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We report the experimental observation of large spin-pumping signals in the YIG/Pt system driven by
broad-wave-vector spin-wave spin current. 280-nm-wide microwave inductive antennas offer broad-wave-
vector excitation, which, in combination with the quasiflatband of YIG, allows a large number of magnons
to participate in spin pumping at a given frequency. Through comparison with ferromagnetic resonance
spin pumping, we attribute the enhancement of the spin current to the multichromatic magnons. The high
efficiency of spin-current generation enables us to uncover nontrivial propagating properties in ultralow
power regions. Additionally, our study achieves the spatially separated detection of magnons, allowing
the direct extraction of the decay length. The synergistic combination of the capability of broad-wave-
vector excitation, enhanced voltage signals, and nonlocal detection provides an alternative avenue for the

electrical exploration of spin-wave dynamics.
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I. INTRODUCTION

Magnons, the quanta of spin-wave excitations in mag-
netic materials [1-7], exhibit remarkable characteristics,
including the ability to propagate over centimeter dis-
tances without experiencing Joule heating dissipation [8—
10]. This propagation length significantly surpasses the
typical spin-diffusion length by several orders of magni-
tude [11-13]. The magnon generation, propagation, and
detection scheme can play a role in developing efficient
magnon spintronic devices, for example, magnon-based
logic gates [4,14]. The combination of two physical effects:
spin pumping (SP) and the inverse spin Hall effect (ISHE)
offers a viable approach. Spin pumping (SP) is the pro-
cess of generating spin currents Jg through the excitation
of magnons within a ferromagnetic (FM) layer, followed
by their injection into an adjacent nonmagnetic (NM) layer
[15—17]. Subsequently, the inverse spin Hall effect (ISHE)
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converts these spin currents into charge currents J., more
commonly manifesting as voltages [18-20]. Extensive
experimental and theoretical efforts have been devoted to
understanding the insightful physical mechanisms related
to the SP. This includes the investigation of low damp-
ing magnetic material systems such as metallic magnets
[21-23], organic-based magnets [24], insulating magnets,
for example, yttrium iron garnet (YIG) [25], and, more
recently, antiferromagnetic hematite [26—28]. Studies have
explored the relationship between spin pumping and the
thickness of FM and NM materials, as well as the impact
of excitation frequency and power [29-31]. Furthermore,
there is an emphasis on enhancing interface quality and to
further improve the spin-mixing conductance [32—34].
The leading process for SP is the generation of Jg,
where the magnitude of J is proportional to the total num-
ber of magnons for various wave vectors J; = )", Vkhk
[25,35,36]. Here, v; = dw;/dk is the spin-wave group
velocity and ng is the number of magnons. The uni-
form ferromagnetic resonance (FMR) [32,37-39], stand-
ing spin waves [18,40,41], dipolar spin waves [42—46],
exchange spin waves excited by an external force [47] and
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parametrically [48—52] are all employed in the generation
of Js. The majority of previous research has concentrated
on the magnons excited with a narrow range of wave vec-
tor. This method yields relatively small spin currents Js,
which, when converted to ISHE voltages, are typically in
the range of submicrovolts or even less at the power level
of several milliwatts. This also limits the efficiency of the
detection of spin waves, which has consistently garnered
significant attention because of its effective information
transfer capabilities [4,53].

In this study, we report a systematic investigation of
spin-pumping signals that arise in the YIG/Pt system,
in which a nanometer-scale inductive antenna allows the
excitation of magnons with a broad range of wave vec-
tors. By varying the angle between the magnetic field
and the wave-vector direction, we are able to manipu-
late the dispersion of the magnons to quasiflatband. The
coexistence of these two conditions leads to a large num-
ber of magnons participating in the spin-pumping process,
resulting in a significant enhancement of ISHE voltages.
Furthermore, we find the nearly 100% nonreciprocity of
nonlocal ISHE voltage in the configuration close to the
case where the angle between the magnetic field and the
wave vector is from 60° to 80°. The magnon decay length
is experimentally estimated by changing the propagation
distances.

II. RESULTS AND DISCUSSION

The sample used in the present study comprises YIG
thin films with thickness # =80 nm grown on (111)-
oriented gadolinium gallium garnet (GGG) substrates
through magnetron sputtering [54]. The postannealing pro-
cess is performed in an oxygen atmosphere at temperatures
ranging from 800 to 900°C. The Gilbert-damping param-
eter is determined by flipchip ferromagnetic resonance
measurements and found to be « = 5.6 + 0.2 x 107, and
the long-range inhomogeneity-caused linewidth is about
woAHy = 0.42 mT, as shown in Fig. 5 in Appendix
A, consistent with previously reported values [55,56].
The Ti/Au for microwave (MW) antenna is deposited by
electron-beam evaporation and heavy metal Pt (7 nm)
for detectors is dc-sputter-deposited at room temperature
under a working pressure of 2.8 mTorr and a base pressure
of 2.0 x 1077 Torr.

