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Spin waves in insulating materials such as Yttrium Iron Garnet (YIG) can be used for signal propagation
and processing using the spin of the electrons rather than transport of their charge. Planar YIG films can be
integrated with silicon technology to realize devices such as tunable filters, frequency selective limiters,
and signal-to-noise enhancers. However, such films suffer from spin-wave damping, which limits their
use in such applications. Here, we show that spin currents in topological insulators (TI) can be used to
reduce spin-wave damping. TI supports surface spin currents, potentially making it an efficient source of
antidamping torque. We show that in a YIG/Bi2Se3 bilayer, the spin-wave damping rate can be reduced
by 60% at a current density of 8 × 105 A/cm2. Furthermore, we show that the damping reduction has a
strong dependence on spin-wave frequency and we demonstrate that this dependence arises from nonlinear
magnon scattering.
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I. INTRODUCTION

Spin waves are coherent oscillations of spin in magnetic
materials and have been used in tunable radio frequency
(rf) filters that are based on Yttrium Iron Garnet (YIG)
[1–4]. Spin waves have also been used for frequency selec-
tive limiters, signal-to-noise enhancers, and phase shifters,
as well as logic operations [2,5–7]. However, damping
remains a key factor in rf electronics that are based on thin
YIG films. For practical rf applications where power han-
dling is critical, thick YIG films (> 1 μm) grown using
liquid phase epitaxy (LPE) are preferred. A great deal of
effort has been put into growing thick YIG films of ultralow
damping [8,9], yet a finite amount of damping in these
films still hinders practical spin-wave applications. One
method to compensate the spin-wave damping is to trans-
fer the angular momentum of spin-polarized electrons to
spin waves [10–15]. In these spin-wave devices, a ferro-
or ferrimagnetic (FM) layer that carries the spin wave is
placed adjacent to a spin current source, typically gener-
ated through spin hall effect (SHE) in heavy metals such

*aryan.n@ieee.org

as Pt or W. In spin-wave devices based on YIG, spin orbit
torque (SOT) takes place at the surface, where electrons
scatter and experience magnetic exchange. Several groups
have achieved a reduction of spin-wave damping rate in
pulsed laser deposition (PLD)- [12,13] and LPE-grown
[10,11,16] YIG using spin currents from Pt.

Here, we utilize a TI layer on a 2.3 µm thick LPE-grown
YIG to reduce the damping rate of magnetostatic surface
spin waves (MSSW) with the device shown in Fig. 1(a).
TI is a special class of material where, in accord with the
time-reversal symmetry (TRS), the spins of the Dirac-like
surface states are locked to their momentum [17–24]. This
results in spin polarized currents at the surfaces whereas
the bulk remains semiconducting and, arguably, less spin
polarized. Since SOT is a surface phenomenon, TI can
potentially be more efficient in providing the antidamping
torque, and thus be more efficient in reducing spin-wave
damping compared with conventional heavy metals. In our
experiments, we choose Bi2Se3 as the TI material with
a thickness of 15 nm to avoid electronic hybridization
between the two surfaces. Although there have been sev-
eral studies on SOT in TI and FM metal layers [25–28],
there have been fewer studies that have demonstrated
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FIG. 1. Amplification of spin waves. (a) Optical image of the spin-wave device. (b) S parameters of the spin-wave device measured
using a VNA. (c) A SG launches a spin wave while a current pulse drives a spin-polarized current in the TI that enhances the spin-
wave signal. (d) The spin currents from TI (with spin polarization σ̂ ) transfer angular momentum to the spin wave with wavenumber
k. Damping is compensated at a critical current density, JC. (e) Spin-wave amplitude is controlled by spin currents from TI measured
at 500 Oe and 3.39 GHz. The data is fitted (red solid line) using Eq. (2) (Inset: amplitude of the spin wave before and after the current
pulse is applied).

interface effects in a YIG/TI system [29,30]. This could
be mostly due to the challenges of growing a high-quality
TI layer on a YIG substrate.

