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Spin pumping driven by bistable exchange spin waves is demonstrated in a Pt/Y;Fes0;, film under
parametric excitation. In the Pt/Y;FesO;, film, the spin pumping driven by parametric excitation
selectively enhances the relaxation of short-wavelength exchange spin waves, indicating strong coupling
between the exchange spin waves and spin currents at the interface through efficient spin transfer. The
parametric spin pumping, furthermore, allows direct access to nonlinear spin wave dynamics in
combination with the inverse spin Hall effect, revealing unconventional bistability of the exchange

spin waves.
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Nonlinear phenomena have been essential for exploring
physics and technology in condensed matter. Nonlinear
dynamics is ubiquitous in nature, including mechanical
[1], optical [2], and magnetic [3] systems. This plays a
significant role also in the field of spintronics, where
magnetization dynamics is coupled with spin currents.
The coupling between dynamical magnetization and spin
currents gives rise to the generation of spin currents from
precessing magnetization in nonmagnetic/ferromagnetic
junctions: the spin pumping [4-13]. In particular, the
spin pumping in metal/magnetic insulator junctions offers
a route for exploring nonlinear spin physics owing to the
exceptionally low magnetic damping.

Due to the nonlinearity of magnetization dynamics,
parametric excitation of dynamic magnetization is possible
without fulfillment of ferromagnetic resonance (FMR)
conditions, provided that the amplitude of a pumping
microwave magnetic field £ is large enough to overcome
the spin wave relaxation. Recent studies have revealed that
the parametrically-excited, short-wavelength spin waves
drive the spin pumping in metal/magnetic insulator junc-
tions [14-16]; spin waves parametrically excited by a
microwave in the magnetic insulator induce a spin current
in the adjacent metal, giving rise to an electric voltage
through the inverse spin Hall effect (ISHE) in the metal.
Thus the spin pumping allows us not only to generate spin
currents in a wide range of materials [10,17] but also to
explore interaction between spin currents and dipolar or
exchange spin waves using the ISHE [14-16,18].

In this Letter, we demonstrate spin pumping driven by
bistable exchange spin waves. We generate two types of
parametric spin waves, small-wave-vector, dipolar-
exchange spin waves and large-wave-vector exchange
spin waves, through three-magnon splitting by controlling
the strength of an external static magnetic field. The
exchange spin waves are found to couple strongly with
spin currents through efficient spin transfer due to the
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spin pumping in a metal/magnetic insulator junction.
Furthermore, using the spin pumping driven by the
parametric spin waves in combination with the ISHE, we
found that only exchange spin waves show hysteresis with
respect to an external magnetic field and microwave
excitation power, demonstrating bistable excitation of
spin waves due to a negative nonlinear damping.

The sample used in this study is a Pt/La-substituted
Y;FesO;, (Pt/La:YIG) bilayer film. The single-crystal 2 X
2 mm? La:YIG (111) film with a thickness of 2 wm was
grown on a Gd;Gas;0, (111) substrate by liquid phase
epitaxy, where La was substituted to match the lattice
constant between the film and the substrate. The 10-nm-
thick Pt layer was then sputtered in an Ar atmosphere on
the top of the film and two electrodes are attached to the
edges of the Pt layer to detect a spin current generated by
the spin pumping; a spin current generated by the spin
pumping is converted into an electric voltage V through the
ISHE in the Pt layer [19-23]. Here, for the measurement,
the Pt/La:YIG film was placed at the center of a TEg,
cavity, where a microwave with the frequency f =
9.44 GHz exists. The background voltage V, was sub-
tracted from the measured voltage V: V=V — V,. An
external magnetic field H was applied along the film plane
perpendicular to the direction across the electrodes. All
measurements were performed at room temperature.

