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enhanced under certain temperature due to 
the improved spin mixing conductance.[6,7] 
Besides, researchers have also shown that a 
NiO layer on top of topological insulator[16] 
or heavy metal[15,17] can allow transfer 
of spin current and result in magnetic 
switching through spin-orbit torque. More-
over, antiferromagnetic insulator spacers 
such as Cr2O3 and CoO have also been uti-
lized to form magnon valve structures for 
switching on and off the spin current.[9,11,12] 
While the spin transmission inside (anti)
ferromagnetic insulators has been clearly 
demonstrated, there are still debates over 
the exact physical origin of transferred 
spins, whether they are mediated by mag-
netic resonance-induced coherent spin 
waves,[18,19] thermal gradient-caused inco-
herent magnons,[9,10,20,21] or by short-range 
magnetic fluctuations and evanescent 
waves.[6,9,22] Additionally, it is unclear if the 
spin transmission efficiency through mag-
netic insulators can be optimized under 
certain magnon frequency and wavelength.

In this work, we study the transmission of magnon spin cur-
rent in an epitaxial platinum (Pt)/yttrium–iron–garnet (YIG)/
permalloy (Py) multilayer stack, where we excite nonequilib-
rium magnons in the top Py layer through the ferromagnetic 
resonance (FMR), which then transmit through an insulating 
YIG layer and get detected by the inverse spin Hall effect 
(ISHE) voltage in underlying Pt layer. We find that a resonance 
enhancement on spin transmission can be realized when the 
FMR-excited magnon frequency in Py coincides with that of 
the perpendicular standing spin-wave (PSSW) mode from YIG 
(Figure 1a-right). While in general spins can transmit through 
YIG via magnon flows (Figure  1a-left) over a broad range of 
frequencies, the enhancement of spin transmission rate under 
resonant frequencies can be more than ten times higher than 
under the nonresonant condition. By changing the magnetic 
field configuration, we can tune the frequency window for 
spin transmission enhancement, achieving a narrow-band to 
broadband transition as the magnon modes evolve. Moreover, 
we also observe a complete blockage of magnon spin transport 
when the microwave-excited Py magnons have a lower fre-
quency than the magnon bandgap of YIG, which acts as a filter 
for magnons. Resonant enhancement and cutoff behavior in 
particles’ transport have been known for other systems such as 
electrons and photons. The novel effects revealed in this work 

While being electrically insulating, magnetic insulators can behave as good 
spin conductors by carrying spin current with excited spin waves. So far, 
magnetic insulators are utilized in multilayer heterostructures for optimizing 
spin transport or to form magnon spin valves for reaching controls over the 
spin flow. In these studies, it remains an intensively visited topic as to what 
the corresponding roles of coherent and incoherent magnons are in the 
spin transmission. Meanwhile, understanding the underlying mechanism 
associated with spin transmission in insulators can help to identify new 
mechanisms that can further improve the spin transport efficiency. Here, by 
studying spin transport in a magnetic-metal/magnetic-insulator/platinum 
multilayer, it is demonstrated that coherent magnons can transfer spins 
efficiently above the magnon bandgap of magnetic insulators. Particularly 
the standing spin-wave mode can greatly enhance the spin flow by inducing 
a resonant magnon transmission. Furthermore, within the magnon bandgap, 
a shutdown of spin transmission due to the blocking of coherent magnons 
is observed. The demonstrated magnon transmission enhancement and 
filtering effect provides an efficient method for modulating spin current in 
magnonic devices.

1. Introduction

Magnetic insulators can transfer spin information in the form 
of magnon spin current in the absence of Ohmic losses,[1–3] 
which serves as a promising platform for realizing low-power 
spintronic devices and circuits.[4,5] Recently, employing magnetic 
and antiferromagnetic insulators as spacers in magnetic het-
erostructures, researchers have demonstrated that efficient spin 
transmission and conversion can be realized.[6–17] For example, 
it has been shown that by using a thin NiO layer as a spacer, 
the spin pumping signal generated from a ferromagnet can get 
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on magnons can provide useful mechanisms for modulating 
spin current in future magnonic devices, similar to their elec-
tronic and photonic counterparts such as antireflection coatings 
and Fabry–Pérot cavities.

