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 10 

Spatial dependence of magnetization dynamics in a Y3Fe5O12 film exposed to a magnetic field gradient has been 11 

investigated by measuring local spin pumping and inverse spin-Hall effects. The result shows that, when microwaves 12 

are irradiated locally, magnetization precession is excited at a far distant position from the microwave irradiation, not 13 

at the position where the microwave is irradiated. By measuring the field and microwave frequency dependence, the 14 

observed magnetization dynamics is attributed to non-local resonance of magnetization as well as the spatial change 15 

in the spin-wave dispersion under the magnetic field gradient, which can be applied to realizing an innate microwave 16 

spectrometer: a spin-wave cochlea. 17 

 18 

 19 

Our ears function as a highly sensitive 20 

spectrometer for sound waves. The key component 21 

for the sound-wave frequency resolution is a cochlea 22 

in our ears 1,2. In a cochlea, as shown in Fig. 1(a), the 23 

local resonance frequency of sound waves is spatially 24 

modulated due to the spatial change in the elastic 25 

modulus along the spiral of a cochlea. Therefore, 26 

higher-frequency (lower-frequency) sound waves 27 

cause the maximum vibration at the inner surface of a 28 

shallower (deeper) position of the cochlea, where they 29 

locally satisfy the resonance condition. By converting 30 

the vibration at different positions of the cochlea into 31 

different nerve signals, our ears distinguish sound 32 

frequencies. 33 

In magnetic materials, collective precession 34 

motion of local magnetization propagates as waves, 35 

called spin waves 3-5. The notable feature of spin 36 

waves is their high controllability of the resonance 37 

frequencies in terms of external magnetic fields 6-8. 38 

Here, the controllability enables us to engineer the 39 

functionality of a cochlea into magnetic materials. By 40 

spatially modulating the resonance frequencies of 41 

spin waves by using nonuniform magnetic fields, as 42 

shown in Fig. 1(b), the amplitude of spin waves with 43 

different frequencies could be enhanced at different 44 

positions. 45 

Here, we demonstrate that a ferrimagnetic 46 

insulator Y3Fe5O12 (YIG) under a magnetic field 47 

gradient can sort spin waves by frequencies, which 48 

can be used as a spin-wave and microwave 49 

spectrometer, a spin-wave cochlea. We show that the 50 

effect originates from non-local magnetic resonance, 51 

where spin-wave excitation and resonance are 52 

spatially separated. 53 

We excited spin waves in a YIG film (19.7 μm, 2 54 

mm, and 24 mm in thickness, width, and length, 55 

respectively), fabricated on a Gd3Ga5O12 (111) 56 

substrate by a liquid phase epitaxy method, in a 57 

Fig. 1. (a) A schematic illustration of the frequency 

resolution of sound waves in a cochlea. The resonance 

frequency of sound waves decreases 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 satisfy the 

resonance condition. (b) A schematic illustration of a spin-

wave cochlea. Spin waves with different frequencies are 

enhanced at different positions due to the non-local 

resonance of spin waves under spatially nonuniform fields. 
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spatially modulated magnetic field. As shown in Fig. 58 

