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The performance of spintronic devices critically depends on three material parameters, namely, the spin
polarization in the current (P), the intrinsic Gilbert damping («), and the coefficient of the nonadiabatic
spin transfer torque (f). However, there has been no method to determine these crucial material
parameters in a self-contained manner. Here we show that P, «, and 8 can be simultaneously determined
by performing a single series of time-domain measurements of current-induced spin wave dynamics in a

ferromagnetic film.
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The stream of electron spins can transfer spin-angular
momentum to the local magnetization in a noncollinear
spin structure. This spin transfer torque (STT) effect pro-
vides us an opportunity to perform all-electrical manipu-
lation of the magnetization, which constitutes a key
technology to develop spintronic devices [1-10]. While
the current-induced motion of a magnetic domain wall
(DW) has been focused on this issue [11-15], the STT-
induced dynamics of the spin wave (SW) [16-18] is re-
cently invoking a great interest. An advantage of this
approach lies in that the SW propagation is less sensitive
to uncontrollable local defects or edge roughness inherent
in devices than the DW one, enabling one to capture the
intrinsic nature of STT in a more transparent way. The
pioneering work to relate the SW dynamics to STT was
carried out in the frequency domain measurement to ob-
serve the current-induced SW Doppler frequency shift
[17,18]. However, a real-time detection of this phenome-
non is left unaddressed. Such an experiment is not just a
complementary version of the frequency domain one but
would provide further information on the nonadiabatic
STT (so-called B term, which is the ratio of nonadiabatic
STT to adiabatic STT) [19], whose value is still controver-
sial but is a necessary ingredient to build up a microscopic
theory and to construct reliable spintronic applications
[6,19,20].

Here we report the real-time measurement of the STT-
induced SW Doppler shift in a ferromagnetic film. We
show that the spin polarization in the current (P) and the
intrinsic Gilbert damping («) as well as 8 can be simulta-
neously determined by performing a single series of time-
domain measurements. Our scheme to derive these three
parameters to govern the physics of STT relies on the
following relations: The adiabaticity of STT to determine
P is detected as the Doppler variation of a SW group
velocity v that depends on the dc electric current j flowing
in the film [see Fig. 1(a)]

AUSTT = Uy, (1)
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PACS numbers: 75.30.Ds, 85.70.—w, 85.75.—d

where uy(= —upjP/eMy) is the magnitude of adiabatic
STT, P is the spin polarization, up is the Bohr magneton, j
is the current density, e is the electron charge, and M is the
saturation magnetization.

The distance-dependent propagation of the magneto-
static surface mode SW gives the intrinsic damping con-
stant «:

_ y(M)*d exp(—2kd) 2
« (Hl + 27TMs)(1)0A ’

where vy, d, k, H;, wg, and A are the gyromagnetic ratio, a
film thickness, a wave vector of the SW, an external field
(y axis), the SW resonant frequency, and the SW
attenuation length, respectively (Ref. [21]). Finally, the
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FIG. 1 (color online). The principle of the current-induced spin
wave dynamics. (a) The spin wave generated by a microwave
pulse is subject to a stream of STT introduced by an electric
current j, resulting in the variations of both group velocity v,
and amplitude A. Upstream and downstream spin waves change
their velocities into v, — Avgrr and v, + Avgrr, respectively,
and their amplitudes into A — AAgrp and A + AAgry, respec-
tively. (b) Electric signals of the spin wave for different gap
distances x, demonstrating the propagation of spin wave packets.
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nonadiabaticity of STT for B in this mode is detected as a
variation of the SW amplitude A induced by j:
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where x, k, and d are the propagating distance of the SW,
the wave vector of the SW, and the film thickness, respec-
tively. Agpr is a normalized SW amplitude given by Agrp =
A(ug # 0)/A(uy = 0) (Ref. [21]). Interestingly, the first
term on the right-hand side of Eq. (3) is independent of
the SW amplitude. This indicates that there is the nonzero
AA[= A(ug # 0) — A(uy = 0)] in the adiabatic limit
(B = 0). Note that in the time-domain measurement, the
time delay is different depending on the adiabatic STT
(Doppler shift). Since the damping is related to the energy
dissipation rate, a longer time delay corresponds to more
attenuation of the SW amplitude. Thus, there is a
B-independent SW attenuation, corresponding to the first
term of Eq. (3).