2. Results and Discussion

To explore the spin transmission from a magnetic metal 
through a magnetic insulator, we first deposit 10 nm Pt as the 

spin detector layer on Gd3Ga3O12 (GGG) (110) substrate by mag-
netron sputtering,[23] followed by a 450 °C in situ annealing. 
60 nm YIG is further deposited, followed by another annealing 
step in oxygen at 850 °C. Py(20  nm)/Si3Nx(5  nm) bilayer was 
finally grown on top (see the Experimental Section) to form the 
GGG/Pt/YIG/Py/Si3Nx heterostructure. As is verified by scan-
ning transmission electron microscop y (STEM) and X-ray dif-
fraction (XRD) (Figure 1b,c), the epitaxial relationship between 
the crystal planes of GGG (110), Pt (111), and YIG (110) are 
maintained in the multilayer structure. The sharp interfaces 
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Figure 1. Structural and magnetic properties of the GGG/Pt/YIG/Py multilayer. a) Schematic of the magnon spin transmission from the Py layer to 
the Pt layer in the Py/YIG/Pt multilayer structure with and without the presence of PSSW in YIG. b) STEM image of the GGG/Pt(10)/YIG(60)/Py(20)/
SiNx(5) (unit in nm) sample. The zoom-in images show the crystalline phases near the GGG/Pt and the Pt/YIG interfaces. c) XRD measurement on 
the GGG/Pt(10)/YIG(60)/Py(20)/SiNx(5) sample. d) VSM measurement on GGG/Pt(10)/YIG(60) and GGG/Pt(10)/YIG(60)/Py(20)/SiNx(5) samples. 
e) Illustration of the spin pumping measurement setup and the external magnetic field configuration. ψ is the angle between the external field and the 
waveguide (sample) plane. M2 is YIG layer magnetization.
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of GGG/Pt and Pt/YIG and the nice crystalline arrangement 
of atoms across the stack confirm the quality of the film. The 
magnetic properties of the multilayer structure were character-
ized using vibrating sample magnetometry (VSM). The blue 
solid line in Figure  1d shows the magnetization curve for a 
sample with the bottom half stack of GGG/Pt/YIG, illustrating 
a typical easy-axis hysteresis loop and a saturation magnetiza-
tion Ms = 143 emu cm−3 (1 emu cm−3 = 1 kA m−1), close to the 
expected bulk value for YIG. The red line represents results 
from the full stack of GGG/Pt/YIG/Py/Si3Nx. Based on the 
magnetic moment value, we can attribute the sharp switching 
near zero magnetic field of the red line to the flipping of Py 
layer, and the gradual increase of the magnetic moment 
between 0  Oe and high field to the switching of YIG layer 
(1 Oe = 79.58 A m−1). This observed behavior indicates an anti-
ferromagnetic interfacial exchange coupling between Py and 
YIG, which is consistent with previous reports on similar YIG/
ferromagnetic metal (FM) bilayer structures, including our own 
polarized neutron reflectometry study.[14,24,25]

The magnon spin transmission in the multilayer structure is 
studied using the geometry shown in Figure 1e, where two elec-
trodes are connected to the exposed regions of the bottom Pt 
layer on the opposite edges. The electrically connected sample 
is mounted onto a coplanar waveguide with its topside down 
for microwave excitation of magnetic resonance (see the Experi-
mental Section).[18,26,27] Under a direct current (DC) magnetic 
field shown in the geometry of Figure  1e, the ISHE signal 
Vs, which is directly proportional to the magnon spin current 
injected to the bottom Pt layer, is detected. The DC resistance 
between the top Py and the bottom Pt layers is measured to 
be on the order of 100 MΩ over a cross-section area of ≈1 cm2 
(see Section S5, Supporting Information). The electrical isola-
tion through the thick insulating YIG layer hence minimizes 
possible contributions from electrical rectification artifacts and 
anomalous Nernst effect in Py.[28,29]