Figure 1(a) depicts the schematic illustration of the con-
version mechanism from propagating magnons to charge
current. A nanostripline (NSL) antenna is fabricated on
the YIG, and the antenna is connected to a vector net-
work analyzer (VNA) via microwave probes. The injected
microwave current generates a time-varying oscillating
magnetic field (nohys) that excites magnons and then
propagates s =2 wm to the Pt detector. Subsequently,
spin-wave spin current is converted into a charge current
locally at the detection part. The Pt bar is connected to a
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FIG. 1. (a) Schematic illustration of the broad-wave-vector SP

setup. Magnons in the YIG layer are excited using a microwave
flowing in a nanostripline antenna. A nanovoltmeter is connected
to the Pt bar to detect voltage induced by the charge currents J..
6 denotes the in-plane angle between the wave vector &k and the
applied external field H. (b) The SEM image of the antennas,
where the scale bar is 1 pm. (¢) Broad-wave-vector distribution
calculated by the width of NSL using FFT. The half value of the
maximum wave-vector excitation, represented by Ak, is chosen
to an effective range of the wave vector. (d) The magnon disper-
sion and the mechanism of the broad-wave-vector spin-pumping
process at flatband scenario (20°) and other angles. The pink
shadow is the effective range of broad-wave-vector excitation.
(e) The propagating magnons detected by ISHE at the power of
Pyw = 63 wW (=12 dBm) and 6 = 20° with uoH = 51 mT.

nanovoltmeter to detect ISHE voltage (Visgg). The
magnon dispersion of an 80-nm-thick YIG film at differ-
ent angles, calculated by the dipolar-exchange spin-wave
theory [57], is presented in Fig. 1(d). We find that when
a magnetic field pwoH is applied at a 20° angle with
respect to wave vector, a near quasiflatband of magnons
[58-61] appears within the wave-vector range from 0
to 10 rad/wm. The 280-nm-wide NSL [Fig. 1(b)] offers
the ability of the broad range of wave-vector excitation.
Broad-wave-vector distribution calculated by the width
of NSL using fast Fourier transform (FFT) is shown in
Fig. 1(c). The half-value of the maximum wave-vector
excitation is chosen to be an effective width of wave vector,
represented by Ak = 10 rad/pm, which is enough to cover
the wave vector associated with the flat-band magnons.
As the excitation frequency approaches a specific value
close to the flat-band frequency, a significant population
of magnons with various wave vectors get excited and
participate in the process of generating spin current after
propagating to the detection part. The dc component of the
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spin current for each wave vector at the interface can be
described as [19,62,63]

h .
= Tf Re (g1,) Psin’ ¢, (1)

where f* is the excitation frequency, Re (g4,) is the real
part of the interfacial spin-mixing conductance g4, ¢ is
the precession cone angle of spin waves with wave vector
k, and P is a factor arising from the ellipticity of the mag-
netization precession. Considering the number of magnons
ne o ¢ oc J¢ [64], the total spin current generated by
magnons with different wave vectors k can be represented
as J°' = Zk,- 35 where k; is sweeping from 0 to Ak.
Because of ISHE, the spin current can be converted into
charge current J. = (2¢/h)Osy[JL x o], and is detected
as a voltage via Pt bar. Here, ®gy represents the spin Hall
angle, and o is the spin-polarization direction aligned with
the magnetization M. Finally, the ISHE-induced charge
current results in charge accumulation at the two ends of
the detector, which can be detected by a nanovoltmeter as
the ISHE voltage [19,65-67]:

2e®gH 1 dN
V = ——\Agptanh
ISHE h onds sptan ( 2hsn

) L @
where the electron charge e, charge conductivities and the
thickness of the normal metal layer oy and dy, the spin-
diffusion length Asp, and the effective length L of spin
pumping. Figure 1(e) shows the Vigyg spectrum of prop-
agating magnons recorded at a distance s = 2 pm, uoH =
51 mT with microwave power Pyw = 63 wW. We rule
out the possibility of the voltage signal contribution from
the spin rectification effect imposed by spin Hall magne-
toresistance [68,69] or spin Seebeck effect [70] (see Fig. 6
in Appendix B). Nevertheless, it is essential to highlight
that the excitation of spin waves by the platinum strip
may occur due to the electromagnetic coupling between
these two parallel conductors within the system, of which
the strength diminishes significantly with larger separa-
tions between the antenna and detector. Further distance-
dependent measurement (Fig. 4) and nonreciprocal feature
(Fig. 3) reveal that this additional effect does not substan-
tially alter the key observations presented in this work.
Under the simultaneous fulfilment of a broad-wave-vector
excitation and flatband magnon dispersion, the increased
population of magnons leads to the large Vispg.

To attribute the multichromatic magnons to the enhance-
ment of the spin current, we conduct Visyr measurements
using uniform spin pumping (Vax—o) (see setup infor-
mation in Fig. 7 in Appendix C) for comparison with
broad-wave-vector spin pumping (¥ az0). The excitation
power is 10 mW for Ak = 0 measurements and 63 WW
for Ak # 0 measurements, respectively, maintaining a lin-
ear precession region [see Figs. 2(b) and 2(c)]. We fix the

(@) . . — (b) 44
—o-Ak= 0 e < Ak=0 °
6 oy e 000 °
Pa=01mW g \ 2 9
—o-Ak=0 l:||:'| m N
s P, =10mw \ 0
3 4p lw=10MY @ V. 0 05 10
u o P, (MW)
] MW
J Il e
o =~ Ak=0
=06
>90.3
0

0 30 60 90
Py (MW)

