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Spin-wave cochlea and nonlocal magnetic resonance in a magnet
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Spatial dependence of magnetization dynamics in a Y;FesO,, film exposed to a magnetic-field gradient
has been investigated by measuring local spin pumping and inverse spin-Hall effects. The result shows that,
when microwaves are irradiated locally, magnetization precession is excited at a far distant position from the
microwave irradiation position. By measuring the field and microwave frequency dependence, we found that
the observed magnetization dynamics is attributed to nonlocal resonance of magnetization as well as the spatial
change in the spin-wave dispersion under the magnetic-field gradient, which can be applied to realizing an innate

microwave spectrometer: a spin-wave cochlea.
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Our ears function as a highly sensitive spectrometer for
sound waves. The key component for the sound-wave fre-
quency resolution is a cochlea in our ears [1,2]. In a cochlea,
as shown in Fig. 1(a), the local resonance frequency of sound
waves is spatially modulated due to the spatial change in
the elastic modulus along the spiral of the cochlea. There-
fore, higher-frequency (lower-frequency) sound waves cause
the maximum vibration at the inner surface of a shallower
(deeper) position of the cochlea where they locally satisfy the
resonance condition. By converting the vibration at different
positions of the cochlea into different nerve signals, our ears
distinguish sound frequencies.

In magnetic materials, collective precession motion of lo-
cal magnetization propagates as waves, called spin waves
[3-5]. The notable feature of spin waves is their high con-
trollability of the resonance frequencies in terms of external
magnetic fields [6-8]. Here, the controllability enables us to
engineer the functionality of a cochlea into magnetic mate-
rials. By spatially modulating the resonance frequencies of
spin waves by using nonuniform magnetic fields as shown in
Fig. 1(b), the amplitude of spin waves with different frequen-
cies could be enhanced at different positions.

Here, we demonstrate that a ferrimagnetic insulator
Y;3FesOp; (YIG) under a magnetic-field gradient can sort spin
waves by frequencies, which can be used as spin-wave and
microwave spectrometers, a spin-wave cochlea. We show that
the effect originates from nonlocal magnetic resonance where
spin-wave excitation and resonance are spatially separated.

We excited spin waves in a YIG film (19.7 um, 2, and
24 mm in thickness, width, and length, respectively), fab-
ricated on a Gd3;GasOj, (111) substrate by a liquid phase
epitaxy method, in a spatially modulated magnetic field. As
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shown in Fig. 2(a), we applied a magnetic field H(x) in the z
direction, whose magnitude decreases almost linearly in the x
direction by placing neodymium magnets (20 x 10 x 5 mm?)
at the position 2 mm distant from the sample in the z di-
rection. Here, two magnets were piled in the z direction,
whose center position is x ~ 0, and one magnet was placed
next to the magnets. Spatial distribution of H(x) was mea-
sured with a Hall sensor [Fig. 2(b)], whose nonuniformity
along the z direction is negligibly small (see Supplemen-
tal Material Note 1 [9]). Due to the field gradient —VH (x)
generated from the magnets, the local resonance frequency
of spin waves is modulated along the x direction in YIG.
We excited spin waves by irradiating continuous microwaves
with the frequency fyw to the left end of the YIG slab (x =
1 mm) with a microwave antenna (0.1 mm in width) using
a vector network analyzer (N5230C, Keysight Technologies)
[Figs. 2(a) and 2(c)].