Figure 2a shows the spin transmission spectrum as a func-
tion of frequency f and applied field H, when H forms an angle 
of ψ = 20° with the x-axis in the xz-plane (Figure 1e). In addi-
tion to the strong signal due to the direct spin pumping from 
YIG uniform (or equivalently Kittel) mode, we also observed 
a spin transmission signal curve that can be attributed to 
the Py Kittel mode, which has higher resonance frequency 
under the same H compared with the YIG mode, due to the 
larger demagnetization contribution in the Kittel formula 

( 4 )sf H H Mγ π= + . Here γ is the gyromagnetic ratio and 4πMs 
represents the demagnetization field. The detected spin signal 
from Py demonstrates that spin current driven by magnetic 
resonance in Py can propagate through the 60  nm YIG layer 
in the form of magnon excitation, consistent with previous 
spin transmission measurements with (anti)ferromagnetic  
insulator insertion.[6,7,9,10,12] To further verify the nature of this 
transmitted spin current (coherent vs incoherent) from the Py 
resonance, we carry out alternating current (AC) spin pumping 
measurement[30] where we detect an oscillating voltage generated 
on the Pt layer at the Py FMR frequency (see Section S7,  
Supporting Information). The existence of the AC spin 
pumping in the multilayer structure provides an additional 
evidence on the coherent transmission of magnon current in 
our studied sample. On top of this magnetic insulator assisted 

spin signal transmission, we also observe an unexpected fea-
ture in the spectrum, i.e., the spin current signal from the Py 
Kittel mode Vs gets significantly enhanced under certain fre-
quencies, as highlighted by the dashed square box in Figure 2a. 
The abrupt enhancement in Vs has been further verified in Vs 
versus H curves measured under the three specific frequencies 
of 6, 8.8, and 11 GHz (Figure 2b), where the Vs in the 8.8 GHz 
case shows a large enhancement compared with the off-peak 
cases of 6 and 11 GHz.

To understand the mechanism of the observed spin trans-
mission signal enhancement, field-modulated FMR experi-
ment was carried out by measuring the transmission spec-
trum of the microwave signal through the coplanar wave-
guide in Figure  1e (see the Experimental Section for details). 
As shown in Figure 2c, we can clearly see that aside from the 
previously identified Kittel modes from YIG and Py, there is 
another absorption line that is mostly parallel with the YIG 
Kittel mode (particularly in medium to high field range). The 
enhancement in the Py spin current transmission actually hap-
pens at the (avoided) crossing point between this mode and 
the Py Kittel mode. Previously, it was reported that because of 
the dipolar[31] or exchange interactions at the FM/YIG inter-
face, magnon–magnon coupling can happen between the FM 
Kittel mode and YIG PSSW mode when the two modes are 
degenerate, leading to level repulsions in FMR spectrum.[24,32] 
The small distortion in the Py FMR spectrum at the crossing 
point in Figure  2c therefore reflects this magnon coupling 
behavior.

To quantitatively describe the spin current transmission, 
we extract the spin transmission voltage Vs along the Py Kittel 
mode in Figure 2a and plot it as a function of the driving fre-
quency in Figure  2f, which shows an enhancement by more 
than ten times at the crossing point between the Py Kittel 
mode and the YIG PSSW mode. Here the experimental data 
are normalized with the absorbed RF power under each fre-
quency to exclude possible changes in the input microwave 
power. While the YIG PSSW mode can be directly excited by 
the applied microwave and result in a spin pumping signal, in 
Figure 2a we can barely see any voltage coming from the YIG 
PSSW mode except at the mode-crossing point, suggesting that 
the dominant contribution of the spin current injected into Pt 
layer originates from Py. Moreover, we carry out spin pumping 
experiment on a control sample of YIG(60 nm)/Py(20 nm)/
Pt(10 nm),  where  the  sequence  of YIG and Py is flipped (see 
Section S8, Supporting Information). Compared with our main 
samples, the YIG/Py/Pt sample exhibits similar magnetic exci-
tation behaviors in the FMR measurement. However, since 
YIG is not placed between the Py and Pt layers, the PSSW 
mode no longer provides an enhancement onto the Py spin 
pumping signal. This result suggests that the observed effect 
in our main sample is not originated from simple superposi-
tions of the two resonance modes but is consistent with the pic-
ture shown in Figure 1a right panel, where magnons generated 
from the Py Kittel mode propagate through the YIG layer in a 
resonant fashion when their frequency is close to that of mag-
nons in the YIG PSSW mode. Previously it was observed that 
spin pumping signal could also be increased in the presence of 
magnon–photon[33] or magnon–phonon coupling.[34] The spin 
pumping enhancement exhibited in our experiment originates 
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from magnon–magnon interactions from two different layers, 
in contrast to the mechanisms revealed before.