FIG. 2. (a) Visug as a function of the field at f/ =3 GHz
for broad-wave-vector spin pumping (Ak # 0 rad/pwm) and uni-
form spin pumping (Ak = 0 rad/pm) with excitation powers of
63 wW and 10 mW, respectively. V. denotes the maximum
voltage. (b) Excitation power dependence of maximum value in
voltage spectra for Ak # 0 rad/pwm and (c) for Ak = 0 rad/pm,
respectively. The red solid line is the linear fitting result.

excitation frequency at 3 GHz and sweep the magnetic
field to observe the resonance peaks. The Visyg curves are
depicted in Fig. 2(a), where the maximum voltage V. for
Vakzo is 6.2 wV and the black dot line denotes the ferro-
magnetic resonance field poHpmr. The maximum value for
Var=o0 at woHpmr is 0.09 pV. Compared to the measure-
ments with Ak = 0, the voltage observed in the Ak # 0
measurements shows a significant enhancement. In Eq. (2),
one can find that there are many parameters related to the
Visuge. The Asp ~ 8 nm for Pt, surpasses dy, where dy is 5
nm for Ak = 0 and 7 nm for Ak # 0 measurements. Con-
sidering that the term Agp/dy tanh(dn/2Agp) is essentially
constant for Agp > dy due to the limitation of film thick-
ness [65], it has a feeble effect on the measured voltage.
Consequently, we have

ki
_ Lakzo > s
J0 7

V Ak0

Vak=0  Lak=0

where J? is the spin current generated by uniform spin
pumping. One needs a factor § to meet ;. I = 8JE, by
which the whole contribution of the broad-wave-vector
magnons may be qualitatively extracted from the mea-
sured value of the spin-pumping voltage. According to Eq.
(1), Js is the function of the cone angle ¢. ¢ is generally
small (1° or less) and can be expressed as singy ~ ¢ =
y /Lohrf/4nozfﬁf , Where afﬂ is the wave-vector-dependent
effective Gilbert damping. Combining it with &, we have

2

2
5 — Vakz0 Lak=o poh=" o 3
y= - Q)

Vak=0 Lakzo \ pohyy oYIG/Pt

We normalize the parameters’ spin-pumping effective
length L, wohys, and effective damping o for Ak # 0 and
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FIG. 3.

(a) The device wherein two identical Pt strips are placed symmetrically in the left (V_;) and right (V) sides of NSL

with same propagation distance 2 pwm, where scale bar is 1 wm. (b) Angle-dependent spectra of Vigyg for magnons with opposite
propagating directions at uoH = 52 mT and Pyw = 63 wWW. (c) 6 dependence of Vigpyp nonreciprocity 7. (d) Angular dependence of
the absolute voltage with the extraction of maximum Vigyg values at each angle from -k spectrum and (e) from +k spectrum.

Ak = 0 measurements. Assuming that the broad-wave-
vector magnons are uniformly excited along the length of
the NSL, we can approximate the length of the Pt detector
as Lak=0, which is approximately 100 jum. Considering a
120-nm-thin NSL of width w with its center at x =z = 0,
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FIG. 4. (a) Frequency-dependent Vigyg lineplots measured in

devices with different propagation distances at uoH = 52.2 mT,
6 = 20°, and Pyw = 63 WW. The gray dash line corresponds to
frequency / = 3 GHz. (b) The dependence of the logarithm of
In(V1sue) as a function of propagation distance at 3 GHz. The red
line is the linear fitting using Eq. (7).

the electromagnetic field distribution is calculated, and it
reveals the maximum ok, value of 0.93 mT at the cen-
tral position with input Pyw = 63 wW [see Fig. 8(a) in
Appendix D]. The L(uohis)? for Ak # 0 is estimated to
0.09 mT? mm. The value L(poh)?> = 0.13 mT? mm is cal-
culated for Ak = 0 by integrating over the effective region
influenced by the antenna’s field when Pyw = 10 mW
[see Fig. 8(b) in Appendix D]. From Fig. 2(a), for Va0,
the magnetic field poH corresponding to the V. is 52.2
mT. The frequency f of spin wave with wave vector &k
[57,71-73]:

1
= H+ ) x (H+ K+ FM)| ,
4 2r HoMs oMs ’

“4)
Foio(1-12" 20 4+ M
=1—(1————])cos _
kt H4+ 24 2

noMs

1— —2kt
X (Te) sin®6), %)
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where |y| = 2w x 28 GHz/T is the gyromagnetic ratio,
A = 3 pJ/m is the exchange stiffness constant [73], # is the
thickness of the YIG layer, puoMs about 0.17 T is the sat-
uration magnetization of YIG, and F is the dipolar array
factor. When excitation frequency f = 3 GHz, the maxi-
mum k corresponding to 52.2 mT is 2.5 rad/pm (see Fig. 9
in Appendix E). Given the varying damping between high-
k magnons and k£ = 0 magnons, which tends to increase
with increasing the wave vector, we derived the effective
damping «.g from the wave-vector-dependent relaxation
time 7(k) = [2maenf (k)]7! [72,74]. The effective damp-
ing oee’fff is approximately 6.5 x 10-4 when k is 2.5 rad/pm.
The damping of YIG/Pt bilayer ayigp for Ak = 0 mea-
surements is 7.8 x 10™* (see Fig. 10 in Appendix F).
Taking into account the combined influence of