2(a), we applied a magnetic field 𝐇(𝑥)  in the 𝑧 59 

direction, whose magnitude decreases almost linearly 60 

in the 𝑥  direction, by placing neodymium magnets 61 

( 20 × 10 × 5 mm3 ) at the position 2  mm distant 62 

from the sample in the 𝑧 direction. Here, two magnets 63 

were piled in the 𝑧 direction, whose center position is 64 

𝑥~0, and one magnet was placed next to the magnets. 65 

Spatial distribution of 𝐻(𝑥)  was measured with a 66 

Hall sensor [Fig. 2(b)], whose nonuniformity along 67 

the 𝑧  direction is negligibly small (see 68 

Supplementally Note 1). Due to the field gradient 69 

−∇𝐻(𝑥)  generated from the magnets, the local 70 

resonance frequency of spin waves is modulated 71 

along the 𝑥 direction in YIG. We excited spin waves 72 

by irradiating continuous microwaves with the 73 

frequency 𝑓MW to the left end of the YIG slab (𝑥 = 1 74 

mm) with a microwave antenna (0.1 mm in width) 75 

using a vector network analyzer (N5230C, Keysight 76 

Technologies) [Figs. 2(a) and 2(c)]. 77 

We measured spatial distribution of the spin-wave 78 

amplitude in the YIG by using the spin pumping 79 

effect 9-12 [Fig. 2(a)]; when a metal with strong spin-80 

orbit coupling, such as Pt, is put on a magnet carrying 81 

spin waves, the spin wave injects a spin current into 82 

the metal via the spin pumping, and the injected spin 83 

current is converted into an electric voltage via the 84 

inverse spin Hall effect (ISHE) 13, enabling electrical 85 

detection of spin waves. In the present study, three Pt 86 

films (10 nm, 2 mm, and 1 mm in thickness, length, 87 

and width, respectively), denoted as Pt-L, Pt-C, and 88 

Pt-R films, were sputtered on the YIG slab at different 89 

center positions 𝑥 = 𝑥L = 5.75 mm, 𝑥C = 12.25 mm, 90 

and 𝑥R = 18.75  mm, respectively, by a radio-91 

frequency magnetron-sputtering method. As shown in 92 

Fig. 2(c), an electric voltage 𝑉Pt between the ends of 93 

each Pt film and the microwave absorption were 94 

measured with a nanovoltmeter (K2182A, Tektronix, 95 

Inc.) and the vector network analyzer, respectively. 96 

All measurements were performed at room 97 

temperature. 98 

Figure 2(d) shows 𝑉Pt for each Pt film at  𝑓MW =99 

4.770  GHz under the magnetic field gradient 100 

−∇𝐻~13.5  Oe ∙ mm−1  (average field 𝐻̅ = 1013 101 

Oe). As shown by the red arrow, a clear 𝑉Pt voltage 102 

signal appears in the Pt-C film, while the values of 𝑉Pt 103 

are much smaller in the Pt-L and Pt-R films. We 104 

confirmed that the 𝑉Pt  signal observed in the Pt-C 105 

Fig. 2. (a) A measurement setup in the present study. A magnetic field 𝐇(𝑥) whose magnitude decreases along the 𝑥 

direction was applied in the 𝑧 direction to a Pt/Y3Fe5O12 (YIG) bilayer system. Spin waves were excited by irradiating 

continuous microwaves with the frequency 𝑓MW at the bottom left end of the YIG slab (𝑥 = 1 mm). An electric 

voltage 𝑉Pt in three Pt films, Pt-L, Pt-C, and Pt-R films at 𝑥 = 𝑥L = 5.75 mm, 𝑥C = 12.25 mm, and 𝑥R = 18.75 mm, 

respectively, was measured. The size of the Pt films is 10 nm, 2 mm, 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. (c) A schematic illustration 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. 𝑉Pt in each Pt film was measured by using a nanovoltmeter. (d), (e), (f) 𝑉Pt in the 

Pt-L, Pt-C, and Pt-R films (d) at 𝑓MW = 5.080 GHz, (e) 𝑓MW = 4.770 GHz, and (f) 𝑓MW = 4.577 GHz. The value of 

the microwave power 𝑃MW was set to 25.1 mW. 
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film changes its sign when the field direction is 106 