In Figure  2c, we note that the f versus H curve of the YIG 
PSSW mode deviates from being perfectly parallel with that 
of the YIG Kittel mode in the low field region, which is dif-
ferent from the usually studied case.[24,32,35] This deviation is 
related to the non-collinear arrangement between the Py and 
YIG magnetic moment orientations due to their different 
demagnetization fields. To account for this, we model the Pt/

YIG/Py multilayer structure and determine the resonance fre-
quency for the three different modes, Py Kittel, YIG Kittel, 
and YIG PSSW under different applied fields (see Sections S2 
and S3, Supporting Information), and the results are shown 
by the different curves in Figure  2e. The dashed curves close 
to the mode crossing region indicate the level repulsion when 
magnon–magnon interactions are included. It can be seen that 
the model agrees well with the spectrum obtained in both the 
spin transmission and FMR measurements.

Adv. Mater. 2021, 33, 2008555

Figure 2. Spin transmission and FMR measurements of the GGG/Pt/YIG/Py sample under 20° field angle. a) Spin transmission spectrum measured 
by the ISHE voltage on the Pt underlayer for the GGG/Pt/YIG/Py sample. Dashed rectangular box highlights the Py spin transmission enhancement 
region. b) Spin voltage measured at 6, 8.8, and 11 GHz, respectively, as function of external magnetic field. Py and YIG spin signal peaks are labeled. 
c) Field-modulated FMR spectrum measured for the GGG/Pt/YIG/Py sample. d) The absorption of transmitted microwave power in FMR measurement 
at 6, 8.8, and 11 GHz, respectively, as function of external magnetic field. e) Theoretical modeling of the resonance frequency of Py Kittel mode, YIG 
Kittel mode, and YIG PSSW mode. Dashed curves indicate the avoid-crossing when magnon–magnon interactions are considered. f) Spin transmission 
voltage extracted from (a) along the curve of Py Kittel mode. Vs is normalized with the absorbed RF power.
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The frequency under which the magnon transmission 
exhibits enhancement can be tuned by changing the magnetic 
field angle ψ. In Figure 3a–c, we show the spin transmission 
spectra for ψ = 0°, 68°, and 80°, respectively. The corresponding 
FMR spectra and the resonance frequency determined from 
modeling are shown in Figure 3d–f,g–i. For the low angle case 
(ψ = 0° in Figure 3a), the Py mode and the YIG PSSW mode 
cross each other in a small region of frequency, leading to a 
narrow-band enhancement in the spin transmission spectrum. 
In the meantime, for ψ = 68° (Figure 3b), the Py mode and the 
YIG PSSW mode stay nearly degenerate over a much wider fre-
quency range, where they form parallel hybridized modes upon 
consideration of magnon–magnon interactions. These hybrid-
ized modes lead to a broadband enhancement in Vs, as shown 
by the wide bright region. In the high angle case (ψ  =  80°, 
Figure  3c), the spin transmission enhancement reduces to 
narrow-band again due to the separation of the two modes in 
the high frequency range. Under each applied field angle, we 
can fit the spin transmission signal along the Py Kittel mode 
curve and the resultant linewidth (full width at half maximum) 
for ψ = 0°–80° is summarized in Figure 3j. From the figure we 
observe that the bandwidth for spin transmission enhancement 
increases as ψ increases from 0° to 68°, and it quickly drops 
when ψ is above 68°. The frequency of enhancement peak 

under every ψ is summarized in Figure 3k. It can be seen that 
the peak frequency can be adjusted between 9 GHz (at 0°) and 
5  GHz (at 80°), providing a useful mechanism for realizing a 
tunable spin transmission modulator for magnons.

