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Spin pumping (SP) and inverse spin Hall effect (ISHE) driven by parametrically-excited dipole-exchange spin waves
in a yttrium iron garnet film have been systematically investigated. The measured voltage spectrum exhibits a feature
of the field-induced transition from parallel pumping to perpendicular pumping because of the inhomogeneous excitation
geometry. Thanks to the high precision of the SP-ISHE detection, two sets of fine structures in the voltage spectrum are
observed, which can correspond well to two kinds of critical points in the multimode spin-wave spectrum for magnetic
films. One is the ¢ = 0 point of each higher-order dispersion branch, and the other is the local minimum due to the interplay
between the dipolar and exchange interactions. These fine structures on the voltage spectrum confirm the spin pumping by
higher-order dipole-exchange spin-wave modes, and are helpful for probing the multimode spin-wave spectrum.
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1. Introduction

Spin waves (or magnons), which are the collective excita-
tion of a magnetically ordered system, have drawn increasing
attention due to their anticipated potential for transferring and
processing information.'=3! In the last few years, several spin-
wave logic device concepts have been proposed and experi-
mentally verified, such as spin-wave majority gates,'*l magnon
transistors, > and spin-wave directional coupler.!®”] Simulta-
neously, fascinating new phenomena such as magnon Bose—
Einstein condensation, ¥ magnonic supercurrents,®! and hy-

1O have been discovered, enrich-

brid magnetoelastic bosons
ing the research areas of fundamental spin physics.

Recent advances in spintronics provide a new approach
for the detection of spin waves: the combination of spin pump-
ing (SP) and inverse spin Hall effect (ISHE).[!'-14] Specifi-
cally, the precessing magnetization of spin waves can emit an-
gular momentum into an adjacent normal-metal (NM) in the
form of a pure-spin-current, which can then be converted to
an electrically detectable charge current via the ISHE. The
SP-ISHE detection method is considered to have no limita-

15.16] and therefore has

tion from the spin-wave wavelength,!
the advantage of detecting spin waves in the dipole-exchange
region, where the strength of the dipole—dipole interaction and
the exchange interaction are comparable. Many experimental
studies on this subject have been reported, such as SP driven
by parametrically excited exchange magnons,!!”~1°! bistable
exchange spin waves,?”l and magnon polarons.?! Most of
these studies have been performed using magnetic thin films,

whose spin-wave spectrum has a multimode nature due to the
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confinement along the film normal. However, previous stud-
ies of SP driven by dipole-exchange spin waves mainly fo-
cused on the lowest spin-wave mode, which has a uniform
profile along the film normal. So far, SP driven by higher-
order dipole-exchange spin-wave modes with oscillating pro-
files along the film normal have rarely been reported.

In order to detect the higher-order dipole-exchange spin-
wave modes, it is necessary to identify them on the mea-
sured SP-ISHE voltage spectrum. Some critical points in the
spin-wave dispersion relation, such as local minima, max-
ima, and saddle points, can help with this. These points, also
known as the van Hove singularitiesm] (VHSs) in the den-
sity of states (DOS), can produce observable features in spec-
tral measurements.[?3! For example, in twisted graphene lay-
ers, VHSs in the electronic band structure can lead to sharp
peaks in the scanning tunneling spectroscopy.>*?>! In this let-
ter, similar behaviors were observed in the SP-ISHE detec-
tion of spin waves. The ¢ = 0 points and local minima in
the higher-order spin-wave dispersion branches were found to

261 on the measured SP-

produce two sets of fine structures!
ISHE voltage spectrum. These fine structures confirm the ob-
servation of SP driven by higher-order spin-wave modes. In
addition, they provide anchor points for establishing the exact
correspondence between the measured SP-ISHE voltage and

the multimode dipole-exchange spin-wave spectrum.

2. Experimental details

The sample used in the present study was a 3.7-um-thick
(111)-single-crystal yttrium iron garnet (YIG) film grown on
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a gallium gadolinium garnet (GGG) substrate by liquid phase
epitaxy, as shown in Fig. 1(a). A 50-um-wide Cu strip was de-
posited in the middle of the YIG film used as the microstrip an-
tenna for the spin-wave excitation. A 25-um-wide and 10-nm-
thick Pt strip was deposited 100 pm away from the microstrip
antenna for the SP-ISHE detection. In order to achieve high
sensitivity, a lock-in technique was used. A microwave source
with a power amplifier supplies to the microstrip antenna a
CW microwave, which was modulated with a frequency of
51.73 kHz. The SR830 lock-in amplifier was wired to the Pt
strip to detect the voltage generated by the ISHE. The external
magnetic field H is applied perpendicular to the Pt strip and
the microstrip antenna. The measurements were all performed
at room temperature.
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Fig. 1. (a) Schematic illustration of the experimental setup. (b) Sketch
of the multi-mode spin-wave spectrum of a YIG film and the mechanism
of the parametric excitation. (c) The measured ISHE voltage spectrum
at the pumping frequency of 6 GHz. (d) The calculated H dependence
of the in-plane wave number ¢ of the linearly and parametrically excited
spin waves for a 3.7-um-thick YIG film under the f, = 6 GHz. The unit
10e=79.5775 Am™~".