The microfabricated device in our time-resolved prop-
agating spin wave spectroscopy [22] is a Permalloy film
(Fe 9Nig, /SiO,, thickness: 35/35 nm), which has a pair of
metal electrodes as a source and drain of the spin-polarized
current to affect the SW propagation. To minimize the
effect of Joule heating, we applied a pulse current.
External magnetic fields ( = 10 mT) magnetize the wire
in the y-axis direction so that the SWs can propagate as a
magnetostatic surface wave (MSSW) [23,24]. SWs are
excited and detected with a pair of asymmetric coplanar
strip (ACPS) transmission lines over the film [25]. For the
time-resolved measurement of current-induced SW dy-
namics, we launched voltage pulses into one ACPS with
65-ps rise times in 100 kHz repetition frequency, causing a
microwave magnetic field to generate a SW. The SW
propagates in both directions normal to the ACPS and
induces an additional magnetic flux on the other ACPS
connected to a 20 GHz sampling oscilloscope or 8 GHz
real-time oscilloscope. The present study is performed by
measuring a set of devices where the gap distance (x)
between the ACPSs varies from 5 to 40 um.

Figure 1(b) presents the detected SW signal in the
absence of electric current (j = 0). As shown in the inset
in Fig. 1(b), the SW is characterized by the envelopes of
packets, and the group velocity is determined to be v, =
13.1 km/s from the observed gap-dependent delay.
Furthermore, the gap-dependent decay of the SW ampli-
tude allows us to determine the attenuation length A =
15 wm, which directly gives the intrinsic Gilbert damping
a = 0.0082 by Eq. (2). Note that the resonant frequency
and wave vector of the SW were deduced by the Fourier

analysis of time-domain waveform and by ACPS geome-
try, respectively [25].

The current-induced SW dynamics are evaluated by the
background subtraction: Avgrr =[Av, (k) — Av,(—k)]/2
and AAgrr = [AA(k) — AA(—k)]/2. For a fixed j direc-
tion, only the intrinsic effect of STT changes its sense with
respect to the inversion of wave vector k, while the effects of
the Oersted field, Joule heating, and so on do not. The
Avgrr and AAgrr can cancel out the latter effects and
increase the evaluation accuracy. Here, note that we used
the normalized amplitude due to the nonreciprocity of the
MSSW [25]. The time shift values were obtained by calcu-
lating the cross correlation of two different SW waveforms.

Figure 2(a) shows the result of the SW Doppler shift
detected in the real-time measurement for the device with
x =20 pum, where the Avgpr obtained by averaging over
20 independent measurements is plotted as a function of
injection current j. For instance, the SW packet in a
“downstream” condition with the negative j is accelerated
to yield Avgry ~ 4 m/s at j = —0.8 X 10" A/m? injec-
tion, while the SW packet in an “upstream” one (j > 0) is
decelerated, resulting in Avgpr~ —4m/s at j=
0.8 X 10" A/m?. Thus, the Avgpr is linearly dependent
on j. According to Eq. (1), the slope of Avgpr/j gives the
spin polarization P = 0.60 = 0.03.

The spin polarizations P deduced from the devices with
different gap sizes are compiled in Fig. 2(b). The devices
with x = 20, 25, and 30 um provide a consistent estima-
tion of spin polarization (P) = 0.60 = 0.02. Although the
results for the devices with x = 10 and 40 um give similar
values, they have large error bars, because the time reso-
lution limits the evaluation of vgpr in the 5 wm case and
the attenuated SW shape makes it difficult to precisely
determine Avgpr in the 40 wm case [for example,
see Fig. 1(b)]. Nevertheless, the obtained polarization
is in good agreement with the frequency domain result
P = 0.60 £ 0.02 [18], which verifies that our time-domain
measurement possesses a sufficient resolution to detect the
STT-induced SW Doppler shift.

Figure 2(c) represents the SW attenuation due to the
current injection for the device with x = 20 wm; the SW
packet is amplified by 0.2% for the downstream current
j = —0.8 X 10" A/m? injection, while it is attenuated by
0.2% in the upstream current j = 0.8 X 10" A/m?. The j
dependence of AAgrr shows a linear slope, from which the
nonadiabatic STT is deduced to be 8 = 0.02 = 0.013 by
using Eq. (3). Note that the change in SW amplitude is less
than 0.2%, so one can consider In(Agpr) = AAgpr. The
magnitudes of S for different devices are deduced by using
simultaneously determined P and plotted in Fig. 2(d),
although the change of SW amplitude is not sufficiently
large to precisely evaluate for x = 40 pwm. Importantly, the
magnitude of B for the different devices falls in the same
range for the devices with different gap sizes, yielding
(B) = 0.033 = 0.012. The present result implies 8 ~ 4a.
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FIG. 2 (color online).
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Experimental data of the current-induced modulations. (a) The spin wave Doppler shift induced by electric

current (x = 20 wm). (b) Spin polarization P measured for several devices with different gap distances. (c) The spin wave attenuation
induced by electric current (x = 20 wm). (d) Nonadiabaticity of STT () deduced from the attenuation of SW amplitude.