We measured spatial distribution of the spin-wave ampli-
tude in the YIG by using the spin pumping effect [10-13]
[Fig. 2(a)]; when a metal with strong spin-orbit coupling, such
as Pt, is put on a magnet carrying spin waves, the spin wave
injects a spin current into the metal via the spin pumping,
and the injected spin current is converted into an electric
voltage via the inverse spin Hall effect ISHE) [14], enabling
electrical detection of spin waves. In the present paper, three
Pt films (10 nm, 2, and 1 mm in thickness, length, and width,
respectively), denoted as Pt-L, Pt-C, and Pt-R films, were
sputtered on the YIG slab at different center positions x =
xp = 5.75, xc = 12.25, and xg = 18.75 mm, respectively, by
a radio-frequency magnetron-sputtering method. As shown in
Fig. 2(c), an electric voltage Vp; between the ends of each
Pt film and the microwave absorption were measured with
a nanovoltmeter (K2182A, Tektronix, Inc.) and the vector
network analyzer, respectively. All measurements were per-
formed at room temperature.
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FIG. 1. (a) A schematic of the frequency resolution of sound
waves in a cochlea. The resonance frequency of sound waves de-
creases along the spiral of the cochlea due to the spatial change in
the elastic modulus and sound waves with different frequencies are
enhanced at different positions where the sound waves locally satisty
the resonance condition. (b) A schematic of a spin-wave cochlea.
Spin waves with different frequencies are enhanced at different po-
sitions due to the nonlocal resonance of spin waves under spatially
nonuniform fields.

Figure 2(e) shows Vp, for each Pt film at fyyw = 4.770 GHz
under the magnetic-field gradient —VH ~ 13.5 Oe mm™!
(average field H = 1013 Oe). As shown by the red arrow, a
clear Vp, voltage signal appears in the Pt-C film, whereas the
values of Vp; are much smaller in the Pt-L. and Pt-R films.
We confirmed that the Vp; signal observed in the Pt-C film
changes its sign when the field direction is reversed from H(x)
to —H(x) (see Supplemental Material Note 2 [9]), consistent
with the ISHE voltage induced by the spin pumping [15]. The
result indicates that spin waves excited at fyyw = 4.770 GHz
is spatially enhanced at x ~ xc.

The Vp, signal in the Pt-L film, located near the microwave
irradiation position, is small. Nevertheless, interestingly, the
clear large Vp, signal appears in the Pt-C film at a far distant

position from the microwave irradiation position. This means
that the microwave does not induce clear resonance motion
of magnetization at the end of the YIG slab locally, but it
induces large magnetization precession at a far distant position
nonlocally. In the present paper we refer to the phenomenon as
nonlocal magnetic resonance. By changing the value of fyw,
we also found that the Vp, voltage appears in the Pt-L and Pt-R
films at fyw = 5.080 and fyyw = 4.577 GHz, respectively
[see Figs. 2(d) and 2(f)]. The results show that propagating
spin waves are nonlocally resonated with the excitation under
the magnetic-field gradient and the resonated spatial position
moves from x = xi, to xg with decreasing fyw.

Figure 3(b) shows the detailed fyw dependence of Vi
for each Pt film in the field gradient —VH ~ 13.5 Oe mm™!
(H = 1013 Oe). As shown by the red arrows, the Vp; signals
appear in the Pt-L, Pt-C, and Pt-R films as clear voltage
peaks at fmw = fL, fc, and fRr, respectively. We also mea-
sured the fyyw dependence of the microwave absorption Syw
[Fig. 3(a)] under the same field gradient. The measured Syw
takes large values around fyqw ~ 5.25 GHz, corresponding to
the spin-wave resonance at the microwave irradiation position
(x = 1 mm), and the conventional spin pumping voltage ap-
pears [15] in the Pt-L film in a broad frequency range [black
arrow in Fig. 3(b)]. In contrast, the value of Syw is small at
Sfmw = fL, fc, and fgr, implying that spin waves are out of
resonance at x = 1 mm in spite of the resonant spin pumping
at x = x, xc, and xg at fuw = fL, fc, and fr, respectively.
We also confirmed that the amplitude of the voltage peaks
at fuw = fL, fc, and fg is proportional to the microwave
power Pyw (see SupplementalMaterial Note 3 [9]), excluding
the electric voltage induced by nonlinear spin pumping effects
[16].

To discuss the origin of the voltage peaks at fi, fc, and
fr, we estimate the local magnetic resonance conditions at
each position x. As a rough estimation, we calculated the x
dependence of the ferromagnetic resonance (FMR) frequency
[Fig. 3(c)] using [2],

SEMR (%)

— Y JIHG) — 4nN.M,|[H (x) — 47N, M, + 47 M.