3. Results and discussion

3.1. Multimode spin-wave spectrum

The dipole-exchange spin-wave spectrum in a YIG film
with a finite thickness d, which can be regarded as a series of
quasi-two-dimensional systems, has a form given by Kalinikos
and Slavin[?7-28]
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where n = 0, 1, 2, ... are the quantization numbers due to
the finite film thickness, ¥ is the gyromagnetic ratio, A is the
exchange stiffness, Mg is the saturation magnetization, ¢ is
the magnitude of in-plane wave-vector g, and F;, (¢d) is the
matrix element of the magnetic dipole—dipole interaction (see
supporting information S1). Figure 1(b) schematically illus-
trates the spin-wave spectrum of a 3.7-um-thick YIG film and
the mechanism of the parametric excitation. The spectrum
should include all possible directions of the spin-wave prop-
agation. Here, for simplicity, we only draw the directions of
q parallel (blue curves) and perpendicular (green curves) to
H in Fig. 1(b). The two thick curves represent the lowest
n = 0 branches in these two directions. Under linear excita-
tion, where the frequency of the excited spin wave is the same
as the microwave pumping frequency f;,, only magnons dis-
tributed in a small wave vector range near the g = 0 uniform-
mode can be excited.[?°! In contrast, the parametric excitation
technique can excite magnon pairs with half the microwave
frequency f,/2 and opposite wave vectors £q in a large wave
vector range of the spectrum. Both linearly and parametrically
excited magnons with small or large wave vectors can drive
spin pumping and then be detected as a dc voltage by the ISHE
of the Pt strip.[1%-30]

During the measurement, the Cu microstrip can excite
different steady spin-wave modes under different applied mag-
netic fields. These modes are usually distributed over the en-
tire YIG film,3!! and are sufficient to cover the Pt strip. These
different modes have different excitation efficiencies, so the
magnetic moments beneath the Pt strip have different preces-
sion amplitudes, resulting in different voltages. Therefore, the
measured voltage spectrum can reflect the information of the
spin-wave spectrum.

3.2. The measured ISHE voltage spectrum

Figure 1(c) shows the dependence of the measured ISHE
voltage V on H with f, = 6 GHz and an input microwave
power about 300 mW. A background voltage V4, which is asso-
ciated with the spin Seebeck effect!*?! and almost independent

33,341 {5 subtracted

of the value of H in our measurement range,[
from the measured voltage Vj,: V =V, — V4. The entire spin-
wave spectrum and the ferromagnetic resonance (FMR) fre-
quency frmr in Fig. 1(b) can be shifted up or down along y
axis by tuning the magnitude of H. As H is scanned from
high field to approach ~ 1500 Oe (1 Oe=79.5775 A-m~!) to
fulfill f, ~ frMr, the linear excitation of the uniform FMR
mode occurs, resulting in the relatively large SP-ISHE voltage
in Fig. 1(c). In addition to the peak arising from the FMR,
multiple peaks are observed between 1250 Oe and 1750 Oe.
These signals are attributed to the SP-ISHE voltage driven by
the standing spin waves due to the confinement of the sample
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plane and thickness direction of the rectangular sample.!3>-36]

When the dispersion curves move further down with decreas-
ing H to intersect the line f,/2, the parametric excitation be-
gins, as evidenced by the emergence of the ISHE voltage in
Fig. 1(c) below the cutoff field H, = 1030 Oe. Hy corre-
sponds to the applied field at which the lowest point of the
entire spin-wave spectrum intersects the line f;,/2. When H is
greater than He,, the dispersion curves are above f, /2. Only
if H is less than H., the dispersion curves can intersect with
fp/2. Therefore, the parametric excitation can only occur be-
low Hey.

Figure 1(d) shows the calculated dependence of the in-
plane wave-vector g on H from Eq. (1) for the linear excitation
(with fixed @ = 27 - f},) and parametric excitation (with fixed
® =27 f,/2). Only the lowest n = 0 mode and the directions
of q||H and gL H are shown. Hpmr (fp) and H,(f,/2) on the
abscissa are the calculated resonance fields for the linear and
parametric excitation, respectively. As can be seen from the
comparison between Figs. 1(c) and 1(d), the voltage signals
from the linearly-excited spin waves appear in a small range of
g, with a maximum value of about 3 x 103 cm™!, which is in
the magnetostatic wave range. In contrast, the voltage signals
from the parametrically-excited spin waves cover much large
range of ¢, with a maximum value of about 3 x 10° cm™!,
which is two orders larger than that of the linear excitation
and is in the dipole-exchange region. In the following, we fo-
cus on analyzing the parametrically-excited SP-ISHE voltage
spectrum in the H < Hy; part.

