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Spin Pumping Driven by Magnon Polarons
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We report the observation of a resonant enhancement of spin pumping induced by magnon-phonon
coupling at room temperature. We show that the spin pumping driven by microwave parametric excitation
is enhanced, compared to its purely magnonic value, when the microwave excites dipole-exchange
magnons in the proximity of the intersection of the uncoupled magnon and phonon dispersions. This
observation is consistent with a model of the spin pumping driven by hybridized magnon-phonon modes,
magnon polarons, where the spin-pumping efficiency depends on the relative scattering strengths of the

magnons and phonons in a magnetic insulator.
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The coupled dynamics of magnetic and lattice waves
(magnons and phonons) was first investigated more than
half a century ago [1]. The coupling between magnons and
phonons stems from spin-orbit, dipole-dipole, and
exchange interactions in magnetic crystals [2]. The strength
of this coupling is maximized in the proximity of the
intersection of the uncoupled magnon and phonon dis-
persions (see Fig. 1). In the intersection region, the normal
modes of the system are no longer either purely magnetic or
elastic, but are admixtures of both properties; the coupling
gives rise to the formation of hybridized magnon and
phonon modes, called magnon polarons [3,4].

Although the magnon-phonon coupling can often be
ignored, this coupling has recently been shown to play a
crucial role in spintronic and magnonic phenomena [6-9].
Recent experimental and theoretical studies have revealed
that the spin Seebeck effect (SSE), the generation of a spin
current as a result of a temperature gradient, can be
enhanced or suppressed by the magnon-phonon coupling,
depending on the relative scattering strengths of the
magnons and phonons in a magnetic insulator [10,11].
The hybridization also plays an essential role in the
thermalization of parametrically excited magnons; an
accumulation of magnon polarons in the spectral region
near the intersection has been observed [12]. More recently,
the direct evidence of spin transfer from coherent magnons
generated by a microwave into phonons has been obtained
from wave-vector-resolved Brillouin light scattering [13].
These findings shed new light on the magnon-phonon
coupling, leading to a revival of interest in the coupled
dynamics of magnetic and lattice waves [8,14—-16].

In this Letter, we report the observation of a resonant
enhancement of the spin pumping induced by the magnon-
phonon coupling. The spin pumping refers to the gener-
ation of a spin current from dynamical magnetization
[17-34]. We demonstrate that a spin current pumped from
a magnetic insulator Y;FesO;, (YIG) shows an anomaly
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under microwave parametric pumping. The parametric
pumping process involves the splitting of microwave
photons from the pumping microwave into pairs of mag-
nons with one-half of the pumping frequency, f,/2, and
oppositely oriented wave vectors k # 0 through the virtual
excitation of the uniform magnons with f;, as shown in
Fig. 1 [2]. The wave vector of the parametric magnons can
be tuned by shifting the magnon dispersion in the momen-
tum-frequency space using an external magnetic field.

FIG. 1. Schematic dispersions of magnons (the dashed curve in
blue), transverse-acoustic (TA) phonons (the dashed line in red),
and longitudinal-acoustic (LA) phonons (the dashed line in
green) in a YIG film with anticrossings due to the magnon-
phonon coupling, where f and k are the frequency and wave
number. The magnon dispersion was calculated for 6, = 45°
where 0, is the angle between k and H. A schematic of the
microwave parametric pumping is also shown; a k = 0 uniform-
mode magnon (the black circle) with the frequency of f, is
excited virtually, or nonresonantly, and splits into a pair of
magnons (the blue circles) with the frequency of f,/2 and
opposite wave vectors k # 0. The wave number of the inter-
section of the uncoupled magnon and LA phonon dispersions is
so small that the magnons with this wave number cannot be
excited by the parametric pumping. The dispersion of the optical
phonons is not shown because the energy of the optical modes is
in the THz range [5], far above the energy of the parametrically
excited magnons.
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We found that the anomaly in the spin pumping appears
when the microwave parametric pumping excites dipole-
exchange magnons in the proximity of the intersection
of the uncoupled magnon and phonon dispersions at room
temperature. This feature is critically different from the
SSE. In the SSE, the magnon-polaron contribution is
pronounced at low temperatures and is observed only
when the magnon and phonon modes are coupled over a
large volume in momentum space [10]. The reason for this
difference is that the SSE is driven by thermally generated
magnons with a wide range of frequencies and wave
vectors [35], whereas the microwave spin pumping is
driven by magnons with a narrow range of frequencies
and wave vectors. Owing to the controllability of the
magnon modes responsible for the spin-current generation,
the magnon-polaron spin pumping promises a way to study
the physics of the magnon-phonon coupling and magnon
polarons in magnetic insulators.