In Figure  3f, we observe that the Py Kittel mode not only 
couples with those from the YIG PSSW mode but can also 
intersects with the YIG Kittel mode as the frequency increases. 
Around f = 11 GHz, the Py and YIG Kittel modes show repul-
sion due to the hybridization and then separate into two 
branches for f > 11  GHz. While both of the two branches are 
clearly visible in the FMR spectrum of Figure  3f, surprisingly 
in the spin transmission spectrum under the same field condi-
tion, we do not detect Vs signal from the Py branch when the 
frequency of Py mode is lower than that of the YIG Kittel mode 
(see the comparison between the box regions in Figure  3c,f). 
To further verify this behavior, we carried out spin transmis-
sion and FMR measurements under another high field angle, 
ψ = 75° (Figure 4a,b). The corresponding theoretical resonance 
curves are shown in Figure 4d. Again, we observe that the Py 
spin transmission signal disappears when its frequency is 
lower than the YIG Kittel mode. Vs along the Py Kittel mode 
(dashed rectangular box) in Figure 4a is summarized as a func-
tion of frequency f in Figure  4c, which shows a sharp cut-off 
at the YIG FMR frequency. Via systematic power dependence 
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Figure 3. Spin transmission and FMR spectra under different field angles. a–c) Spin transmission spectra for ψ = 0, 68°, and 80°. d–f) FMR (micro-
wave absorption) spectra for ψ = 0, 68°, and 80°. g–i) Theoretical modeling of resonance frequencies of the Py Kittel mode, the YIG Kittel mode, and 
the YIG PSSW mode for three different field angles. The avoid-crossing due to magnon–magnon interaction is illustrated by the dashed lines in (g) as 
an example. To keep figures easy to read, features of avoid-crossing are not shown in (h) and (i). j) Histogram of the frequency range under which Py 
spin transmission shows enhancement at different field angles. k) Peak position and linewidth of the Py spin transmission enhancement peak under 
different field angles.
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measurement, we demonstrate that the disappearance of the Py 
spin transmission signal is not caused by a weakened micro-
wave power absorption (Section S9, Supporting Information).

The disappearance of Py spin transmission signal discussed 
above suggests that the spin current driven by Py magnetic res-
onance cannot transmit through the YIG layer in the form of 
coherent magnons when the magnon frequency is lower than 
that of the YIG Kittel mode. When considering the vertical spin 
transmission in the multilayer structure, the f(H) curve of YIG 
Kittel mode separates the whole (f, H) space into two parts—
above and below the YIG magnon bandgap. As is depicted in 
Figure  4d, in the upper-left region, the Py magnon frequency 
lies above the bottom of YIG magnon band (upper  inset in 
Figure 4d), therefore the spin current can transport coherently 
through YIG in the form of propagating magnons. On the 
contrary, in the lower-right corner, since the magnons of Py 
Kittel mode lie within the YIG magnon bandgap (lower inset 
in Figure  4d), they are blocked by the YIG layer and conse-
quently no Py spin transmission signal is detected. This spin 
transmission cutoff behavior suggests that coherent mag-
nons, rather than the FMR-induced spin-Seebeck effect are 
responsible for the detected voltage, since a thermally driven 
magnon current will not have a frequency dependence but will 
only rely on the temperature gradient of the multilayer struc-
ture. As is shown in Figure 4b, the absorbed microwave power, 
hence the thermal gradient, remains finite beyond the cut-off 
frequency, which should not lead to the disappearance of the 