3.3. Transition from parallel to perpendicular parametric

pumping

The field dependence of V for H < Hgy as shown in
Fig. 1(c) exhibits the typical feature of the field-induced
transition from parallel parametric pumping (the pump mi-
crowave field k|| H )78 to perpendicular parametric pump-
ing (hLH)4 with decreasing H. As well studied in
Ref. [41], the transition is attributed to the excitation geometry
of the microstrip antenna. Our SP-ISHE measurement results
in Fig. 1(c) are in good agreement with the threshold pump
power measurement results in Ref. [41]. At the critical field
H., which is close to H;( o /2), the spin waves with ¢ ~ 0 are
excited. Because the threshold power of parametric excitation
at H, is the lowest, the corresponding ISHE voltage V shows a
maximum value. Below H, the parallel pumping dominates,
and spin waves with gL H are mainly excited. These spin
waves propagate along the microstrip antenna, i.e., they are lo-
calized around the pump region, leading to the relatively-high
excitation efficiency and hence a relatively large V [the green
area of Fig. 1(c)]. Above H., the perpendicular pumping grad-
ually dominates, and g of the mainly-excited spin waves has
an angle Z (q, H) smaller than 90° [the blue area of Fig. 1(c)].

The sharp voltage drop above H, is due to the energy leakage
from the pumping region by spin-wave components propagat-
ing perpendicular to the microstrip antenna. As the applied
field approaching to Hy, the threshold power of the paramet-
ric pumping gradually going to infinity, with the ISHE voltage
V tends to zero at Hey;.

3.4. Fine structures on the ISHE voltage spectrum

The above discussion only considers the lowest n = 0
spin-wave mode to describe the overall shape of the voltage
spectrum. However, in addition to that, a remarkable feature
is that a series of distinct peaks are observed below H.. To
understand the origin of these peaks, we further performed the
spin pumping measurements with f, =4 GHz, 5 GHz, and
7 GHz. The results are shown in Fig. 2, where, for comparison,
we redefined the abscissa relative to H(f,/2), i.e., AH = H—
H,(fp/2). One can see that these peaks below H;(f,/2) are
located at the same AH for different f,, and disappear until H
is too small to saturate the magnetization. The dotted vertical
lines mark the locations of these peaks, showing that the spac-
ing between the neighboring peaks gets larger with decreasing
AH. Above H,(f,/2), new peaks emerge with decreasing f,
down to 4 GHz and 5 GHz, identified by the arrows in Fig. 2.
In contrast to the peaks below f,, these peaks have a roughly
equally spacing and the spacing decreases with decreasing fj,.
Obviously, these two kinds of fine structures on the voltage
spectrum cannot be explained by considering only the lowest
n = 0 spin-wave mode, indicating that the higher-order diploe-
exchange spin-wave modes also contribute to the spin pump-
ing and form these observable voltage peaks.
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Fig. 2. The measured parametrically excited ISHE voltage spectra
at the pumping frequency f, from 4 GHz to 7 GHz. The abscissa
AH = H — Hy(f,/2), where H;(f,/2) is the ferromagnetic resonance
field for each f,/2.
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3.5. Left Vigyg peaks

Owing to the confinement of the finite YIG thickness,
the parametrically-excited spin waves can form standing spin
waves in the thickness direction. The standing spin waves cor-
respond to the in-plane wave-vector ¢ = 0 in Eq. (1), leading
to F,,(0) = 1 and thus have an expression ®” (0) = Y*[H, +
24 /Ms(nr/d)*|[H, + 2A/Ms(nx/d)* + 47Ms], where H, is
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the n-th field of the occurrence of the spin wave resonance
(SWR). For a fixed frequency @, the relative SWR field,
AH, = H, — H,(f;,/2), fulfills the equation

AH, = -2 (@y @)
Ms \ d

These derived AH,, (n =1, 2, 3, ...) correspond exactly to the
voltage peaks on the left of Fig. 2.

