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Control of damping in perpendicularly magnetized thin films using spin-orbit torques
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Magnetic damping plays a crucial role in the dynamics of magnetic systems. Hence, control over the damping
is highly desirable for the development of magnetic devices. One of the possible ways to manipulate magnetic
damping in a ferromagnetic material is the injection of spin currents generated by the spin Hall effect. The
generated spin currents can be used to manipulate magnetic moments as well as the effective damping of the
ferromagnetic material. In this paper, we demonstrate that the influence of the spin current on the damping
is highly sensitive to the relative direction of the spin polarization and the precessional axis of the magneti-
zation. The observations are important for various applications in magnetic storage devices and in microwave
signal processing.
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I. INTRODUCTION

Understanding and controlling the damping in ferromag-
netic thin films is very important for emerging technolo-
gies including magnonics [1,2] and spintronics [3,4]. While
high-damping magnetic films with perpendicular magnetic
anisotropy are required in data storage and memory devices
to suppress the magnetization precession during writing, low
damping is essential for spin-transfer torque magnetic random
access memory to reduce the minimum required write current
and for magnonic devices where long spin-wave propagation
lengths are required to transfer information. For applications,
tunability of the magnetic damping would be desirable. The
damping can in general be irreversibly controlled by mod-
ifying the material with doping [5] or ion irradiation [6].
However, it has also been shown that the damping can be
controlled reversibly by spin transfer torques [7,8] that result
from the injection of spin current. Here, the spin current inter-
acts with the magnetization and modifies the damping [9,10]
in a ferromagnet, either by suppressing or by amplifying the
magnetization precession [11]. The spin current can also be
used to generate single-mode coherent auto-oscillation of a
ferromagnetic film [12,13].

A spin current can be generated via nonlocal spin injection
[14], spin pumping [15], and the Rashba effect [16]. However,
the most effective way to generate the spin current is via the
spin Hall effect [17–19]. When a charge current flows through
a heavy nonmagnetic metal layer such as Pt, Ta, and W, elec-
trons with opposite spins are deflected in opposite directions
due to the spin-dependent scattering of the electrons, with
local potentials created either by the heavy atoms or by defects
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(impurities). Finally, a transverse spin current is created due to
the spin Hall effect [11].

In a ferromagnetic/heavy-metal bilayer film, the generated
spin current in the heavy-metal layer is injected into the
ferromagnetic layer and creates a torque acting on the magne-
tization. This is known as the spin-orbit torque (SOT) [20,21].
Under the influence of the SOT, the magnetization dynamics
can be described by the Landau-Lifshitz-Gilbert equation with
an additional SOT term T as

∂m
∂t

= −γ m × Heff + αm × ∂m
∂t

+ T , (1)

where γ is the gyromagnetic ratio, m is the magnetization
vector, Heff is the effective magnetic field, and α is the Gilbert
damping parameter. The SOT term T can be decomposed into
two torque terms, namely, the dampinglike torque (T damp) and
the fieldlike torque (T field), expressed as

T damp = ηdamp
jγ h̄

2eμ0Ms
m × (m × p) (2)

and

T field = ηfield
jγ h̄

2eμ0Ms
m × p, (3)

where Ms is the saturation magnetization, j the current den-
sity, and p denotes the spin polarization. This polarization
is perpendicular to both the direction of the charge current
and the direction of the spin current following the right-hand
rule: a charge current in the x direction generates a spin
current in the z direction with a polarization in the y direction.
Both ηdamp and ηfield are dimensionless material-dependent
quantities for the corresponding torques.

The dampinglike torque T damp is the longitudinal compo-
nent, which lies in the (m, p) plane and acts like an effective
damping. It has been demonstrated that T damp could be strong
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FIG. 1. (a) Schematic of the experimental setup in the presence
of a DC current, Idc. φ is the angle between the effective external
in-plane magnetic field Hext

in-plane and the direction of the DC charge
current Idc. (b) Typical time-resolved Kerr rotation data for the
[Pt/Co/Ta] film at an applied magnetic field of 150 mT. (c) Time-
resolved Kerr rotation data after a biexponential background subtrac-
tion of the data in (b). The solid red line corresponds to the fitting
using the damped sine function given by Eq. (4).

enough to switch the magnetization of a ferromagnetic layer
with both in-plane [22] and out-of-plane [23,24] anisotropy
for sufficient current density. In contrast, the fieldlike torque,
T field, lies normal to the (m, p) plane and acts on the mag-
netization as an effective magnetic field. Thus, SOTs can
influence the precessional dynamics [25] of a ferromagnetic
thin film. In particular, they can also be used to tune the
damping (α) of the magnetic material [26]. In general, the
modification of the damping highly depends on the direction
of the damping and fieldlike torques that derive from the spin
polarization p [27]. However, an understanding of the exact
role of the damping and fieldlike torques in the modulation of
the damping is still needed.