2m
(D

Here, y = 1.82 x 107 Oe~!s~! and 47 M, = 1720 Oe are
the gyromagnetic ratio and the saturation magnetization of
YIG [17]. N, =9.7 x 1073 is the effective demagnetizing
factor of the YIG slab along with the z axis, determined under
the assumption that the slab is an ellipsoid with the length of
24 mm, major axis of 2 mm, and minor axis of 19.7 um. By
comparing the obtained frmr (x) [black solid line in Fig. 3(c)]
with (xr, fL), (xc, fc), and (xg, fr) [blue circle, rectangle, and
triangle in Fig. 3(c), respectively] we can estimate the local
spin-wave resonance condition. The value of f; (I =L, C,R)
shows good agreement with that of frvr(x;) (I =L, C,R).

Figures 3(e)-3(1) show the magnetic-field gradient de-
pendence of the observed voltage peaks. We applied three
different field gradients: (I) —VH =9.4 Oe mm~! (H =
1008 Oe), (I) —VH = 13.4 Oe mm~' (H = 966 Oe), and
() —VH = 15.0 Oe mm~' (A =923 Oe) to the YIG/Pt
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FIG. 2. (a) A measurement setup in the present paper. A magnetic field H(x) whose magnitude decreases along the x direction was applied
in the z direction to a Pt/Y;FesO;, (YIG) bilayer system. Spin waves were excited by irradiating continuous microwaves with the frequency
Jmw at the bottom left end of the YIG slab (x = 1 mm). An electric voltage Vp, in three Pt films, Pt-L, Pt-C, and Pt-R films at x = x, = 5.75,
xc = 12.25, and xg = 18.75 mm, respectively, was measured. The size of the Pt films is 10 nm, 2, and 1 mm in thickness, length, and width,
respectively. (b) The spatial dependence of the intensity of the applied nonuniform magnetic field H (x). Experimental data and a linear fitting
are shown by the black plots and a blue solid line, respectively. The black triangles denote the center position of the Pt films. (¢) A schematic of
the measurement process. Microwaves were irradiated to the YIG with a vector network analyzer, and the reflected microwaves were detected
with a circulator and the analyzer. Vp, in each Pt film was measured by using a nanovoltmeter. (d)—(f) Vp in the Pt-L, Pt-C, and Pt-R films (d)
at fuw = 5.080 GHz, (e) fyw = 4.770 GHz, and (f) fyw = 4.577 GHz. The value of the microwave power Pyw was set to 25.1 mW.

sample [Figs. 3(f)-3(h), respectively]. Under the magnetic
field gradient (I), as shown by the red arrows in Fig. 3(j),
the Vp; peaks appear in the Pt-L, Pt-C, and Pt-R films at dif-
ferent microwave frequencies fyuw = fL = 4.89, fc = 4.75,
and fr = 4.57 GHz, respectively. As shown in Fig. 3(k)
[Fig. 3(D], when the larger magnetic-field gradient (II) [(III)]
is applied, the Vp; signals appear in the Pt-L, Pt-C, and Pt-R
films at fyuw = fL =4.85, fc =4.58, and fr =4.37 GHz
(fL =4.77, fc =4.40, and fr = 4.21 GHz), respectively. By
comparing the voltage peaks in the Pt-/ film (/ =L,C,R)
among the three H(x) gradients, we found that the value
of f{ (I =L,C,R) shifts to the lower frequencies by ap-
plying the greater magnetic-field gradients [Figs. 3(j)-3(1)].
As shown in Fig. 3(d), the values of f; are roughly same
as those of frvr(x;) (I =L, C,R) for all H(x) gradients,
which supports our interpretation that the voltage peak ap-
pears when spin waves satisfy the local FMR condition
at each position of the Pt films, filtering a particular fre-
quency component of spin waves at a different position.
The observed signal cannot be explained by the conven-
tional spin-wave propagation in a uniform magnetic field
[Fig. 3(e)], where Vp; monotonically decays along the prop-
agation direction (x direction) due to the damping of spin
waves [Fig. 3(1)].