Laggo [ h37° ’ (06&'10/m)2
LAk:O hﬁ‘k:() Olé{ﬁ- ’
it gives a ratio of nearly 1, compared with the ratio
of the maximum voltage observed in the experiment
(Vak0)/(Var=0) = 68.9, there should have a factor of
69.0 from §. However, it is worth noting that, in some
cases, it is also known that the attenuation of homogeneous
precession in YIG films can exceed the attenuation of
short-wavelength magnons, which is explained by both the
better coupling of such precession with electromagnetic
waves in the environment and the stronger contribution
of two-magnon scattering [75]. For example, Ref. [75]
claims the lowest damping of spin waves is found at the
wave vector of about 10 rad/wm, indicating that the ratio
8 can be even larger than 69.0 if the effective damping
at high k£ is overestimated. The evolution of the Vigyg
signals as a function of wave vector for excitations also
demonstrates the effectiveness of broad-wave-vector spin
pumping (see Fig. 11 in Appendix G). Figures 2(b) and
2(c) summarize the maximum value in a voltage spectrum
under different excitation powers for Ak # 0 and Ak = 0,
respectively. The spin pumping with Ak = 0 exhibits a lin-
ear relationship with Pyw up to the maximum microwave
power of 100 mW [Fig. 2(c)]. In comparison, the sig-
nal of spin pumping with Ak # 0 maintains in the linear
region only up to 0.1 mW. This demonstrates that the spin
pumping with Ak # 0 requires much lower microwave
power than the Ak = 0 to achieve the same spin current,
and also a much easier step into the nonlinear regime
[76]. To gain a comprehensive understanding of the volt-
age saturation feature observed in the nonlinear regime
in Fig. 2(b), we conduct an additional power-dependent
measurement with sweeping the external magnetic field
from —100 to 100 mT, keeping the frequency fixed at 3
GHz. The measurement results reveal that as the power
exceeds 0.1 mW and the main mode enters the nonlinear
regime, the parametric mode becomes more pronounced.

Based on this power-dependent analysis, we posit that the
voltage saturation of the main mode primarily stems from
magnon-photon and magnon-magnon interactions, partic-
ularly in nonlinear processes like parametric pumping. To
further optimize spin-current generation efficiency, future
experimental endeavors could explore methods to miti-
gate nonlinear effects in the system. This avenue not only
promises enhanced spin-current generation under high-
power excitation but also serves as a valuable platform
for delving into open questions surrounding the nonlin-
ear saturation of spin pumping and inverse spin Hall effect
processes. More information can be found in Fig. 12 in
Appendix H.

In order to gain more insight into the magnon-driven
ISHE, we study its angular dependence (Fig. 3) with a
MW power of 63 wW. First, two identical Pt detectors are
positioned on the two opposite sides of the NSL with a
separated distance of 2 pm. At 52 mT, we record the angle-
dependent spectra Viggg for both —k and +k magnons
[Fig. 3(b)] by rotating the in-plane magnetic field. We
extract the V. at each angle [Figs. 3(d) and 3(e)]. The
output voltage exhibits an asymmetric dependency resem-
bling a butterfly pattern. At the excitation part, the varying
microwave absorption capability of the magnetic material
under different 6 leads to an angular dependency in the
NSL’s excitation efficiency, described using A sin’ 6 + B
[28]. At the detection part, the ISHE follows a cos 6 law
[77]. Merely considering the angular dependencies of exci-
tation and detection does not align with the experimental
outcomes (see Fig. 13 in Appendix I). Therefore, we con-
sider that the propagation of magnons contributes to addi-
tional asymmetry. As 6 gradually rotates from 0° towards
90°, the spin-wave mode transitions from a volume mode
to a surface mode, exhibiting noticeable nonreciprocal
propagating (see Fig. 14 in Appendix J). We quantify the
Visye nonreciprocity in terms of the ratio,

Vo= Vi

— kT Ak 6
Vo + Vi ©

n

where || = 100% indicates perfect unidirectional Visyg
detection. We show the |n| extracted from the experi-
ments as a function of 8 in Fig. 3(c), which exhibits nearly
100% when 6 is rotated between 60° and 80°. Due to
the finite thickness of YIG, the amplitude distribution of
precession profile along the thickness direction is nonuni-
form, particularly in the context of dipolar-exchange spin
waves. Consequently, the Damon-Eshbach (DE) mode has
the capability to induce a spin-wave spin current at the
top or bottom surfaces of the material. As an illustrative
example, when considering the case of +k magnons, apart
from the detection restrictions causing Visyg signal of zero
within the DE mode, in the vicinity of the DE mode at
angles 6, roughly between 60° and 80°, a close-to-zero
Visue can also be observed. This phenomenon underscores
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the interfacial nature of the spin-pumping process, imply-
ing that the majority of magnons likely propagate along
the bottom surface. This, in turn, suggests that the pri-
mary source of the spin current is surface-bound magnons,
as opposed to magnons traversing the entire thickness of
the material. The angle-dependent measurement results in
nonlinear regime (1.0 mW) can be found in Fig. 15 in
Appendix K.