In this paper, we demonstrate the influence of the relative
angle between the precessional axis of the magnetization
and the spin polarization on the damping α of a perpen-
dicularly magnetized [Ta (3 nm)/Pt (4 nm)/Co (1.8 nm)/Ta
(5 nm)/Pt (1.5 nm)] heterostructure using a combination of
time-resolved magneto-optical Kerr-effect microscope (TR-
MOKE) experiments and micromagnetic simulations.

II. EXPERIMENTAL OBSERVATIONS

The film heterostructure was deposited using DC mag-
netron sputtering with a confocal sputter-up geometry at
a base pressure of 10−8 Torr. The partial pressure of Ar
used for deposition was 3 mTorr. For this film stack, the
spin Hall angles for Pt and Ta are opposite to each other,
which enhances the overall SOTs in the system. The film
was patterned into electrodes using ion milling as shown in
Fig. 1(a), with the length and width of the center stripe 50

and 10 μm, respectively. The damping of the ferromagnetic
film [28] is measured in the time domain using TR-MOKE
[29]. This setup is based on a two-color collinear pump-probe
geometry. The Kerr rotation of the probe beam (λ = 1030 nm
and pulse width≈50 fs) is measured after exciting the sample
with another laser beam of λ = 515 nm and a pulse width of
≈50 fs. Both the pump and the probe beams are focused on the
sample using a microscope objective with numerical aperture
N.A. = 0.65. A 150 mT external magnetic field (Hext) is
applied at a small angle (10◦) to the sample plane. The pump
pulse rapidly modifies the out-of-plane demagnetizing field
and thereby induces precessional magnetization dynamics.
The precessional dynamics appears as an oscillatory signal on
top of the decaying time-resolved Kerr rotation as shown in
Fig. 1(b). After subtraction of the biexponential background,
the data are fitted using the following damped sine function
[7,30]:

M(t ) = M(0) exp(−t/τ ) sin(ωt − θ ). (4)

The fit is shown in Fig. 1(c). From the fit we estimate the
damping α using the expression

α = 1/2π f τ, (5)

where f is the precessional frequency, τ is the relaxation
time corresponding to magnetization oscillation, and θ is
the initial phase of oscillation. A fast Fourier transform of
the background-subtracted data is performed to obtain the
spin-wave spectra of the sample. In our experiment, the
magnetization dynamics of the sample is measured upon the
application of a DC current, Idc, along the x direction [see
Fig. 1(a)]. In the xy plane, the angle φ between the effective
external in-plane magnetic field Hext

in-plane and the direction
of the DC charge current Idc is varied. The value of the
damping parameter is recorded as a function of the DC current
density for three values of φ as shown in Figs. 2(a)–2(c).
The damping of the sample in the absence of a DC current is
found to be α = 0.087 ± 0.008 for φ = 0◦, 45◦, and 90◦. The
value of damping changes with the current density and has a
strong dependence on φ. There is a nonlinear variation in the
damping for φ = 0◦ [see Fig. 2(a)], whereas for φ = 45◦ and
90◦ the damping increases linearly with the applied current
density [see Figs. 2(b) and 2(c)].

III. MICROMAGNETIC SIMULATION

In order to elucidate the experimental observations, the
modified Landau-Lifshitz-Gilbert equation, Eq. (1), is solved
using a macrospin approach with the micromagnetic simu-
lation library magnum.fe [31]. The dynamics of the system
is simulated where the system is excited by tilting the mag-
netization m a few degrees out of the equilibrium direction.
The experimental system is modeled employing the mag-
netic parameters Ms = 9.35 × 105A/m, α = 0.082, and Ku =
1.61 × 105 J/m3, with Ku being the anisotropy constant for a
uniaxial out-of-plane anisotropy. Ms and Ku are determined
experimentally from in- and out-of-plane hysteresis loops of
the sample using a superconducting quantum interference
device with vibrating sample magnetometer (SQUID-VSM).
In order to simulate the spin-orbit torque due to a DC current
in the x direction, we furthermore set the spin polarization p
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FIG. 2. Dependence of the damping parameter on the current density, determined from (a–c) TR-MOKE and (d–f) simulations for φ = 0◦,
45◦, and 90◦. Insets in (a)–(c): Schematics of the uniaxial out-of-plane anisotropy (Ku), the current direction (Idc) and in-plane component of
the external magnetic field (H ext

in-plane). In (d–f) dependence of the damping parameter on the current density for different combinations of ηdamp

and ηfield is shown.

in the y direction. The external field Hext was set according
to the experiment. The efficiency of the dampinglike torque
ηdamp = 0.12 was taken from Refs. [32–34].

Figures 2(d)–2(f) show the dependence of the damping
on the current density for different angles φ, extracted from
simulations with or without inclusion of the damping (ηdamp)
and fieldlike (ηfield) torques. The plots indicate that the modi-
fication of damping is mainly due to the dampinglike torque,
since the experiment and simulation show a good qualitative
agreement in the presence of dampinglike torque. Possible
reasons for the quantitative discrepancy include the sample
roughness and heating by the laser, which would both enhance
the magnitude of the damping in the experiment. For the
nonlinear behavior as shown in Figs. 2(a) and 2(d), different
excitations used in experiment and simulation can also lead
to further disagreement. Additionally, in the experiment, the
current density is calculated assuming a uniform distribution
of the current through the entire stack whereas, in the sim-
ulation, the current density is estimated assuming that the
current only flows in the heavy-metal layer. Nevertheless, both
experiment and simulation exhibit a clear linear increase in
the damping for field angles at φ = 45◦ and 90◦, while the
damping modification for 0◦ exhibits a nonlinear trend with
current density.