Py spin transmission voltage. The steep change of the Py spin 
transmission voltage at the cut-off frequency also suggests that 
compared with possible thermally driven incoherent magnons 
in YIG which can exist over the whole frequency range, the 
transmission of magnons via coherent spin waves can be a 
much more efficient approach. Finally, in Figures 3f and 4b, we 
note that the YIG FMR peak itself splits into two narrowly sepa-
rated branches, where the lower one can be identified as the 
exchange mode which is localized at the YIG/Py interface.[24] 
With a resonance frequency lower than the Kittel mode, this 
lower branch does not lead to a corresponding spin pumping 
signal in Figures 3c and 4a, probably due to the same reason as 
the cutoff of Py spin pumping signal discussed above.

3. Conclusion

Our results reveal that compared with thermal magnons or 
magnetic fluctuations, the coherent spin wave acts as an effi-
cient approach for transferring spin current through magnetic 
insulators, when the driving frequency lies above the magnon 
bandgap. Moreover, the PSSW mode in the magnetic insulator 
opens an additional channel to boost the transmission coef-
ficient of magnon spin current in magnetic multilayers. The 
resonance condition for the PSSW mode can be configured via 
tuning the thickness of the magnetic insulator. Meanwhile, one 
can also modify the bandwidth for transmission enhancement 
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Figure 4. Cutoff of Py magnon spin current beyond YIG Kittel mode. a) Spin transmission spectrum for ψ = 75°. The dashed rectangular box encloses 
the Py Kittel mode along which the Vs data are extracted and presented in (c). b) FMR spectrum for ψ = 75°. c) The Py spin transmission voltage 
extracted along the mode (enclosed by the rectangular box in (a)). The dashed blue and black curves denote contributions from the YIG mode and Py 
mode. The error bars represent standard deviation. d) Theoretical modeling of resonance frequencies of the Py Kittel mode, the YIG Kittel mode and 
the YIG PSSW mode for ψ = 75°. The insets illustrate the relative position between the Py magnon band and the YIG magnon band, as well as whether 
Py magnon spin current can transmit through YIG, in different regions of (f,H) space.
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by adjusting the field angle. The demonstrated resonant trans-
mission of spin current and filtering effect from the magnon 
bandgap unveil a new approach for tailoring spin transport in 
nanoscale structures, which can provide useful functions for 
spin-based information processing technologies.

4. Experimental Section
Material Growth: During the growth of the GGG/Pt(10)/YIG(60)/

Py(20)/Si3Nx(5) (unit in nm) hybrid structure, the 10  nm Pt was first 
grown on the GGG (110) substrate by an ultrahigh-vacuum magnetron 
sputtering system at room temperature, with the Ar pressure of 0.26 Pa 
(2 mTorr), and was subsequently annealed at 450 °C for 1 h in situ. 
After cooling down, a 60 nm YIG was sequentially grown on the Pt layer 
inside the magnetron sputtering system at room temperature, with 
the Ar pressure of 1.30  Pa (10 mTorr). Pt was grown by DC sputtering 
while YIG was grown by AC RF sputtering. After that, the GGG/Pt/YIG 
sample was put inside a thermal furnace for rapid thermal annealing. 
The annealing was carried out at 850 °C for 3 min, with an oxygen flow 
rate of 50 mL min−1 inside. After annealing, a Ni80Fe20 (Py)(20 nm) layer 
was grown on the GGG/Pt/YIG sample inside the magnetron sputtering 
chamber, using DC sputtering with the Ar pressure of 0.26 Pa (2 mTorr) 
at room temperature. A final layer of Si3Nx(5 nm) was grown on top of 
Py as the passivation layer, using AC RF sputtering with the Ar pressure 
of 0.26 Pa (2 mTorr) at room temperature.

STEM Measurements: Cross-sectional specimens were prepared of 
the GGG/Pt/YIG/Py/Si3Nx sample by focused ion beam lift-out using a 
Thermo-Fischer Nova NanoLab 600.[36] Before  lift-out, protective layers 
of sputtered carbon followed by ion beam deposited Pt–C were applied 
to the surface of the thin film. Rough milling steps were performed with 
30 keV Ga+  ions, and the final thinning of the sample was at 5 keV  to 
reduce surface damage.