The spatially separated detection enables us to mea-
sure the decay length of magnons. Consequently, keeping
the excitation NSL unchanged, we conduct measurements
to explore the Visyr dependence on distance. Figure 4(a)
shows the Visyg recorded at puoH = 52.2 mT with propa-
gation distances s = 2,4,6, 8, 10, and 14 pwm. The longer
the propagation distance is, the less magnons can then be
detected, and therefore the weaker ISHE signal. With a
fixed frequency at 3 GHz, the maximum values of Visyg at
different propagation distances are extracted. The depen-
dence of the logarithm of In(Visgg) as a function of s is
shown in Fig. 4(b) and fitted them by,

Visue s
I - 7
n( Cm) = ™)

where Cp, and A, are distance-independent prefactor and
magnon decay length, respectively. By fitting the results
of the experiment, the decay length A, is extracted about
3.3+ 0.3 wm, which compares well to previous exper-
imental results [78,79]. Combining the estimated decay
length with the effective Gilbert damping, we can roughly
estimate the corresponding spin-wave group velocity by
using |vg| = 27 deqf” Am, Which is about 0.037-0.044 km/s.
This estimated spin-wave group-velocity value range cor-
responds to a wave-vector range from 5.22 to 5.56 rad/pm
at 20° [center of the broad range of wave vector provided
by the antenna as shown by the red point in Fig. 1(d)],
which is calculated by Egs. (4) and (5) and v, = 279/ / k.
The spin-wave group velocity as a function of wave vec-
tor at 20° can be found in Fig. 16 in Appendix L. Decay
length Ay, = ve/2maf, is largest for magnons with high
group velocity or small damping. Unlike the conventional
uniform excitation SP, which necessitates the deposition of
Pt on the entire surface of the YIG, creating a YIG/Pt het-
erostructure, our approach obviates this requirement, thus
mitigating the increase in YIG’s damping coefficient. This
approach allows us to preserve a relatively large decay
length.

In this study, a thick YIG (80 nm) thin film is employed
to showcase the technique for electrically detecting
magnon dynamics. Further experimental exploration using
thinner samples would be both promising and intrigu-
ing. As the YIG thickness decreases, the dipolar interac-
tion is suppressed, providing a relatively broader angle
range to support the quasi-flat-band scenario. Further-
more, the reduction in thickness leads to higher frequencies

for the high-order magnon bands, effectively suppress-
ing magnon-magnon and magnon-photon interactions,
particularly in the nonlinear regime. Except for the back-
ward volume mode, spin waves propagating at other angles
exhibit surface-mode profiles along the thickness direction
due to dipolar interaction. This indicates that magnon spin
currents, further pumped into the detector, decay from the
surfaces. Decreasing the YIG thickness results in a more
homogeneous profile, suggesting that magnon spin cur-
rents at different positions along the thickness experience
less dissipation towards the top surface. Consequently,
they are more efficiently converted into charge current
in the detector through the inverse spin Hall effect. In
other words, the spin-pumping efficiency, especially for
magnon spin currents with surface features, is enhanced
in thinner samples [80]. In addition, it is worthwhile to
discuss the significance of material selection (conductive
and insulating) on measured results and the potential for
device miniaturization. In the case of insulating materi-
als, such as garnets, the outcomes are primarily shaped by
the diverse intrinsic magnon dispersions arising from dis-
tinct magnetic parameters, including magnetic anisotropy,
Dzyaloshinskii-Moriya interaction, saturation magnetiza-
tion, and exchange stiffness. In conducting materials, addi-
tional factors may impact detected results, including issues
like short circuits between the spin-wave waveguide and
detector, spin rectification, significant crosstalk, and self-
pumping induced by self-torque. Despite these supplemen-
tary effects, the results are still predominantly determined
by intrinsic magnon dispersions. Regarding the potential
for device miniaturization, we posit that common chal-
lenges across all materials include on-chip Joule heating
induced by the antenna and variations in interfacial spin-
mixing conductance between materials and the detector.
To downscale device size effectively, optimizing the exci-
tation efficiency of short-wavelength spin waves becomes
crucial, particularly for materials with higher magnon gaps
and saturation magnetization, which require higher fre-
quencies. Moreover, spatially separated detection offers
distinct advantages in terms of facilitating gating and
manipulating spin waves. When combined with the effi-
cient excitation of magnons, it paves the way for another
route in the generation, propagation, and detection of
spin currents, which is essential for the development of
magnon-based logic devices.

III. CONCLUSION

In conclusion, we experimentally observe significant
voltage signals from broad-wave-vector excitation flatband
magnons spin pumping in thin YIG films. The utilization
of nanoscale stripline enables efficient angular momen-
tum transfer of flatband magnons across a broad range
of wave vectors into the spin current. The generation of
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spin-wave spin current with a broad range of wave vec-
tors is observed to be over 69.0 times greater than that
associated with a single wave vector. We also clarify that
spin pumping primarily originates from magnons at the
surface rather than spanning the full thickness, supported
by the nonreciprocal propagation of magnetostatic surface
spin waves. The ability of unidirectional detection of Vigyg
in combination with long-distance propagating magnons
can become a key functionality in reconfigurable nano-
magnonic logic and computing devices. Our finding allows
for the downsizing of input microwave power and spin-
pumping structures, all while preserving adequately robust
signals and the dynamic properties of spin waves. The peri-
odic Dzyaloshinskii-Moriya coupling or moiré pattern also
induced flatband [58—61]. In the future, combining this
with broad-wave-vector spin pumping could offer insights
into the spin-wave dynamics regime.
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APPENDIX A: FIELD-DEPENDENT FLIPCHIP
FMR SPECTRA AND DAMPING ESTIMATION