We study the perpendicular parametric spin pumping in
a Pt (7.5 nm)/YIG (28 um) bilayer film, where the numbers
in parentheses represent the thickness. The single-crystal-
line YIG (111) film was grown by a liquid phase epitaxy on
a Gd;GasOq, (111) substrate (a 2 x 2 mm square shape).
On the surface of the YIG film, the Pt layer was sputtered in
an Ar atmosphere. The PY/YIG film was placed on a
coplanar waveguide, where a microwave was applied to
the input of the signal line as show in Fig. 2(a). The signal
line is 160 ym wide, and the gaps between the signal line
and the ground lines were designed to match to the
characteristic impedance of 50 Q. An in-plane external
magnetic field H was applied parallel to the signal line.
Under the magnetic resonance condition, the microwave
creates nonequilibrium magnons in the YIG layer, which
drive the spin pumping. The spin pumping injects a spin
current in to the Pt layer, and the spin current is converted
into an electric voltage V gy through the inverse spin Hall
effect (ISHE) in the Pt layer [21]. To measure the spin
current emitted from the YIG layer using the ISHE, two
electrodes were attached to the edges of the Pt layer. All the
measurements were performed at room temperature.

Figure 2(b) shows pyH dependence of the microwave
absorption intensity P,,, and voltage Vigyg signals mea-
sured with applying a microwave with a frequency of f, =
6.5 GHz and a power of P = 50 and 250 mW. This result
shows that the ferromagnetic resonance (FMR) is excited
around uoH = 140 mT, where we observed the voltage
signals Vigyg due to the ISHE induced by the spin
pumping. At P =50 mW, we observed only the P,
and Vigyg signals due to the excitation of the FMR and
magnetostatic spin waves around yoH = 140 mT [37]. By
increasing the microwave power from P = 50 to 250 mW,
additional P, and Vigyg signals appear far below the FMR
field (40 mT < uogH < 100 mT). These P, and Vigyg
signals are generated by the parametric pumping; the
voltage is generated by the ISHE due to the spin pumping
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FIG. 2. (a) A schematic illustration of the experimental setup,
where H is the external magnetic field and h is the microwave
magnetic field. The microwave absorption intensity P, in the Pt/
YIG film was determined by measuring S,; using a vector
network analyzer (VNA): Py = (A[S1]2/]89]) Pin, where [S9, |
represents the ratio between the incident and transmitted micro-
wave power without the parametric excitation. A|S,;|? is the
change ratio of the transmitted microwave power [36]. (b) Mag-
netic field H dependence of the microwave absorption intensity
P, and ISHE voltage Viggg measured at the microwave
frequency of f, = 6.5 GHz with the power of P =50 mW
(the solid curve in blue) and 250 mW (the solid curve in red).

driven by parametrically excited magnons [29], pairs of
magnons with the frequency of f,/2 and opposite wave
vectors k # 0 [45] (see also Fig. 1). In Figs. 3(a) and 3(b),
we show the yoH dependence of P,,, and Vigyg induced by
the parametrically excited magnons measured at various
excitation powers P.

The difference in the spectral shape of P,,, and Vigyg,
shown in Figs. 3(a) and 3(b), is due to the wave-vector-
dependent spin-pumping efficiency of the parametric mag-
nons [46]. To characterize the spin-pumping efficiency, we
plot k = Vigur/Paps in Fig. 3(c). Figure 3(c) shows that «
changes systematically with pyH. At each P, x jumps
abruptly at a certain field with increasing uoH. The field
where k jumps corresponds to the field where the dominant
magnon mode switches from the exchange to the dipole-
exchange modes [46]. Here, the wave number of the
primary magnons excited by the parametric excitation varies
with ugH [47]. At low poH, only exchange magnons with
k ~ 103 cm™! can be excited, because no states of dipole-
exchange magnons are available at f;, /2. By increasing yoH,
the magnon dispersion shifts in momentum-frequency space,
and above a certain field, dipole-exchange magnons with
k ~ 103-10* cm™! can be excited. Figure 3(c) shows that the
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(a) Magnetic field H dependence of the microwave absorption intensity P, measured at f, = 6.5 GHz with various

excitation powers P. (b) H dependence of the ISHE voltage Vs measured at f, = 6.5 GHz with various P. (c) H dependence of the
spin-pumping efficiency k = Vigyg/Paps at f}, = 6.5 GHz with various P. (d) The two-dimensional plot of Vgyg, as a function of yoH
and P. The dashed curve in red denotes the threshold power of the parametric excitation.

switching field depends on P, which can be attributed to the
above threshold effect [46]. We also note that because of
the higher threshold power of the parametric excitation of
the exchange magnons, only the dipole-exchange magnons
are excited at P = 234 mW.