To check the validity of the method used in the experi-
mental analysis, we performed the micromagnetic
simulation. We used the modified Landau-Lifshitz-Gilbert
equation with spin torque terms describing the time-
dependent magnetization dynamics. From the simulated
SW mode similar with the time-domain signal in Fig. 2(b),
we evaluated the time delay (Ref. [21]) and SW attenuation
depending on the bias current. Figure 3(a) shows the bias
current-dependent SW attenuation where the current-
induced Oersted field was not considered (denoted by
“without Hp,”"). AAgrr linearly depends on the bias current
and the detection position. But, as shown in Fig. 3(b), such
a linear dependence cannot be observed when the Oersted
field is considered. Such a nonlinear behavior is due to the
fact that the Oersted field is spatially distributed inside the
film. To exclude the Oersted field effect, we calculate
AAgrr = [AA(k) — AA(—k)]/2 [as denoted by the open
symbols in Fig. 3(c)] as the subtraction procedure used in
the experiment. Compared to AA without the Oersted field
[as denoted by the solid symbols in Fig. 3(c)], the linear bias
dependence is similar; however, there is a quantitative
difference that indicates that the Oersted field effect is not
completely excluded. Figure 3(d) shows the B (fitting)
evaluated value by using Eq. (3) with the slope of
Fig. 3(c) as a function of B (input) considered in the
modified Landau-Lifshitz-Gilbert equation. The black
line represents the reference line corresponding to
“B(input) = B(fitting).” The red square represents 3 (fit-
ting) in the presence of the Oersted field, and the red line

corresponds to its linear fit. The error bars were obtained
from the statistical analysis of deduced S in the range of
x =20-50 um and j = —0.7— 4+ 0.7(X10'" A/m?). The
B (fitting) is somewhat different from the B (input). Also, as
shown in the inset, the difference linearly increases with 8.
We attributed this inaccuracy to the slightly noncollinear
magnetization profile along the thickness direction of the
film owing to the spatially distributed Oersted field. We
found from the modeling study that the Oersted field
effect on the beta estimation becomes negligible when
tpy < 15 nm (not shown).

Experimentally, (B) = 0.033 £ 0.012; however, the
careful micromagnetic modeling proves that the Oersted
field effect causes an overestimation of 8. According to the
modeling results, 8 = 0.03 corresponds to 8 = 0.02, so
that the experimental value of B falls into the range
2a-3a.

Next, we discuss the physical meaning of our results.
First, as mentioned above, we used nonlocal magnetization
texture ( = MSSW) so that our approach would give a
more correct estimation of 8 than experiments performed
for a local object ( = DW) that is sensitive to local defects.
Second, there are two mechanisms contributing to nonzero
[B: the spin relaxation [20] and the ballistic spin mistrack
[26]. The B term caused by the former is constant regard-
less of the spatial gradient of magnetization (i.e., DW
width), whereas that caused by the latter becomes signifi-
cant as the DW width gets smaller than the characteristic
length scale of the spin density precession. Since the
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Current-induced modulation of the SW amplitude and the nonadiabaticity S (micromagnetic simulation).

(a) Current-induced modulation of the SW amplitude in the absence of the Oersted field effect (8 = 3«&). (b) Current-induced
modulation of the SW amplitude in the presence of the Oersted field effect (8 = 3a). The solid triangles and open squares represent
the case of forward propagating SWs ( + k) and backward propagating SWs ( — k), respectively. The black and red symbols represent
the case of the detection position x = 20 and 40 um, respectively. (¢) Comparison of the current-induced modulation of the SW
amplitude evaluated from the subtraction method as Eq. (S15) (AAgrr, open triangles) and that estimated in the absence of the Oersted
field (A, solid squares) (8 = 3a). (d) B (input) vs B (fitting). The red symbols correspond to the case in the presence of the Oersted
field effect, and the solid line corresponds to slope = 1 meaning B(input) = B(fitting). The inset shows the difference of B (input) and

B (fitting).

spatial gradient of MSSW is much smaller than that of a
typical DW, we are able to exclude the contribution of the
ballistic spin mistrack. Thus, our result (8 = 2« to 3«)
indicates that the 8 term caused by the spin relaxation is
of the order of the damping constant, consistent with
theories [27].

The present approach of real-time monitoring of the SW
propagation has a clear advantage in that several subtle
effects such as the Joule heating and edge roughness of
devices are presumably less serious than in the DW experi-
ments. Another advantage of the present time-domain
experiments of propagating spin wave spectroscopy lies in
that we can simultaneously determine P, «, and S in a
single series of experiments. As the SW is inherent in
every magnetic system, this method would give a value of
[ for any magnetic material, even if the DW motion would
not be electrically induced. By improving the resolution of
propagating spin wave spectroscopy to determine SW am-
plitude, it could serve as a standard tool to estimate the
above three parameters governing the STT physics. A sys-
tematic study for different materials to compile these pa-

rameters could help to elucidate the microscopic origin
of spin transfer dynamics and to explore new efficient
spintronic devices and techniques, such as the SW amplifi-
cation in materials with appropriate P, &, and 3.
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