II. EXPERIMENTAL DETAILS

An optical image of the device showing the dimensions
is shown in Fig. 1(a) (for material growths and device
fabrication see Secs. 1–3 in the Supplemental Material
[31–35]). The transducers are shaped in a ground-signal-
type coplanar waveguide (CPW) where both ground (G)
and signal (S) lines, as well as the gap between them, have
a width of 20 μm. The gaps between the transducers and
the gold metal contacts (Lg) and the width of the gold con-
tacts (Lc) are both 40 μm. The length of the TI layer (LTI)
is 60 μm and its width is 320 μm.

Figure 1(b) shows the Scattering- (S) parameters of the
device obtained using a Vector Network Analyzer (VNA)
with the magnetic field oriented along the –x direction and
set to 500 Oe. The S11 parameter, which is observed to
be the same as the S22 parameter, is shown with the dot-
ted blue line and it is indicative of the power absorbed by
the YIG. The S21 is shown with the solid black line and
indicates the transmitted power. In our measurements, due

to the geometry of our device, we observe both volume
spin waves and surface spin waves, also known as Damon-
Eshbach (DE) modes [36]. The S12 (red dot-dashed line)
shows a higher insertion loss because of nonreciprocity of
surface spin waves [37–39].

Next, we drive a current through the TI layer as spin
waves with a frequency of 3.39 GHz at H = 500 Oe are
being continuously excited using a Signal Generator (SG)
with an output power of 4 dBm. Figure 1(c) shows the
schematic of the measurement set up. The amplitude of
the propagating spin wave is measured using an oscillo-
scope, which we also use as a spectrum analyzer [40]. We
use a 1-μs current pulse with a repetition period of 50 ms
to reduce the Joule heating. The Oersted field generated
by the conductive TI layer is calculated to be between 1
to 2 Oe at the highest current densities, which causes an
insignificant change in the resonant frequency. Figure 1(d)
illustrates the concept of using TI for transferring angu-
lar momentum from spin currents to spin waves in YIG.
As spin waves propagate and decay due to the damping
torque (τα), for a given direction of current, the antidamp-
ing torque (τad) caused by the spin currents (with spin
polarization σ̂ ) acts on the magnetization, preventing the
spin-wave amplitude from further decay until it reaches
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the other end of the TI layer. When a current of opposite
direction is driven in TI, the spin polarization of the gener-
ated spin currents is reversed and thus SOT from TI further
attenuates the spin-wave amplitude. The results are shown
in Fig. 1(e). The gain is defined as the ratio of the spin-
wave amplitude when a 1-μs current pulse is applied, AJ ,
over the amplitude before the current pulse is applied, A0.
Figure 1(e) shows gain for positive currents of up to 32%
for a current density of 8 × 105 A/cm2 and an attenuation
of nearly 90% for negative currents of the same magnitude.
The measured amplitudes of the spin wave before and after
the current pulse are shown in the inset in Fig 1(e) using
the black square and red circle markers, respectively. To
analyze the gain of the spin-wave amplitude, we adopt the
method used by E. Padrón-Hernández et al. [11,16] where
the amplitude is expressed as

A(J ) = AJ e−iωt = ck(0)e−iωte−(ηk−αkJ−βk∇T)t, (1)

where ck(0) is the initial spin-wave amplitude with
wavenumber k, ω is the spin-wave angular frequency, ηk
is the spin-wave damping rate, αk is the parameter related
to SOT, and J is the current density that is driven through
the TI layer. βk is the parameter proportional to the Spin
Seebeck Effect (SSE) and ∇T is the longitudinal temper-
ature gradient across the film [16], which is proportional
to J 2, which is considered to be small in our experiment
since the pulse duration and duty cycle are very low (see
Sec. 4 of the Supplemental Material [31]). The gain G can
be determined by

G(J ) = A(J )

A(0)
= ea(J/JC+∇T/∇TC), (2)

where the prefactor a is equal to ηkLTI/νg with νg being
the group velocity. JC is the critical current density and
is equal to ηk/αk. Based on this formulation, JC is essen-
tially an extrapolated parameter and it is the current density
at which the damping of the spin waves is entirely com-
pensated [11,12,16,27,41–45]. Similarly, ∇TC is also an
extrapolated parameter, equal to ηk/βk, and is defined as
the temperature gradient at which the damping is com-
pensated [16]. It should be noted that since there are gaps
between the two transducers and the TI contacts that are
equal to 2 × (Lg + Lc), the spin current from the TI does
not exert any torque on the spin waves within these gaps
[see Figs. 1(a) and 1(d)]. Even if we use current densities
equal to JC, there will still be losses in this gap that we
could not compensate for due to our device geometry. The
losses under the gold contacts regions are even more sig-
nificant because of the changes in the surface conductance
and boundary conditions [39,46]. To be able to estimate JC,
the group velocity needs to be determined, which requires
an accurate estimation of the wavenumber k at the operat-
ing frequency. We will return to evaluating JC later in this
paper.