In order to modify the damping, the average torque over
one precession of the magnetization has to exhibit a net
component that points either towards or away from the pre-
cessional axis. As the precessional axis of magnetization
is determined by the direction of the effective field, for a
reasonable value of j, the modification of damping of the
system is only possible, if ηdamp �= 0 and if the effective field
has a component aligned with the spin polarization p. To
clarify this, we have determined the magnetization dynamics
in a simplified system with a uniaxial anisotropy only. Here
the magnetization dynamics is determined in the absence of
an external magnetic field, while a current is applied along
the x direction. As a result, the uniaxial anisotropy field of
the system is the only contribution to Heff. For the case of a
fixed value of ηdamp · j, the orientation of the anisotropy axis
Ku regulates how much the damping will be modified by the
dampinglike torque. As mentioned before, the spin polariza-
tion p is set along the ŷ direction. If Ku and p are collinear
(Ku ‖ ŷ), the precessional axis r̂ of the magnetization will be
oriented along ŷ and therefore the dampinglike torque, which
includes the term m × (m × p), will point either towards or
away from r̂, depending on the relative orientation of m and p.
Since the anisotropy is unidirectional, the magnetization may
precess either in the half-plane pointing in the +ŷ direction
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FIG. 3. Magnetization trajectory and spin-torque contribution for
various model systems. The green line depicts the magnetization
trajectory in three-dimensional space and the orange/brown arrows
depict the spin-torque contributions acting on the magnetization.
(a) A simplified system featuring only uniaxial anisotropy with
Ku ‖ ŷ and the dampinglike torque, and no external field. Since the
current flows in the x̂ direction, the spins injected into the system are
polarized along −ŷ, i.e., p ‖ ŷ. A damping modification is obtained
since the torque (orange arrows) directs ∂t m towards the precessional
axis r ‖ ŷ. (b) If the same system has an out-of-plane anisotropy,
the damping of the system is not modified. (c) The experimental
system with the in-plane component of Heff parallel to ŷ. The
dampinglike torque features a nonvanishing x component directed
towards the center of the rotation, thus increasing the damping.
(d) The experimental system with only the fieldlike torque (brown
arrows) and with the in-plane component of Heff directed along x̂.
No damping modification arises due to the m × p symmetry of the
fieldlike torque.

or in the half-plane pointing in the −ŷ direction. In Fig. 3(a),
the first case where m is more or less pointing in the direction
of +ŷ is depicted and a modification of damping is observed
(i.e., the torque drives m towards r̂). In the second case, the
torque will drive m away from r̂. However, if Ku is oriented
along ẑ as shown in Fig. 3(b), there is no significant net torque
T pointing towards or away from r. Instead, a constant push
or pull of the magnetization in a single direction on the unit
sphere’s surface will be observed.

The same explanation also holds true for the experimental
system with an out-of-plane anisotropy (Ku ‖ ẑ) and in the

presence of an external magnetic field which is slightly tilted
out of the xz plane. When Heff has no y component, there is
no modification of the damping. However, if the y component
does not vanish, the precessional axis of the magnetization
will be tilted away from the xz plane and the dampinglike
torque will develop an x component that always points either
towards or away from some convergence value of mx. Thus,
the damping will be modified. The extreme case of φ = 90◦ is
depicted in Fig. 3(c). In contrast to the dampinglike torque, the
fieldlike torque does not influence the damping as illustrated
in Fig. 3(d), since m × p, unlike m × (m × p), is obtained
from a conservative field.

IV. SUMMARY

In summary, we have elucidated the role of the damping
and fieldlike torques in the modification of damping of a per-
pendicularly magnetized thin film. In particular, it is mainly
the dampinglike torque that is responsible for the observed
modification. Indeed, the contribution of dampinglike torque
greatly depends on the relative angle φ between the preces-
sional axis of the magnetization and the spin polarization. At
φ = 45◦ and 90◦, the effective field has a component aligned
with the spin polarization. As a result, the dampinglike torque
points either towards or away from the precessional axis and
a linear variation of damping with respect to the current
density is observed. However, for φ = 0◦, the influence of the
dampinglike torque on the damping approximately averages
out and no damping modification is observed. Micromagnetic
simulations not only show a good qualitative agreement with
the experimental observations but also have demonstrated
the contribution from the two different types of torque for
different geometries.

In conclusion, we have shown that the damping in a mag-
netic film can be controlled by varying the angle between the
precessional axis of magnetization and the spin polarization.
These observations can further be extended to develop a
low-power magnonic device, where spin-waves with different
propagation lengths are required to transfer information.

The data that support this study are available via the
Zenodo repository [35].
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