In Fig. 1(a), we show the V signals measured for the
Pt/La:YIG film at P = 50 and 200 mW microwave excita-
tion powers. Figure 1(a) shows that a voltage signal appears
around the ferromagnetic resonance (FMR) field Hpyr ~
260 mT. This is the electric voltage induced by the ISHE
and spin pumping driven by the uniform magnetization
precession [15]. Notable is that an additional V signal
appears far below the FMR field (see H ~ 130 mT) only
for P = 200 mW. This additional voltage signal is induced
by the spin pumping driven by parametric spin wave exci-
tation [15,16]. Spin waves with the wave vector of k,, # 0
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FIG. 1 (color online). (a) Field H dependence of an electric
voltage V at microwave excitation powers; P = 50 and 200 mW
for the Pt/La:YIG film. (b) The spin wave dispersion for the
Pt/La:YIG film at the parametric excitation condition. Here,
MSSW and BVMSW represent magnetostatic surface spin waves
and backward volume magnetostatic waves, respectively. (c) The
square root of the threshold power Py for the La:YIG and
Pt/La:YIG films obtained from the microwave absorption signal.

can be excited through a three-magnon splitting process;
when the microwave magnetic field with frequency wo =
2 f is applied perpendicular to the static magnetic field H,
a pair of modes with the wave vectors of k, and —k , are
excited parametrically via a k = 0 virtual state when a pair
of modes are fed sufficient energy to overcome the dis-
sipation, i.e., when the excitation microwave power P
exceeds the threshold power Py, [see Fig. 1(b)] [24-27].
The energies of the parametrically excited spin waves, wk,
and w_,, are (/2 because of the energy conservation
wy = wg, T w_g, and wg, = g,

The spin pumping from parametrically excited spin
waves strongly affects their damping. Figure 1(c) shows
the H dependence of Ptlh/ ? for the Pt/La:YIG film and a La:
YIG film, where the Pt layer is missing. Here, the spin-
wave damping is proportional to the square root of the
threshold power Ptlh/ 2 of parametric excitation [27]. Ptlh/ 2
was obtained not by the voltage measurements but by
monitoring the microwave absorption signal to compare
Py, for the Pt/La: YIG film and that for the La: YIG film; we
measured the microwave absorption signal using a field
lock-in technique [15] and defined Py as the minimum
microwave power at which the absorption signal becomes
sufficiently larger than the noise [28]. In Fig. 1(c), no
difference is found in the threshold values for the
Pt/La:YIG and La:YIG films in the gray area. This shows
that the applied microwave power is identical for these
films. In contrast, notably, the threshold values are in-
creased by attaching the Pt layer in the blue area, indicating
that the spin-wave damping is enhanced in this field range.

Notable is that, in the gray and blue areas, different
types of spin waves are excited. These spin waves have
been assigned to small-wave-vector k, ~5 X 10* cm™!
dipolar-exchange spin waves with 0kp ~0—90° (the gray
area) and large-wave-vector k, ~ 3 X 10° cm ™! exchange
spin waves with O, ~ 45° (the blue area), where O, is the

angle between the external magnetic field H and the wave
vector k, of the spin waves [29,30].

The above experimental results suggest the strong cou-
pling between the short-wavelength exchange spin waves
and spin currents through the spin pumping. The spin
pumping is known to enhance the relaxation of uniform
magnetization precession, or the k = 0 mode, because the
spin-current emission from a ferromagnetic film deprives
the magnetization of the spin-angular momentum, giving
rise to an additional damping [4,6]. In the Pt/La:YIG film,
however, we found that the change of the Gilbert damping
« due to the spin pumping is negligibly small by compar-
ing the FMR spectra for the La:YIG and Pt/La:YIG films.
This is attributed to the thick, 2 um, La:YIG layer, since
the relaxation enhancement is inversely proportional to the
thickness of the ferromagnetic layer [6]. The experimental
result shown in Fig. 1(c) indicates that this is also the case
for the dipolar-exchange spin waves; the relaxation of the
dipolar-exchange spin waves is insensitive to the spin-
current emission. In contrast, the exchange spin waves
with 6, ~ 45° excited through the three-magnon interac-

tion may tend to localize near the interface in the length
scale of 1/ k, ~ 100 nm because of the large-wave-vector
k,. This induces efficient transfer of spin-angular momen-
tum from the exchange spin waves to spin currents at the
Pt/La:YIG interface, giving rise to significant enhance-
ment of the relaxation.