We repeat the measurements done in Fig. 1(e) for fre-
quencies ranging from 3.15 GHz to around 3.4 GHz.
Figure 2(a) shows the spin-wave spectrum when no cur-
rent is applied to the TI layer, that is, J = 0 A/cm2. In
Fig. 2(b), we show examples of the gain obtained at dif-
ferent frequencies. The figure clearly shows that the gain
at the highest current density changes with frequency.
To further illustrate this frequency dependence, we plot
the maximum gain in dB obtained at the extreme cur-
rent density values, ±8 × 105 A/cm2, vs frequency in Fig.
2(c). The red curve with the upward triangle data points
shows the gain for +8 × 105 A/cm2 and the blue curve
with the downward triangle data points shows the gain for
−8 × 105 A/cm2. At frequencies close to 3.38 GHz, we
observe a peak in the gain. The total gain is comprised of
two components, one is due to SOT, the other due to SSE,
which is an even function with respect to the current. To
separate the SOT and the SSE contributions in the gain,
we fit the data points in Fig. 2(b) for all frequencies to the
exponential term in the gain equation [Eq. (2)]. We remove
the a∇T/∇TC term in the exponent that is proportional to
J 2, which corresponds to Joule heating that results in SSE,
and only plot the gain in dB that is linearly dependent on J
in Fig. 2(d); we call this component of the gain Godd. Godd
is maximized at 3.38 GHz, roughly 100 MHz above the fre-
quency of maximum spin-wave transmission, and the gain
is almost zero elsewhere within the pass band.

(a) (b)

(c) (d)

FIG. 2. Dependence of the gain on spin-wave frequency. (a)
Spin-wave amplitude measured using an oscilloscope/spectrum
analyzer with the external magnetic field set to 500 Oe. (b) Dif-
ferent spin-wave frequencies show different amounts of gain. The
markers show experimental data and the solid lines are the fits to
Eq. (2). (c) The dependence of total gain on spin-wave frequency
is illustrated by plotting the maximum total gain in dB. The figure
shows that the gain is more significant for a narrow range of fre-
quencies above the maximum transmission frequency. (d) The
gain due to SOT vs the spin-wave pass band.
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III. RESULTS AND DISCUSSION

In Fig. 3, we plot the total gain that is measured for
H = 450, 500, 550, and 900 Oe. We see that in the cases
of 450, 500, and 550 Oe, the gain is maximized for a nar-
row frequency range above the center of the pass band,
while in the case of 900 Oe, no significant gain is observed
even at frequencies 400 MHz above the maximum trans-
mission frequency. We note that the frequency differences
between the peak of maximum transmission and maxi-
mum gains we observe are different for the three magnetic
fields, which shows that neither an Oersted field nor a field-
like torque is the reason behind the shift in frequency. To
understand the dependence of gain on spin-wave frequency
and the external magnetic field, we use the VNA to mea-
sure the S21 parameter for magnetic fields ranging from
400 to 600 Oe with steps of 2 Oe [see Fig. 4(a)]. The
color scale represents the magnitude of the S21 parame-
ter in dB. Therefore, a vertical cut of this color plot, such
as the one along the solid black line at 500 Oe, is a sin-
gle measurement by the VNA shown in Fig. 1(b). One
main feature in this figure is the red triangle that starts
at 450 Oe and around 3 GHz. This region of the plot is
indicative of high spin-wave transmission. Another set of
features are the streaks that are parallel to the white dashed
lines. These streaks are spin waves with unique wavenum-
bers that couple most efficiently to the transducers [47].
Therefore, by fitting the dispersion relation to these lines
and using the thickness of YIG and an estimate value