reversed from 𝐇(𝑥)  to −𝐇(𝑥)  (see Supplementally 107 

Note 2), consistent with the ISHE voltage induced by 108 

the spin pumping 14. The result indicates that spin 109 

waves excited at 𝑓MW = 4.770  GHz is spatially 110 

enhanced at 𝑥 ~ 𝑥C.  111 

The 𝑉Pt signal in the Pt-L film, located near the 112 

microwave irradiation position, is small. Nevertheless, 113 

interestingly, the clear large 𝑉Pt signal appears in the 114 

Pt-C film at a far distant position from the microwave 115 

irradiation position. This means that the microwave 116 

does not induce clear resonance motion of 117 

magnetization at the end of the YIG slab locally, but 118 

it induces large magnetization precession at a far 119 

distant position non-locally. We refer to the 120 

phenomenon as non-local magnetic resonance. By 121 

changing the value of 𝑓MW, we also found that the 𝑉Pt 122 

voltage appears in the Pt-L and Pt-R films at 𝑓MW =123 

5.080 GHz and 𝑓MW = 4.577 GHz, respectively [see 124 

Figs. 2(c) and 2(e)]. The results show that propagating 125 

spin waves are non-locally resonated with the 126 

excitation under the magnetic field gradient and the 127 

resonated spatial position moves from 𝑥 = 𝑥L  to 𝑥R 128 

with decreasing 𝑓MW.  129 

Figure 3(b) shows the detailed 𝑓MW  dependence 130 

of 𝑉Pt  for each Pt film in the field gradient 131 

−∇𝐻~13.5 Oe ∙ mm−1  (𝐻̅ = 1013 Oe). As shown 132 

by the red arrows, the 𝑉Pt signals appear in the Pt-L, 133 

Fig. 3. (a) The 𝑓MW dependence of the microwave absorption 𝑆MW. (b) The 𝑓MW dependence of 𝑉Pt in each Pt film. 

The voltage peak appears at 𝑓MW = 𝑓L , 𝑓C , and 𝑓R  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 𝑓FMR(𝑥) (black solid line). The blue 

circle, rectangle, and triangle are the plots of (𝑥L, 𝑓L), (𝑥C, 𝑓C), and (𝑥R, 𝑓R), respectively. (d) The 𝑥 dependence of 

𝑓FMR(𝑥) in the magnetic field gradients (I), (II), and (III). The plots of (𝑥L, 𝑓L), (𝑥C, 𝑓C), and (𝑥R, 𝑓R) at each magnetic 

field gradient are shown by blue circles, rectangles, and triangles, respectively. (e), (f), (g), (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 (III). Experimental data and a linear fitting are shown by black plots and a solid line, 

respectively. (i), (j), (k), (l) The 𝑓MW dependence of 𝑉Pt in each Pt film under (i) a uniform magnetic field, (j) a field 

gradient (I), (k) a field gradient (II), and (l) a field gradient (III). The value of 𝑃MW was set to 25.1 mW in all 

measurements.  
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Pt-C, and Pt-R films as clear voltage peaks at 𝑓MW = 134 