In the flipchip measurement, the submillimeter size
coplanar waveguide (CPW) antenna is used to excite and
detect the resonance of the whole chip, to characterize
the FMR feature of the YIG sample. The in-plane exter-
nal magnetic field is applied perpendicular to the wave-
vector direction, a field-dependent spectra is obtained
as presented in Fig. 5(a). Based on the FMR spectra,
the linewidths §f at different excitation frequencies are
extracted by fitting with a Lorentz function [Fig. 5(b)].
The damping parameter o = 5.6 £ 0.2 x 10~ of the film
is given by the linear fitting using the following Eq. (A1)
[81]:

ly| 2
8f = —uoAHy + —af ,
f e HoAHy + ﬁaf

where |y| = 2w x 28 GHz/T is the gyromagnetic ratio,
woAHy = 0.42 mT is the film inhomogeneity linewidth.
Then we performed the superconducting quantum interfer-
ence device (SQUID) measurement to obtain the hysteresis
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FIG. 5. (a) The FMR reflection spectra measured by flipchip
technique with in-plane magnetic field. (b) The extracted FMR
linewidths 8f as a function of the different excitation frequencies.
The red solid line is the damping fitting based on Eq. (Al). (c)
The magnetic hysteresis loop measured with applying in-plane
magnetic field.

loop with applying in-plane external magnetic field. The
sample size is 3 mm x 4 mm x 80 nm corresponding to
9.6 cm® volume. After dividing the total magnetization
by the volume of the sample, the saturation magnetization
oM of this chip is herein estimated at about 170 mT.

APPENDIX B: MAGNON PROPAGATION
SPECTRA DETECTED BY ISHE

Maintaining propagation distance s =2 um, fixed
power Pyw = 63 WW, sweeping in-plane magnetic field
at different frequencies, we get a field-dependent mode as
shown in Fig. 6(a). Reversing the measured signal’s polar-
ity with changing magnetic field direction and no steplike
line shape at zero field eliminates possible thermoelec-
tric effects [Fig. 6(b)]. To exclude the contribution from
the spin rectification effect imposed by spin Hall mag-
netoresistance (Vsmr), in the following, we also replace
the Pt detection antenna with W, as shown in Fig. 6(c).
Since Vgmr 1s proportional to the square of the spin Hall
angle (Vsmr o ®§H) [82], a dominant Vgyr contribution
would result in positive voltage signals for both YIG | Pt
and YIG | W, despite the opposite spin Hall angles of Pt
and W. The striking feature observed here is the opposite
signs, proving that the signal mainly originates from Visyg
(VisHE o Ogp).
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FIG. 6. (a) The propagating magnon spectrum detected by
ISHE at power Pp,w = 63 wW and 6 = 0° with field sweep from
negative to positive. (b) Single line cuts extracted from (a) at
frequency /' = 3 GHz. (c) Comparison of spin-pumping voltage
measured for YIG | Pt and YIG | W.

APPENDIX C: SCHEMATIC LAYOUT OF THE
UNIFORM SPIN-PUMPING EXPERIMENTAL
SETUP

We conduct Vigyg measurements using the FMR
(Ak = 0) technique for comparison with broad-wave-vector
magnon spin pumping (Ak # 0). Our Ak = 0 measure-
ments are performed on a YIG (80)/Pt (5) bilayer sample
approximately 5 x 5 mm?. The signal line width is 75 um
with a 140-pwm gap between the signal and ground lines for
coplanar waveguide (CPW). The sample was positioned
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FIG. 7. Schematic layout of the uniform spin-pumping experi-
mental setup. The microwave flowing in the coplanar waveguide
excites uniform precession of YIG/Pt bilayer and then generates
spin current. Electrodes attached to the Pt layer are used to detect
the voltage resulting from the charge current.

above the CPW with an external magnetic field applied on
the y axis, while the ISHE voltage was measured across the
whole chip at two sides in x-axis direction, as illustrated in
Fig. 7.

APPENDIX D: SPATIAL DISTRIBUTION OF THE
ohyy COMPONENTS FOR NSL AND CPW

For comparison of the ISHE voltage contribution from
the microwave field, we have calculated the ok com-
ponents of the NSL and CPW when input power equals
63 wW and 10 mW, respectively. Considering a nanos-
tripline with a thickness of d = 120 nm and width of
w = 280 nm along the y axis, whose centerisatx =y = 0.
The ok field at point A(x, zo) is given by Egs. (D1) and
D2 [83]:

d w/2+x0 zZo0+z
Hohy(xo,20) = 77/ |:/ —dp
! 0 0 p2+(z0 + z)?

xo—w/2
_ / Lzzdp} dz, (D1)
0 P>+ (z0+2)

d w/24x0 —p
o= [ [
0 0 P2+ (20 +2)°

xg—w/2 p
-+ f —zdp} .
0 P>+ (z0+2)