(a) (b)

(c) (d)

FIG. 3. Dependence of the gain enhancement on an external
magnetic field. Spin-wave pass band spectrum (black circles)
and total gain of spin-wave amplitude in dB (red triangles) with
a current density of 8 × 105 A/cm2 at 450 Oe (a), 500 Oe (b),
550 Oe (c), and 900 Oe (d). The data shown in (b) is the same as
that in Figs. 2(a) and 2(c) (red upward triangles) for comparison.
The total gain has a peak at some frequency above the maximum
transmission frequency (a–c), whereas the total gain in (d) does
not show any enhancement for frequencies 400 MHz above the
maximum transmission frequency.

(a) (b)

FIG. 4. Three-magnon scattering in YIG. (a) Experimental data
showing the S21 parameter for 500 Oe. The white dashed line is
a spin wave with a wavenumber that crosses Fth ≈ 3.38 GHz.
The four black arrows highlight a line that separates the linear
and nonlinear regions. For the spin wave with wavenumber cor-
responding to the white dashed line, beyond the magnetic field
Hth (solid black square), three-magnon scattering is suppressed
and spin-wave transmission increases. (b) The dispersion curves
for spin waves propagating at angles ranging from 0° to 90° with
respect to H. The inset shows the scenario when a spin wave
propagating at 90° (green rectangle) scatters to two other spin
waves (blue circle).

of MS from superconducting quantum interference device
(SQUID) magnetometry, we can find the wavenumber for
each individual frequency at a given magnetic field. Using
the wavenumber, we can determine the group velocities
and the critical current densities.

As mentioned above, the red triangular feature in
Fig. 4(a) represents high-spin-wave transmission. For a
spin wave of a unique wavenumber, such as the one
represented with the white dashed line, the spin-wave
transmission increases once a threshold magnetic field and
frequency, Hth and Fth, respectively, are reached, in this
case 500 Oe and about 3.38 GHz. This threshold mag-
netic field increases for higher wavenumbers and it always
lies along the line marked with the four black arrows. This
behavior allows for the assumption that three-magnon scat-
tering [48–52] is being suppressed above the threshold
field, thus enhancing the spin-wave transmission. This can
be understood using Fig. 4(b), which shows the dispersion
curves for spin waves excited at 500 Oe and propagat-
ing at angles θ ranging from just above 0° to 90° with
respect to the external magnetic field H. For spin waves
that are excited at a frequency and a wavenumber repre-
sented with the green square, they propagate at 90° at low
but finite k values. For such spin waves with frequency
f, there exist states at wavenumber k′ with a frequency of
approximately f /2 (blue circle) to which they can scatter.
For the energy and momentum to be conserved, the spin
wave also scatters to another state with a frequency close
to f /2 with a negative wavenumber k′′, not shown in Fig.
4(b), where �k = −→

k′ + −→
k′′ . In the scenario shown in Fig.

4(b), the only states the spin waves can scatter to are the
ones at the very bottom of the dispersion curve of spin

034046-4



CONTROL OF SPIN-WAVE. . . PHYS. REV. APPLIED 11, 034046 (2019)

waves propagating almost parallel to the magnetic field.
For magnetic fields higher than Hth, this scattering process
is suppressed since there will be a frequency offset in all
the curves along the positive frequency direction and the
condition for energy conservation can no longer be satis-
fied. Since three-magnon scattering is a nonlinear process,
it can be identified by comparing the measured insertion
losses at different input powers. The power dependence
of the S21 parameter is measured and is shown in Sec. 5
of the Supplemental Material [31,53]. To further confirm
that this feature stems from three-magnon scattering, we
use the dispersion relation to estimate the frequencies and
magnetic fields at which three-magnon scattering occurs
(see Sec. 6 of the Supplemental Material [31]). Based
on these results, we can conclude that the line marked
by the four black arrows is the boundary between linear
and nonlinear dynamics. It should be noted that the gain
curves we observe in Figs. 2(d) and 3 are not artifacts
caused by the Oersted field, which may shift the entire
spin-wave spectrum. Near the three-magnon boundary, this
effect may shift the spin waves from a low transmission
nonlinear regime to a high transmission linear regime. If
this is the case, one would observe a pair of gain peaks
with opposite polarities on both sides of the maximum
transmission frequency, which are not present in our exper-
iments. Additionally, the Oersted field-induced spin-wave
spectrum shift is estimated to be below 5 MHz, which is
much narrower than the gain peak. This again rules out
the Oersted field as the cause for our observed gain curve.
The same results are also observed in devices with different
geometries.