𝑓L , 𝑓C , and 𝑓R , respectively. We also measured the 135 

𝑓MW  dependence of the microwave absorption 𝑆MW 136 

[Fig. 3(a)] under the same field gradient. The 137 

measured 𝑆MW takes large values around 𝑓MW ~ 5.25 138 

GHz, corresponding to the spin wave resonance at the 139 

microwave irradiation position (𝑥 = 1 mm), and the 140 

conventional spin pumping voltage appears 14 in the 141 

Pt-L film in a broad frequency range [black arrow in 142 

Fig. 3(b)]. In contrast, the value of 𝑆MW is small at 143 

𝑓MW = 𝑓L, 𝑓C, and 𝑓R, implying that spin waves are out 144 

of resonance at the 𝑥 = 0  position in spite of the 145 

resonant spin pumping at 𝑥 = 𝑥L , 𝑥C , and 𝑥R  at 146 

𝑓MW = 𝑓L , 𝑓C , and 𝑓R , respectively. We also 147 

confirmed that the amplitude of the voltage peaks at 148 

𝑓MW = 𝑓L, 𝑓C, and 𝑓R is proportional to the microwave 149 

power 𝑃MW (see Supplementally Note 3), excluding 150 

the electric voltage induced by nonlinear spin 151 

pumping effects 15.  152 

To discuss the origin of the voltage peaks at 𝑓L, 𝑓C, 153 

and 𝑓R , we estimate the local magnetic resonance 154 

conditions at each position 𝑥. As a rough estimation, 155 

we calculated the 𝑥  dependence of the FMR 156 

frequency [Fig. 3(c)] using 2: 157 

𝑓FMR(𝑥) =
𝛾

2π
×

√[𝐻(𝑥) − 4π𝑁𝑧𝑀s][𝐻(𝑥) − 4π𝑁𝑧𝑀s + 4π𝑀s]. (1)
 158 

Here, 𝛾 = 1.82 × 107 Oe−1 ∙ s−1  and 4π𝑀s =159 

1720 Oe  are the gyromagnetic ratio and the 160 

saturation magnetization of YIG 16. 𝑁𝑧 = 9.7 × 10−3 161 

is the effective demagnetizing factor of the YIG slab 162 

along with the 𝑧 -axis, determined under the 163 

assumption that the slab is an ellipsoid with the length 164 

of 24 mm, major axis of 2 mm, and minor axis of 165 

19.7 μm. By comparing the obtained 𝑓FMR(𝑥) [black 166 

solid line in Fig. 3(c)] with (𝑥L, 𝑓L), (𝑥C, 𝑓C), and (𝑥R, 167 

𝑓R) [blue circle, rectangle, and triangle in Fig. 3(c), 168 

respectively] we can estimate the local spin-wave 169 

resonance condition. The value of 𝑓𝐼  ( 𝐼 = L, C, R ) 170 

shows good agreement with that of  𝑓FMR(𝑥𝐼) (𝐼 =171 

L, C, R). 172 

Figures 3(e)-3(l) show the magnetic field gradient 173 

dependence of the observed voltage peaks. We 174 

applied three different field gradients, (I) −∇𝐻 = 9.4 175 

Oe ∙ mm−1  (𝐻̅ = 1008  Oe), (II) −∇𝐻 = 13.4  Oe ∙176 

mm−1  ( 𝐻̅ = 966  Oe), and (III) −∇𝐻 = 15.0  Oe ∙177 

mm−1  (𝐻̅ = 923 Oe), to the YIG/Pt sample [Figs. 178 

3(f), 3(g), and 3(h), respectively]. Under the magnetic 179 

field gradient (I), as shown by the red arrows in Fig. 180 

3(j), the 𝑉Pt peaks appear in the Pt-L, Pt-C, and Pt-R 181 

films at different microwave frequencies 𝑓MW = 𝑓L =182 

4.89  GHz, 𝑓C = 4.75  GHz, and 𝑓R = 4.57  GHz, 183 

respectively. As shown in Fig. 3(k) [Fig. 3(l)], when 184 

the larger magnetic field gradient (II) [(III)] is applied, 185 

the 𝑉Pt signals appear in the Pt-L, Pt-C, and Pt-R films 186 

at 𝑓MW = 𝑓L = 4.85 GHz, 𝑓C = 4.58 GHz, and 𝑓R =187 

4.37  GHz [ 𝑓L = 4.77  GHz, 𝑓C = 4.40  GHz, and 188 

𝑓R = 4.21  GHz], respectively. By comparing the 189 

voltage peaks in the Pt-𝐼 film (𝐼 = L, C, R) among the 190 

three 𝐇(𝑥) gradients, we found that the value of 𝑓𝐼 191 

(𝐼 = L, C, R)  shifts to the lower frequencies by 192 

applying the greater magnetic field gradients [Figs. 193 

3(j)-3(l)]. As shown in Fig. 3(d), the values of 𝑓𝐼 are 194 

roughly same as those of 𝑓FMR(𝑥𝐼) (𝐼 = L, C, R) for all 195 

𝐇(𝑥) gradients, which supports our interpretation that 196 

the voltage peak appears when spin waves satisfy the 197 

local FMR condition at each position of the Pt films, 198 

filtering a particular frequency component of spin 199 

waves at a different position. The observed signal 200 

cannot be explained by the conventional spin wave 201 

propagation in a uniform magnetic field [Fig. 3(e)], 202 

where 𝑉Pt  monotonically decays along the 203 

propagation direction ( 𝑥  direction) due to the 204 

damping of spin waves [Fig. 3(i)]. 205 

To further discuss the mechanism of the observed 206 

voltage peak, we carried out numerical calculation on 207 

Fig. 4. (a) A schematic illustration of the calculation 

setup. A magnetic field 𝐇cal(𝑥)  with the amplitude 

𝐻cal(𝑥) ∝ −𝑥 was applied in the 𝑧 direction to a YIG 

slab. Microwave magnetic fields with the frequency 

𝑓MWcal were applied in the 𝑥 direction to the left end of 

the YIG slab. (b) A snapshot of the spatial profile of 𝑀𝑥, 

the 𝑥 component of magnetization 𝐌, at 𝑓MWcal = 4.70 

GHz. (c) The 𝑥  dependence of (𝐌 × 𝐌̇)𝑧
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ , the 𝑧 

component of 𝐌 × 𝐌̇  averaged about  𝑧  and time, at 

𝑓MWcal = 4.80  GHz (upper panel), 4.75  GHz (middle 

panel), and 4.70  GHz (lower panel). A Lorentzian 

fitting is shown by a black solid curve, where 𝑥max is the 

peak position of the Lorentzian function. (d) The 𝑥 

dependence of the FMR frequency in the calculation 

setup 𝑓FMRcal(𝑥) =
𝛾

2π
√[𝐻cal(𝑥) − 4π𝑁𝑧𝑀s][𝐻cal(𝑥) − 4π𝑁𝑧𝑀s + 4π𝑀s] 