(D2)

where n is 2mj /1o, j is current density and wg is vac-
uum permeability. With the impedance Z; equal to 107 2
for NSL, we calculated the woh, and woh, components
of the magnetic fields induced by the microwave current
at the half thickness position of the film as shown in
Fig. 8(a), which give a puoh, field of 0.93 mT at the cen-
ter and inhomogeneous amplitudes of excitation in the z
direction. Considering the effective detecting length of Pt
Lakz0 = 100 wm, the Lagzo(tohy” )2 is 0.09 mT>mm.
For the woh,s component of CPW, electromagnetic sim-
ulations were performed using HFSS 2022 with the fol-
lowing parameters. We used the same CPW dimension
with the experiment: S = 75 pum, G = 200 wm, and spaced
140 pwm, apart with an Au thickness of 120 nm. The thick-
ness of the YIG film was taken as 80 nm with relative
dielectric constant ¢, = 15, and for the GGG substrate,
we used a thickness of 500 wm with ¢, = 12. We per-
formed the simulation at a frequency of 10 GHz. Figure
8(b) shows the woh, component in the (x,y) plane on top
of the YIG surface (z = 10 wm). The use of an input power
of 10 mW with Z, of 50 2, would give a maximum field
Wohy, about 0.7 mT. Therefore, for the CPW antenna, the
Lak=o % (oh3*=)?is 0.13 mT? pm.
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FIG. 8. (a) Spatial distribution of the uoh, and poh, com-
ponents of the magnetic fields induced by the microwave cur-
rent flowing through a 280-nm-wide NSL antenna with Pyyw =
63 wW. (b) Spatial distribution of the woh, component of
the magnetic fields induced by the microwave current flowing
through a 75-pm-wide CPW antenna with Pyw = 10 mW.

APPENDIX E: DISPERSION FOR 80-NM-THICK
YIG FILM AT poH = 52.2 mT

Figure 9 presents the dispersion calculated by Eq. (5)
in the main text with in-plane magnetic field poH =
52.2 mT. From dispersion, we find that keeping the exci-
tation frequency at 3 GHz, the maximum wave vector is
2.5 rad/pum when 6 = 20°.

APPENDIX F: THE DAMPING FITTING OF
YIG/PT HETROSTRUCTURE

Figure 10 presents FMR data of the YIG/Pt bilayer. The
linear fitting yields damping o = 7.8 x 10~*. Compared
with bare YIG, damping is enhanced.

APPENDIX G: WAVE-VECTOR-DEPENDENT
INVERSE SPIN HALL VOLTAGE

The evolution of the Visyg signals as a function of wave
vectors has been studied. As an example, keeping propa-
gation distance s = 2 wm, the Vigyg recorded for a series
of NSL with different widths w are shown in Fig. 11(a).
Ak for 2, 2, and 100 wm NSL antenna is 1.5, 0.15, and
0.03 rad/pwm, respectively [Fig. 11(b)]. With increasing
o, the range of excitation wave vector Ak decreases, as
does the maximum value of the Visyg. When we change
the excitation antenna from an NSL excitation antenna to
a coplanar waveguide (CPW) configuration, maintaining
the same signal line width (0.28 wm as in the NSL con-
figuration described in the main text), the resulting Vigyg
signal decreases by nearly half. A comparison with the
wave-vector distribution of NSL in Fig. 1(c) of the main
text reveals that the wave vector for CPW exhibits finite
values [Fig. 11(d)]. However, for NSL, the wave vectors
are excited more broadly. With the same excitation power
at a fixed frequency, for CPW, the number of magnons
participating in generating spin current decreases, and
consequently, so does VisyE.

sof 2
7l —20°
40°
§ 3.5+ 60°
S
=80 %
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0.1 1..0 1.0
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FIG. 9. Theoretically calculated dispersions of 80-nm-thick
YIG film at different angle 6. The red vertical dashed line implies
the crossing wave vector when excitation frequency is at 3 GHz.

APPENDIX H: POWER-DEPENDENT PUMPING
VOLTAGE RESULTS AT 3.0 GHZ

To gain a comprehensive understanding of the volt-
age saturation feature observed in the nonlinear regime
in Fig. 2(b) in the main text, we conduct an additional
power-dependent measurement with sweeping the external
magnetic field from —100 to 100 mT, keeping the fre-
quency fixed at 3 GHz. The voltage spectra [Fig. 12(a)]
reveal that as the power exceeds 0.1 mW (—10 dBm)
and the main mode enters the nonlinear regime, the para-
metric mode becomes more pronounced. In addition, we
extract the voltage strengths of each mode as a func-
tion of power, illustrated in Fig. 12(b). It is observed
that as the power increases (beyond 0.1 mW), the main
mode (f mode) experiences a slight saturation, while the
strengths of the nonlinear mode (2f mode) exhibit a sud-
den increase. Based on this power-dependent analysis, we
posit that the voltage saturation of the main mode primarily
stems from magnon-photon and magnon-magnon interac-
tions, particularly in nonlinear processes like parametric

pumping.