The exchange spin waves further show a nontrivial
feature: bistability. Figure 2(a) shows the V signals mea-
sured at P = 200 mW by sweeping the external magnetic
field from 60 to 160 mT (the red dotted curve) or from 160
to 60 mT (the black solid curve). In Fig. 2(a), a “jump” in
the V spectrum is observed around H,, = 85 mT, when H
is increased from 60 mT. By decreasing H, the ISHE
voltage shows hysteresis; the “jump” field, H,, and
H yown» depends on the history of the field sweep as indi-
cated by the black and red arrows, demonstrating bista-
bility of the parametrically excited spin waves. The V
signals at different microwave excitation powers are shown
in Fig. 2(b). Figure 2(b) shows systematic variation of the
jump fields H,, and Hgqyy [see also Fig. 2(c)]. The differ-
ence between H,, and Hyown, AH = Hy, — Hyoyp in-
creases with P [see Fig. 2(d)], a feature similar to the
foldover measured at FMR [31]. However, the origin of
the bistability of the parametrically excited spin waves is
different from that of FMR. The bistability of FMR is
induced by the reduction of a demagnetization field due
to high power excitation; the bistability appears in the field
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FIG. 2 (color online). (a) H dependence of V for the
Pt/La:YIG film at P =200 mW. The red dotted curve was
measured with increasing H (up sweep). The black solid curve
was measured with decreasing H (down sweep). (b) The hys-
teresis of V with respect to H measured at different microwave
excitation powers for the Pt/La:YIG film. (c) P dependence of
H,, and Hggyyp, Where Hy, and Hg,,y,y, Tepresent the “jump” field
of V for the up sweep and down sweep, respectively. (d) P
dependence of AH = Hy, — Hyoun-

range where the number of excited magnons is large
enough to change the resonance condition [32]. Thus
bistability of parametrically excited spin waves is also
expected to appear for fields where V is large, i.e., for
dipolar-exchange spin waves, which is in contrast to the
observation: bistability of the exchange spin waves. Here,
the Pt layer is not essential for the bistability; bistable
states appear also in the La: YIG film, which was confirmed
by monitoring the microwave absorption signal.

We further show the evidence that bistable states appear
only for the exchange spin waves. Figure 3(a) shows the V
signals measured with increasing P (the red open circles) or
decreasing P (the black solid circles) for different external
magnetic fields H. Clear bistable states are observed at H =
84, 94, and 96 mT. In contrast, at higher magnetic fields, 120
and 150 mT, we found no hysteresis in the V signal. As
shown in Fig. 3(a), the appearance of the bistable state is
irrelevant to the threshold powers; the external magnetic
field strength is essential for the bistability. The width of the
hysteresis AP = Py, — Pyown [see Fig. 3(a) for 84 mT] for
different external magnetic fields H is plotted in Fig. 3(b).
Figure 3(b) shows that the bistable state appears only in the
magnetic field range of 80-100 mT, where large-wave-
vector exchange spin waves are excited [see Fig. 1(c)].

The observed bistability can be attributed to a negative
nonlinear damping of parametrically excited spin waves;
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FIG. 3 (color online). (a) V as a function of P for the
Pt/La:YIG film at H = 80-150 mT. The red (black) circles
were measured with increasing (decreasing) P. (b) H depen-
dence of the width of the hysteresis AP = Py, — Pyown, Where
Pp(gown) denotes the microwave power where V jumps as shown
in the V data at H = 84 mT. The inset shows the H dependence
of Vp, . where Vp represents the magnitude of the electric

voltage at Py,. (c) AP dependence of Ve,

the damping of these spin waves decreases with increasing
the number ng,» ankp/ankp < 0, where Mk, is the damp-
ing of the parametrically excited spin waves. The damping
of a spin wave with a negative nonlinear damping can be
expressed as Mk, = Mo ~ Mk, The negative nonlinear
damping is negligible below P, when P is increased from
0, since ny, is negligibly small in this situation. Thus by
increasing P, parametric spin waves are excited above the
threshold for a system without the negative nonlinear
damping [32] Py, = (Wk,,/Gk,,)2 = (”ro/Gk,,)zv where
G, is the coupling parameter. In a system without the
negative nonlinear damping, ng, = 0 at Py, [26]. This
situation changes drastically by taking into account the
negative nonlinear damping; assuming the relation
between ng, and P above threshold power Py as
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ng, = noy/P — Py, we find ny =0 and 2ngmomy/
(Gi,} +n%n%) at P.,; a bistable state of the parametric

spin waves appears at P,. Since the existence of the
parametric spin waves reduces their damping when
n; # 0, the threshold power when P is decreased from
Pup, Paown=(1x,/Gy,)?, is smaller than P, and thus
hysteresis appears in the V signal.