The important finding of this study is that the maximum
gain measured at different magnetic fields occurs at their
corresponding Fth and on the boundary between linear and
nonlinear dynamics. Thus, three-magnon scattering is the
reason behind the frequency dependence of the gain. This
hypothesis is supported by the input power-dependent gain
measurements (see Sec. 7 of the Supplemental Material
[31]), where the maximum gain occurring on the boundary
between linear and nonlinear regimes reduces at decreas-
ing input powers and becomes negligible at low input pow-
ers with suppressed three-magnon scattering. Spin waves
at a frequency Fth scatter to a very small phase space
located at the bottom of the approximately 0° propaga-
tion angle dispersion curve in Fig. 4(b). A high population
of low-energy magnons induced by the SOT can suppress
and ultimately even reverse the three-magnon scattering
process that drains the low k modes. Such a reversal is
expected at the onset of the SOT-induced condensation
of magnons at the dispersion minima. The tendency of a
pumped magnon gas to condense at the finite-momentum
dispersion minima has been previously established in the
case of parametric pumping [54–56].

Finally, we determine the critical current density, JC,
for the three magnetic fields where we measure maximum

FIG. 5. The change in spin-wave damping rate, 
η (orange
squares) and critical current density, JC (black circles), for differ-
ent external magnetic fields. At 450 Oe, the control of spin-wave
damping rate is the most efficient where at 8 × 105 A/cm2 60%
of the damping rate is reduced. This is also shown in the critical
current density data where the value of JC is lowest at 450 Oe.
The gray hexagonal markers are the critical current densities
when group velocities are recalculated by taking the effect of
the metal lines on the dispersion relationship into account. This
increases JC at 450 Oe to 1.5 × 106 A/cm2.

gain. As mentioned before, we use the parallel streaks
in Fig. 4(a) and the dispersion relation to determine the
wavenumber at the frequencies showing maximum gain
as accurately as possible (see Sec. 8 of the Supplemen-
tal Material [31,39]). The results are shown in Fig. 5,
where we also show a critical current density of 1.19 ×
106 A/cm2 at 450 Oe with a 60% reduction in the damp-
ing rate, 
η, at a current density of 8 × 105 A/cm2. By
taking the effect of the TI metal contacts on the disper-
sion relationship into account [34] we calculate JC to be
1.5 × 106 A/cm2. This is smaller than that observed in the
YIG/Pt bilayer [11], which is just above 2.16 × 106 A/cm2

at 89 Oe, and is much smaller than values measured in
micrometer-wide YIG films deposited using pulsed laser
deposition (PLD) [13]. The results also indicate that the
SOT process becomes less efficient at higher fields and
more current is required to overcome the damping.

IV. CONCLUSIONS

We demonstrate the reduction of spin-wave damping in
YIG using spin currents from an adjacent TI layer. The
spin-wave amplitude is amplified by 32% and by isolat-
ing the contribution of SSE, a gain due to SOT of 1.3 dB
equivalent to a 16% gain in amplitude is achieved. Even
if Bi2Se3 has a semiconducting bulk and thus the spin cur-
rents may have bulk contributions, the overall gain from
both surface and bulk states is still higher than the 5%
achieved in PLD YIG at the same current densities [13].
Due to three-magnon scattering, the frequency at which
this peak gain is observed is above the pass band. The
results indicate that the torque combined with the three-
magnon scattering process leads to an efficient mechanism,
which reduces spin-wave damping. In order to achieve
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gain at the center frequency with the least amount of inser-
tion loss, physical considerations such as three-magnon
scattering and device geometry need to be considered and
optimized. By uncovering these physical contributions and
demonstrating the first YIG/TI system for control of spin-
wave damping, this work paves the way for the utility of
TI-produced SOT on magnetic insulators.
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