Figure 3(c) shows that an anomaly appears in the
spin-pumping efficiency of the dipole-exchange magnons.
The overall feature of the result shown in Fig. 3(c) is that «
decreases with poH above the field where x jumps
(ugH > 40-50 mT). In the decreased part of x, where
the dipole-exchange magnons are excited, the magnitude
of x is almost independent of P, which is consistent
with the spin-pumping efficiency of the dipole-exchange
magnons [46]. It is notable that a peak signal appears in
the spin-pumping efficiency « at ygH = 78 mT, as shown
in Fig. 3(c).

The enhanced spin-pumping efficiency x at poH =
78 mT originates from the magnon-phonon coupling in
the P/YIG bilayer. To identify the wave vector of the
magnons excited around puyH = 78 mT, we have calcu-
lated the ugH dependence of the primary excited magnons
at the threshold power by finding k and 6, that minimize the
parametric pumping threshold Ay, (k) = yy/Vy using the
coupled lateral mode theory with the measured threshold
shown in Fig. 3(d) [48]. Here, 6, is the angle between k and
H, yi is the damping of the magnon with the momentum
nk, and Vy is the coupling strength between the uniform-
mode and a pair of £k magnons. Figure 4(a) shows the
field dependence of k and 6, calculated using the saturation
magnetization uoM, = 175 mT and the exchange stiffness
constant D = 1.05 x 107 m?/s for the YIG film [46].
This result shows that the dipole-exchange magnons with
k=~525x10* cm™" and 6, ~45° are primary excited
by the parametric pumping at yoH = 78 mT. Using the
result shown in Fig. 4(a), we show a schematic of the

primary excited mode and the dispersions of magnons and
transverse-acoustic (TA) phonons in Fig. 4(b). This result
shows that only near ygH = 78 mT, the parametric pump-
ing creates magnons at the intersection of the uncoupled
magnon and phonon dispersions, showing that the peak of x
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FIG. 4. (a) The calculated uoH dependence of the wave number
k, and the angle 9, between k and H of the parametrically-excited
magnons under the f, = 6.5 GHz microwave application. The
calculated curves were obtained using poM, = 175 mT, B/A =
2.55, and k.=8.5x10" m~! (for details, see Ref. [48]).
(b) Schematic dispersions of magnons (the curve in blue) and
TA phonons (the line in red) in a YIG film at yoH = 40, 61, and
78 mT. A schematic of the uniform-mode magnon (the black
circle) with the frequency of f, and wave number k = 0 and the
parametrically excited magnon (the blue circles) with the fre-
quency of f},/2 and nonzero wave number k # 0 is also shown.
The highest and lowest branches of the magnon dispersion are
also shown (the curves in gray).
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is associated with the magnon-phonon coupling. The
calculated magnon dispersion at ugH = 78 mT also shows
that the peak of « is irrelevant to the enhanced spin pumping
due to the three-magnon process [37,49,50]. Here, the peak
linewidth of « is around 10 mT [see Fig. 3(c)]. The main
reason for the relatively large linewidth is that the wave
number k, of the primary excited parametric magnons
changes only slightly with pugH in the dipole-exchange
region, as shown in Fig. 4(a). Within the peak linewidth, the
change of the wave number is only around 0.3 x 10* cm™,
which is more than an order of magnitude smaller than the
wave number of the possible hybridized magnon-phonon
mode, ky,, = 5.25 x 10* cm™'. We note that the magnons
excited close to the intersection still possess the hybridi-
zation character, even though the hybridization effect is
suppressed by departing from the intersection point. The
range of the wave number k., + Ak, where the hybridi-
zation character is present depends on the strength of
the magnon-phonon coupling, and Ak, can be around
0.1 x 10* cm™" [51]. We also note that although the para-
metric pumping excites magnons with a narrow range of
wave vectors and energies, the wave vector and energy are
known to be spread slightly by the four-magnon scattering
[52]. Because the range of the wave number of the pumped
magnons within the peak linewidth is comparable to the
range of the wave number where the magnon-phonon
coupling plays a role, the magnon-polaron spin pumping
can be driven in the relatively large magnetic field range.