The negative nonlinear damping arises from a three-
magnon confluence process, where a parametrically ex-
cited spin wave with the wave vector k, is annihilated
together with a thermal spin wave with k|, creating another
thermal spin wave with k,: k, +k; =k, and wg, +
wy, = wy,. The damping of the parametrically excited
spin waves due to this three-magnon confluence process
is expressed as [33]

’Tlﬁp & 4Wf(nkl - nkz)ﬁ(kp + kl - k2)
X 6(601(17 + a)kl - wkz)dkldkz, (1)

where ny  and ny, are the number of thermal spin waves with
the wave vector of k| and k,. When ny, and ny, are close to
their thermodynamic equilibrium values, 7y and 71y, the
damping due to the three-magnon confluence process can
be expressed as M, = c(iy, — ny,) = nf(p, where ¢ is a
proportionality constant; the difference in the thermody-
namic equilibrium number of the thermal spin waves leads
to a positive linear damping. However, the three- magnon
confluence process increases ny, and reduces ny . Thus, this
process reduces ny, — ny,, whereas relaxation processes of
the thermal spin waves tend to return this difference to the
thermodynamic equilibrium value. This competition is ex-
pressed as rate equations, 7y, = — 9y, (g, — i) — nﬁ,,"k,,
and ny, = =y, (ng, —ig,) + Mk, Mk, In the equilibrium
condition, 7y, =y, =0, when cmy (9 +m)) <1,
the damping of the parametrically excited spin waves due
to the confluence process is given by nf(p = n{(p — nﬁpnkp,
where 7% = [nf(pc(n;ll + m,))]. The second term repre-
sents the negative nonlinear damping. For the confluence
process of parametrically excited spin waves with small & ,,
k and k, must be very large due to the energy and momen-
tum conservation laws. However, the damping of spin waves,
Mk, and 7y, , increases with increasing the wave vector; the
negative nonlinear damping is inefficient for small k,, spin
waves, which is consistent with the experimental observa-
tion; bistability appears only for the large-wave-vector ex-
change spin waves.

Figure 3(c) shows the relation between the magnitude of
the electric voltage at Pup, Vpup, and the width of the
hysteresis AP. This result indicates that the decrease of
AP with decreasing H below 90 mT shown in Fig. 3(b) is
due to the reduction of Vpup, or the number of parametri-
cally excited spin waves at P,,. The origin of this reduction

is the suppression of the negative nonlinear damping. The
negative nonlinear damping can be suppressed for large &,
spin waves due to the three-magnon splitting process,
where a parametrically excited spin wave with k, splits
into two thermal spin waves with k; and k,: k, =k, + Kk,
and wg, = wg, t+ wg,, since the splitting process leads to
a positive nonlinear damping [33]. This process is impor-
tant only for sufficiently large-wave-vector spin waves; the
splitting process is allowed for k, > k,, because of the
energy and momentum conservation. Here k,, is of the
order of 10° cm™! [33], indicating that the splitting process
is essential for exchange spin waves. In the present system,
the minimum wave vector k,, is obtained from the relation
wy, = 2wy, s, for the approximated dispersion relation
[34] i = yH + D + (1/2)y(4mM,)sin*6, with 6, =

/4 as k,, = \Jy(4H + 47M,)/2D. This indicates that the
minimum wave vector k,, decreases with decreasing the
external field H, whereas the wave vector of parametrically
excited spin waves k, increases with decreasing H [see
Fig. 1(b)]; the wave vector of parametrically excited spin
waves k, exceeds k,, below 90 mT, which suppresses the
negative nonlinear damping through the three-magnon
splitting process.

In summary, we demonstrated strong coupling between
spin currents and short-wavelength exchange spin waves at a
Pt/Y;FesO;, interface using parametric excitation. This
strong coupling is responsible for the spin pumping driven
by parametrically excited spin waves, which, in combination
with the inverse spin Hall effect, allows direct access to
bistable states of the exchange spin waves. Further studies,
such as time evolution of the bistable states for different
fields and microwave powers, will provide crucial piece
of information for understanding the bistability. Thus, the
combination of the inverse spin Hall effect and spin
pumping driven by parametric spin waves promises
a significant progress for understanding the physics of non-
linear spin-wave dynamics and is of crucial importance for
further development of spin-wave-based spintronic devices.
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