High-resolution STEM experiments were then performed on the 
GGG/Pt/YIG/Py/Si3Nx sample by a Thermo-Fischer Titan 80–300  keV 
(S)TEM instrument[36] operating  with a primary beam energy of 
300  keV.  Annular dark-field images were acquired using a Fischione 
high-angle annual dark-field detector[36] with a convergence semiangle 
of 13.7 mrad and inner collection semiangle of ≈60 mrad. To obtain a 
high  signal-to-noise  image with minimal scan distortions, 12–15 scans 
taken with a dwell time of 1 µs per pixel were acquired, aligned via cross-
correlation, and averaged to form a single image. Because signal from 
the platinum dominates image contrast, a gamma factor of 0.5 was 
applied to the images for display purposes.

X-ray Diffraction Measurements: XRD was carried out on the GGG/
Pt/YIG/Py/Si3Nx sample to determine the crystallinity of the different 
layers, and the result is shown in Figure  1c. To obtain the XRD 
spectra, a Rigaku SmartLab[36] with a Cu Kα source was used and the 
measurement has covered a wide-angle range (2θ from 10° to 110°). 
Additionally, a Ni filter was used to filter out the Cu Kβ line. Due to 
the close lattice constant matching between the YIG layer and the 
GGG substrate, the broad YIG peaks are almost perfectly overlapped 
with strong and sharp peaks from the GGG such that they appear as 
a shoulder feature on either side of the GGG peaks. Four main Bragg 
peaks of YIG and GGG are observed: (220), (440), (660), and (880), 
which suggest the (110) growth orientation of the YIG layer.[37,38] At 
2θ = 39.7°, a new peak is observed besides the YIG (440), which belongs 
to the 10  nm Pt layer with (111) texturing and finite thickness fringes 
associated with this peak are observed. This observation is consistent 
with previous reports on similar structures.[37,38] At 2θ = 44.5° and 98.7°, 
peaks are observed that correspond to the Py layer with (111) texture, 
which is further indicative of high structural quality and epitaxial nature 
of the sample.

Spin Pumping and FMR Measurements: For the spin-
pumping experiment, a 5  mm × 5  mm GGG/Pt(10 nm)/
YIG(60 nm)  sample  was  first  prepared using the method discussed 
above. Then, a shadow mask was utilized to grow 2  mm × 2  mm 

Py(20 nm)/Si3Nx(5 nm) in the central area of the GGG/Pt/YIG sample. To 
expose the Pt in the edge area of the sample to make contacts, another 
mask was used to cover the central region of the sample and etched the 
YIG away in the side area. To further isolate the Pt (and the silver paste 
used for making contacts) from the Py layer, a thin square-shape Scotch 
tape was put on top of the Py(20 nm)/Si3Nx(5 nm) to fully cover it. The 
sample was mounted onto a coplanar waveguide to carry out the spin-
pumping experiment, as shown in Figure  1e. The RF microwave was 
generated by an RF signal generator (Giga-tronics 12000A) and was 
sent into the waveguide through a coaxial cable. The signal generator 
output power (17 dBm)  was modulated by a lock-in amplifier (by 80% 
modulation-depth), and the spin-pumping voltage was measured by the 
same lock-in amplifier.[28,39]

In the FMR experiment, a constant RF signal (17 dBm)  was sent 
into the waveguide. An electromagnetic coil was used to generate the 
AC modulating magnetic field, as shown in Figure S1 of the Supporting 
Information. The electromagnetic coil was driven by an AC power supply 
that was synchronized with the lock-in amplifier oscillator output. 
An RF diode was connected with the other end of the waveguide (see 
Figure S1, Supporting Information). The voltage was measured by the 
same lock-in, which reflects the field-modulated microwave absorption 
signal when the magnetic sample is in the resonance state. The whole 
waveguide and the modulation coil were placed in the center of the 
electromagnet pole gap, where static magnetic field was applied during 
the measurement.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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