To further discuss the mechanism of the observed voltage
peak, we carried out numerical calculation on the spatial
distribution of spin waves in the magnetic-field gradient. As
shown in Fig. 4(a), the spatially nonuniform magnetic field
H_.(x), whose amplitude linearly decreases in the x direction,
was applied in the z direction to a YIG slab (20 um, 2, and
24 mm in thickness, width, and length, respectively). The field
configuration (—VH., = 9.4 Oe mm~!, average field Hy =
1007.5 Oe) is almost the same as the field gradient (I) in the
experiment. By using mumax3 [18] we numerically calculated
the temporal evolution of the magnetization M components at
a steady precession state with applying microwave fields with
the frequency fywea at the left end of the slab (x = 1 mm)
(see Supplemental Material Note 4 [9] for details). Figure 4(b)
shows a snapshot of the spatial distribution of M,, the x
component of M, at fyywca = 4.70 GHz. The magnitude of
M, is large at the position shown by the red arrow. To estimate
the spin pumping voltage [4] o< (M x M)Z, we calculated its

averaged value about z and time (M X 1\./[)Z at each x [see
the lower panel in Fig. 4(c)]. Here, as shown by the red

arrow, (M x 1\7[)Z takes its local maximum at the position
X = Xmax, Which is determined from the Lorentzian fit (black
solid curve). We also found that x,,x decreases by increasing

134408-3



ARISAWA, DAIMON, OIKAWA, KIKKAWA, AND SAITOH PHYSICAL REVIEW B 107, 134408 (2023)

(a) (c) (d)

= 10f =
g Pwuw = 25.4 mW 6.0 OPLL: (XL, fL)
= O Pt-L: (x, ) OPt-C: (xc, fc)
= .
B 0 O Pt-C: (xc, fc) APt-R: (X, fr)
®) . 4f ' ' v 5.5 APtR: ( XR, fz) S.0F \\ Frmr(X)
S 4 fuw =1, Pt-L
Eé—, 2! = JW\‘ :Irj — femr(X E
> g T = o —ec] =0 s
< r =lIc t- = 3
S 5l "y ¥ 2450
31 . £
> 0 ——M’— 45+
-~ 3r fuw = fr Pt-R
2 2t ¥
= 1t ‘ |
=0 I\ n 4.0 4.0% 12 24
4.0 45 5.0 5.5 6.0 (mm) X (mm)
fMW (GHZ)
H gradient .
Low T \H(x) P High
() Uniform magnetic field M Field gradient (1) (@) Field gradient (I1) (h) Field gradient (l1I)
’61200 1200 1200 1200
) TeTeTETEe e \N\
= « Exp. « Exp. « Exp. « Exp.
T 800 —Fitting 800 —Fitting 800r F|tt|ng 800 —Fitting
. 0 12 24 0 12 24 0 12 24
(i) X (mm) 1) X (mm) (k%o (l) X (mm)
z = 3
=0 . ‘ 0 : . : 0 OF ‘ . :
< 5¢ Pt-C L = Pt-C 2+ L Pt-C
\>% 3 fMW* fe fuw = ; fo 1 fMWf £
oI | e om o maecnd e ttorse.
g 5l Pt-R 5 Fw = Fa Pt-R 27fMW =fe Pt-R 1 _fMW = fs Pt-R
>n- 0 I AlL I 0 T T O'—Lx‘ 0 !
40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0
fMW (GHZ) fMW (GHZ) fMW (GHZ) fMW (GHZ)