The magnetic field where the peak of x appears changes
systematically with the microwave pumping frequency f,,
which further evidences that the magnon polarons are
responsible for the enhanced spin pumping. In Figs. 5(a)
and 5(b), we show the normalized spin-pumping efficiency
k = Kk(uoH)/x(uopH = 60 mT) measured at f, = 6.0 and
6.5 GHz, respectively. Both results show that the peak of
the spin-pumping efficiency is suppressed by increasing the
excitation power P, which can be attributed to nonlinear
limiting mechanisms above the threshold of the parametric
excitation, such as the nonlinear damping and dephasing
mechanisms [2]; the nonlinear damping mechanism refers
to the nonlinear increase of the damping of the excited
modes due to magnon-magnon interactions, such as the
four-magnon interaction, and the phase mechanism refers
to the disappearance of the phase correlation between the
pumping and the excited magnons due to the nonlinear
interaction between the magnons. Figures 5(a) and 5(b)
further demonstrate that the magnetic field where the peak
of k appears at f,, = 6.0 GHz is lower than that at f, =
6.5 GHz. To quantitatively discuss the f}, dependence of
the anomaly in the spin-pumping efficiency, we show H
dependence of Ak = k(P) — k(P = 800 mT) in Fig. 5(c),
where the purely magnonic spin-pumping efficiency is
subtracted from k. We define the magnetic field where Ak
is maximized as H ey
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FIG. 5. (a) Magnetic field H dependence of the normalized
spin-pumping efficiency & = k(uoH)/x(uoH = 60 mT) at f, =
6.0 GHz with various P. (b) H dependence of k at f, = 6.5 GHz
with various P. (¢c) H dependence of k(P) — k(P = 800 mT) at
fp =6.0 GHz with various P. (d) f,/2 dependence of the
magnetic field H ., where &(P)—&(P = 800 mT) is maxi-
mized. The solid circles are the experimental data. The solid
line in red was obtained using Eq. (1) with yyM, = 175 mT.

Figure 5(d) shows the f, dependence of H for
the Pt/YIG bilayer. This result is consistent with
the magnon-polaron spin pumping scenario. We
calculate the magnetic field uoH,,, where the parametric
excitation creates the magnon polarons using the
uncoupled magnon and phonon dispersions: f =

1/(27)\/ (DI + yuoH)(DK* + ypoH + (1/2)yuoMy) and
f =c/(2n)k, where y = 1.76 x 10! s=! T=! is the gyro-
magnetic ratio and ¢ is the TA-phonon sound velocity.
For simplicity, we assumed the bulk dispersion relation
for spin waves with 6, = 45°. By solving the coupled
equations of the uncoupled magnon and phonon disper-
sions with f = f,/2, we obtain an approximated relation
between f,/2 and pyH.,,

1 4Df%,7r2
/’tOHmp = E —ypoM, — 2

+ \/16f§,n2 + (y,uOMS)2>. (1)

The solid red line in Fig. 5(d) is the f},/2 dependence of
HoH yp calculated with the TA-phonon sound velocity
of a YIG film, ¢ = 3.9 x 10°> m/s [2]. This result dem-
onstrates that poH ., is the magnetic field poH,,, where
the parametric excitation creates the magnon polarons; the
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spin pumping at poH . is driven by the parametrically
excited magnon polarons (see also Ref. [37]).

The observed enhancement of the spin pumping is
consistent with a model where the spin pumping is
governed by the magnon lifetimes. For simplicity, we
assume that the pumped spin current, or Vigyg, 1S propor-
tional to the total number of the parametrically excited
magnons, 7y, in the YIG layer. In the YIG layer, the
microwave absorption intensity P, is proportional to
ny/ ., where 7, is the lifetime of the parametrically excited
magnons. Thus, the spin-pumping efficiency, defined as
k = Vigue/ Pabs» 18 approximately proportional to the life-
time of the magnon mode responsible for the spin pumping:
k « 7 [53]. This indicates that the observed enhancement
of k can be induced when the lifetime of the hybridized
magnon-phonon mode is longer than the purely magnonic
lifetime. This interpretation of the efficient spin pumping
driven by the magnon polarons is consistent with the model
of the enhancement of the SSE. In the SSE, it has been
shown that if the phonon lifetime is longer than that of
magnons, the magnon-polaron formation leads to the
enhanced SSE due to the longer lifetime of the magnon
polarons [10,11].

In summary, we observed a resonant enhancement of the
spin-pumping efficiency under the microwave parametric
excitation. We demonstrated that the enhancement appears
when the spin pumping is driven by hybridized magnon
and phonon modes: magnon polarons. Because the micro-
wave parametric pumping enables the selective excitation
of the dominant magnon mode with a narrow range of wave
vectors and energies, the spin pumping can be tuned to be
purely driven by the magnon polarons. Thus, the magnon-
polaron spin pumping promises to provide an essential
information for fundamental understanding of the role of
the magnon-phonon coupling in spintronic and magnonic
phenomena.
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