. The inset
shows the schematic of the device with the definition of 8y and
0. (d) The measured 8; dependence of AMR ratios.

that the microwave-excited magnetization dynamical prop-
erties in single-crystal Co-Fe-B film should have strong
anisotropic dependence on the magnetization orientation.
The Co-Fe-B layers in MRAM devices are expected to
have a bce-textured structure [29,30], so the magnetiza-
tion dynamics in MRAM devices should also strongly
depend on the magnetization orientation, thus our dis-
covery on giant damping anisotropy in Co-Fe-B films
provides a tuning parameter to manipulate the perfor-
mance of the devices. The effect of anisotropic damping
in MRAM devices based on Co-Fe-B layers still requires
future investigation.

IV. SUMMARY

Our experimental results demonstrate the existence
of giant anisotropic Gilbert damping in single-crystal
Co-Fe-B(001) films. The measured Gilbert-damping con-
stant shows a maximum value for H//(100) and the min-
imum value for H//{110) with a clear in-plane fourfold
symmetry. The maximum damping anisotropy ratio deter-
mined by the microwave adsorption FMR is 944%. Due
to the weak in-plane magnetic anisotropy, the extrinsic
contributions to the measured anisotropic damping by the
magnetic drag effect and the two-magnon scattering effect
have been ruled out. Weak current-orientation-dependent
AMR is observed in Co-Fe-B film, indicating that AMR
has a weak correlation with the strong damping anisotropy.
Our results call for further theoretical studies to reveal
the underlying mechanism of the giant anisotropy damp-
ing in Co-Fe-B film. Our experiments also prove that
the damping anisotropy indeed makes microwave-excited
magnetization dynamics strongly dependent on the field
orientation, which can pave an effective way to design and
optimize spintronics devices based on the Co-Fe-B layer.
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