FIG. 3. (a) The fuw dependence of the microwave absorption Syw. (b) The fyw dependence of Vp, in each Pt film. The voltage peak
appears at fyw = fL, fc, and fg in the Pt-L, Pt-C, and Pt-R films, respectively. (c) The x dependence of the ferromagnetic resonance (FMR)
frequency of the YIG slab fryr(x) (black solid line). The blue circle, rectangle, and triangle are the plots of (xi, f.), (xc, fc), and (xr, fr),
respectively. (d) The x dependence of frvr (x) in the magnetic-field gradients (I), (II), and (III). The plots of (x, fL), (xc, fc), and (xg, fr) at
each magnetic-field gradient are shown by blue circles, rectangles, and triangles, respectively. (e)—(h) The spatial dependence of the intensity
of (e) a uniform magnetic field, (f) a magnetic-field gradient (I), (g) a field gradient (II), and (h) a field gradient (IIT). Experimental data and
a linear fitting are shown by black plots and a solid line, respectively. (i)—(1) The fuw dependence of Vp in each Pt film under (i) a uniform
magnetic field, (j) a field gradient (I), (k) a field gradient (II), and (1) a field gradient (III). The value of Pyw was set to 25.1 mW in all
measurements.

134408-4



SPIN-WAVE COCHLEA AND NONLOCAL MAGNETIC ...

PHYSICAL REVIEW B 107, 134408 (2023)

(a) (€)

: YIG |Heai0) fuwcar = 4.80 GHz
Microwave fields ¥
y : }
¥ 12 24
z x (mm)
() fuwea =470 GHz 0 oo 24
: M. 3 Fuwe = 4.75 GHz
A, ) [} ©
Microwave fields - ¥
g (1'2 ) 2 (=
x (mm
(d) =
N ® (Xmax, finwea 0 Xmax 24
5 50 - (fFMRcal(%/ ) fuwear = 4.70 GHz
8_ o (xu, fi) *
8 O(xc, fc)
4 .5¢
o A(XRI, fr) .
0 XL Xc XrR 24 O Xmax 24
x (mm) x (mm)

FIG. 4. (a) A schematic of the calculation setup. A mag-
netic field Hc,(x) with the amplitude H.,(x) o —x was applied
in the z direction to a YIG slab. Microwave magnetic fields
with the frequency fuwea Were applied in the x direction to the
left end of the YIG slab. (b) A snapshot of the spatial pro-
file of M,, the x component of magnetization M, at fywca =
4.70 GHz. (c) The x dependence of (M x M)Z, the z component
of M x M averaged about z and time, at fywea = 4.80 GHz (up-
per panel), 4.75 GHz (middle panel), and 4.70 GHz (lower panel).
A Lorentzian fitting is shown by a black solid curve, where X,
is the peak position of the Lorentzian function. (d) The x depen-
dence of the FMR frequency in the calculation setup frmreal(X) =
%\/[Hcal(x) - 47TNZM5][Hcal(x) - 4nNzMs + 47TM5] (blaCk solid
line). The fuwca dependence of xp. is plotted by black dots. The
blue circle, rectangle, and triangle are the plots of (x., fi), (xc, fc),
and (xg, fr), respectively, in the field gradient (I) in the experiment.

Jmwea [middle and upper panels in Fig. 4(c)], consistent with
the experimental results on the Vp, peaks at fyw = fL, fc, and
fr [Fig. 3(b)]. As shown in Fig. 4(d), we confirmed that the
detailed (xmax, fmweal) (black dots) agrees with Eq. (1) (black
solid line) and the experimentally obtained value of (x;, f7)
(I =L, C,R) in the field gradient (I) (blue circle, rectangle,
and triangle, respectively), showing that the excited spin wave
is enhanced at the position where the spin wave satisfies
the FMR condition. The agreement between the experimental
results and the numerical calculation demonstrates that the
observed voltage peaks originate from the spin pumping due
to the nonlocal enhancement of propagating spin waves.

To summarize, we demonstrated nonlocal magnetic reso-
nance in YIG exposed to nonuniform magnetic fields. The
enhancement of the spin-wave ISHE voltage appears ~
18 mm distant from the spin-wave excitation position, show-
ing that the spatial distribution of spin waves can be controlled
by tuning external nonuniform magnetic fields. The observed
results present possibilities of spintronics-based biomimetics
as well as data processing.
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