(black solid line). The  𝑓MWcal  dependence of 𝑥max  is 

plotted by black dots. The blue circle, rectangle, and 

triangle are the plots of (𝑥L, 𝑓L), (𝑥C, 𝑓C), and (𝑥R, 𝑓R), 

respectively, in the field gradient (I) in the experiment. 
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the spatial distribution of spin waves in the magnetic 208 

field gradient. As shown in Fig. 4(a), the spatially 209 

nonuniform magnetic field 𝐇cal(𝑥), whose amplitude 210 

linearly decreases in the 𝑥 direction, was applied in 211 

the 𝑧 direction to a YIG slab (20 μm, 2 mm, and 24 212 

mm in thickness, width, and length, respectively). The 213 

field configuration [ −∇𝐻cal = 9.4  Oe ∙ mm−1 , 214 

average field 𝐻cal
̅̅ ̅̅ ̅ = 1007.5 Oe] is almost the same 215 

as the field gradient (I) in the experiment. By using 216 

mumax3 17 we numerically calculated the temporal 217 

evolution of the magnetization  𝐌  components at a 218 

steady precession state with applying microwave 219 

fields with the frequency 𝑓MWcal at the left end of the 220 

slab ( 𝑥 = 1  mm) (see Supplementally Note 4 for 221 

details). Figure 4(b) shows a snapshot of the spatial 222 

distribution of 𝑀𝑥 , the 𝑥  component of 𝐌 , at 223 

𝑓MWcal = 4.70 GHz. The magnitude of 𝑀𝑥 is large at 224 

the position shown by the red arrow. To estimate the 225 

spin pumping voltage 4 ∝ (𝐌 × 𝐌̇)𝑧, we calculated 226 

its averaged value about 𝑧  and time, (𝐌 × 𝐌̇)𝑧
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅, at 227 

each 𝑥  [see the lower panel in Fig. 4(c)]. Here, as 228 

shown by the red arrow, (𝐌 × 𝐌̇)𝑧
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  takes its local 229 

maximum at the position 𝑥 = 𝑥max , which is 230 

determined from the Lorentzian fit (black solid curve). 231 

We also found that 𝑥max  decreases by increasing 232 

𝑓MWcal  [the middle and upper panels in Fig. 4(c)], 233 

consistent with the experimental results on the 𝑉Pt 234 

peaks at 𝑓MW = 𝑓L, 𝑓C, and 𝑓R [Fig. 3(b)]. As shown in 235 

Fig. 4(d), we confirmed that the detailed ( 𝑥max , 236 

𝑓MWcal) (black dots) agrees with Eq. (1) (black solid 237 

line) and the experimentally obtained value of (𝑥I, 𝑓I) 238 

( 𝐼 = L, C, R ) in the field gradient (I) (blue circle, 239 

rectangle, and triangle, respectively), showing that the 240 

excited spin wave is enhanced at the position where 241 

the spin wave satisfies the FMR condition. The 242 

agreement between the experimental results and the 243 

numerical calculation demonstrates that the observed 244 

voltage peaks originate from the spin pumping due to 245 

the non-local enhancement of propagating spin waves. 246 

In summary, we demonstrated non-local magnetic 247 

resonance in YIG exposed to nonuniform magnetic 248 

fields. The enhancement of the spin-wave ISHE 249 

voltage appears ~18 mm distant from the spin wave 250 

excitation position, showing that the spatial 251 

distribution of spin waves can be controlled by tuning 252 

external nonuniform magnetic fields. The observed 253 

results present possibilities of spintronics-based 254 

biomimetics as well as data processing. 255 
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