APPENDIX I: ANGLE DEPENDENCE OF ISHE
MULTIPLIED BY THE ANGLE DEPENDENCE OF
POWER ABSORPTION

To comprehend the anisotropy of voltage values at
different angles, we computed the antenna excitation effi-
ciency and the ISHE detection efficiency’s impact on the
ISHE voltage. Taking into account that for a magnetic field
applied at an angle 6 from the wave vector, the absorbed
power’s angle dependency in the magnetic material is
denoted by 4 sin? @ + B, while ISHE detection follows a
cos 6 relationship. The contributions of these two parts to
the voltage are depicted in Fig. 13.
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FIG. 10. The FMR properties of the YIG/Pt bilayer, with the
points showing experimental data and the curves showing linear
fitting.

APPENDIX J: ANGLE-DEPENDENT
PROPAGATION SPECTRA OF SPIN WAVES

To signify the involvement of propagating dipolar-
exchange spin waves in contributing to the nonreciprocal
nonlocal detection of ISHE voltage, the control measure-
ment of the angle-dependent spin waves is also measured
on the two NSL antennas with propagation distance s =
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FIG. 11. (a) Frequency-dependent Visyg measured in devices

with different widths of NSL at wuoH =51 mT and Pnhw =
63 wWW. (b) The broad-wave-vector distribution is calculated
by varying the widths of NSL using FFT, and for NSL anten-
nas of widths 2, 20, and 100 pwm, the corresponding values of
Ak are 1.5, 0.15, and 0.03 rad/pwm respectively. (c¢) Frequency-
dependent Visyg measured in CPW. The width of signal line
and ground line is 0.28 pwm, the gap between signal line and
ground lines is 0.7 wm. The Fourier spectrum of the dynamic
in-plane magnetic field distribution generated by the ground-
signal-ground CPW is shown. (d) 8k, and 8k, are the effective
excitation wave vector of CPW, both equal to 2.2 rad/pm.
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FIG. 12. (a) The power-dependent measurement with sweep-
ing the external magnetic field from —100 to 100 mT, keeping
the frequency fixed at 3 GHz. (b) The extracted voltage strengths
of the main mode and parametric pumping mode as a function of
power.

2 wm. Figures 14(a) and 14(b) show angle-dependent spec-
tra for Sy (—k) and S, (+k), where a clear asymmetry
is observed. This observation confirms the nonrecipro-
cal nature of the Visyg, which is partially derived from
the nonreciprocity of propagating dipolar-exchange spin
waves.

APPENDIX K: ANGLE-DEPENDENT PUMPING
SPECTRA UNDER HIGH-POWER EXCITATION

The current focus on nonlinear processes within the
research community is noteworthy. Examining Fig. 12, it
is evident that beyond 0.1 mW (—10 dBm), when the main
mode enters the nonlinear regime, the strength of nonlinear
modes, particularly parametric pumping, undergoes a rapid
and significant enhancement. This observation underscores
the substantial contribution of nonlinear processes under

180

Amplitude (arb. units)

FIG. 13. ISHE’s angular dependence multiplied by the
angular dependency of power absorption, as computed by
cosd (4 sin® 0 + B).
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FIG. 14. The inductive coupling spin-wave propagation spec-
tra S1» (a) and Sy (b) measured as a function of the angle 6. The
field is fixed at 52 mT. 6 is defined as the angle between H and £.

high-power excitation. This leads us to explore the angle-
dependent pumping feature within the nonlinear regime.
Specifically, we concentrate on the highest power (1.0
mW) highlighted in Fig. 2(b) in the main text, conducting
angle-dependent spectra measurements for +k magnons.
The resulting spectra are illustrated in Fig. 15(a). To enable
a thorough comparison with the spectra under low-power
excitation, we extract the maximum voltage as a func-
tion of angle [Fig. 15(b)], facilitating a direct comparison
with features observed in the linear regime, as presented
in Fig. 3(b) in the main text. In the nonlinear regime, non-
reciprocity is suppressed, potentially due to the significant
population of magnons accumulating near the excitation
antenna. This accumulation results in a more homoge-
neous profile of the surface mode along the thickness.
Nevertheless, the broad flatband-enhanced pumping fea-
ture remains consistent with the linear scenario, where
the maximum pumping voltages are situated within the
flatband configuration range, specifically between 20 and
30°.
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FIG. 15. (a) Angle-dependent spectra of Visygp for —+k

magnons at uoH = 52 mT in nonlinear regime with Pyw =
1 mW. (b) Angular dependence of the absolute voltage with
the extraction of maximum Viggg values at each angle from +k
spectrum in (a).
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FIG. 16. The spin-wave group velocity as a function of wave
vector at 20°. The red point is the corresponding wave-vector
value 5.2 rad/wm with the experimentally estimated spin-wave
group velocity 0.04 km/s in the distance-dependent measure-
ment.

APPENDIX L: CALCULATED SPIN-WAVE GROUP
VELOCITY AS A FUNCTION OF WAVE VECTOR
AT 20°

Based on the extracted decay length from the distance-
dependent measurement, we are able to experimentally
estimate the spin-wave group velocity about 0.037—0.044
km/s. To compare this value with the dispersion curves in
the main text, we use Eqgs. (4) and (5) and v, = 27 9f /0k
to calculate the spin-wave group velocity as a function of
wave vector at 20° as shown in Fig. 16. When the wave
vector is about 5.22—5.56 rad/wm located at the center of
the broad range of the wave vector provided by the width
of the antenna, the calculated group velocity matches with
the experimentally estimated one (red point in Fig. 16).
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