Figure 3(a) shows the enlarged view of the left peaks from
n =20 to 23 for f, =7 GHz data, where the red dashes mark
the peak positions. The dependence of the n-th peak’s field
position AH,, (left) on number n (form 12 to 34), extracted
from the 7-GHz data in Fig. 2, is shown by the black dots in
Fig. 3(b). As for the first 11 peaks, because they are close to
H,(fp/2) and their shapes are not regular, their positions can-
not be well identified. The red curve in Fig. 3(b) shows the
fitting result with Eq. (2). The fitting yields A ~ 3.82 pJ/m,
consistent with the previous reports.!*?! The well fit confirms
that the left fine structures originate from the SWR of the para-
metric excited spin wave.
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Fig. 3. (a) Magnified view of the peaks in the AH < 0 region at

fp =7 GHz. (b) Dependence of the peak position AH, (left) on in-
dex n from the 7-GHz data. The red line shows the quadratic fitting.
(c) Magnified view of the peaks in the AH > 0 region at f, = 4 GHz.
(d) Dependence of the peak position AH, (right) on index n from the
4-GHz data. The black dots show the calculated values from Eq. (1).

3.6. Right Vigyg peaks

As for the fine structures in the perpendicular pumping
(AH > 0) region marked by arrows in Fig. 2, we attributed
them to the spin pumping by the parametric-excited spin
waves with wave vectors at the local minima of the higher-
order dispersion curves, which correspond to the minima of
the q||H blue curves shown in Fig. 1(b). At these points, the
group velocity of spin waves vy is zero, and they originate from
the interplay between the dipolar and exchange interactions.
The enlarged view of these fine structures for the f, =4 GHz

data is shown in Fig. 3(c), in which the red dashes mark their
peak positions. The peaks show a sharp step-like shape and are
almost equidistant spacing. The dependence of the peak posi-
tion AH, (right) on number n (form 6 to 13) extracted from
Fig. 3(c) are plotted in Fig. 3(d). To prove that the right peaks
come from the local minima of the dispersion curves, we car-
ried out numerical calculations on Eq. (1) by finding the mag-
netic field values with dHn/dq =0, ie., vy =0, at fixed ®.
The calculated AH,, values at @ = 27 x 4 GHz from n = 6
to 13 are shown by the black dots in Fig. 3(d). One can see
that the measured values match well with the calculated ones,
strongly suggesting that the peaks in the AH > 0 region are
indeed from the local minima of the higher-order dispersion
branches.

3.7. ISHE voltage spectrum vs spin-wave spectrum

The local minimum in the dispersion relationship is a
kind of VHS in the DOS. In our case, each higher-order dis-
persion branch with index n can be regarded as a quasi-two-
dimensional system. In a two-dimensional system, the DOS

(23] The mea-

at a minimum has a step function singularity.
sured SP voltage Visyg depends on the number of the excited
magnons,!'”! which is proportional to the magnon DOS. This
may be the reason for the step-like feature of the right Visyg
peaks corresponding to the local minima in Fig. 3(c).

In fact, the ¢ = 0 point in each higher-order dispersion
branch can also be regarded as VHS. When the order index n
is small except zero, the ¢ = 0 point is usually a saddle point
(see supporting information S2). In a quasi-two-dimensional
system, the DOS at a saddle point is logarithmically divergent,
and can lead to peaks in spectral measurements.*3! Therefore,
from another perspective, the left Visyg peaks corresponding
to the ¢ = 0 points can also be considered to originate from the
singularity of DOS at VHS.

From the above discussion, we can conclude that the two
sets of fine structures observed in the ISHE voltage spec-
trum correspond to two kinds of critical points in the mul-
timode spin-wave spectrum. One is the point where the in-
plane wave vector g = 0, i.e., the starting point of each higher-
order dispersion branch, which is mainly determined by the
exchange interaction. The other is the point where g satis-
fies v = 0, i.e., the local minimum point of each higher-
order dispersion branch, which is jointly determined by the
dipole and exchange interactions. These fine structures pro-
vide anchor points for establishing the exact correspondence
between the measured SP-ISHE voltage and the multimode
dipole-exchange spin-wave spectrum.

Figure 4(a) shows the calculated H dependence of g from
the dipole-exchange spin-wave theory Eq. (1) with fixed @ =
27 x 2.5 GHz. The first 31 dispersion branches from n = 0
to 30 are calculated, and only the directions of q||H (blue
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curves) are drawn for simplicity. Figure 4(b) shows the cor-
responding parametrically-excited voltage results measured at
Jfp =5 GHz. It can be intuitively seen that the voltage spec-
trum agrees very well with the dispersion curves calculated by
the dipole-exchange spin-wave theory. H.y in Fig. 4(b) cor-
responds well to the dH/dqg = 0 point of the lowest n = 0
dispersion branch. The fine structures above H;(f;/2) corre-
spond well to the dH /dg = 0 points of the n =7 to 15 higher-
order dispersion branches. The fine structures below H(f;/2)
exactly match with the g = 0 points of each dispersion branch.
These results confirm that the SP-ISHE is a powerful method
to probe the multimode spin-wave spectrum.
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Fig. 4. (a) The calculated H dependence of the in-plane wave number
g of the multimode spin waves for a 3.7-pum-thick YIG film with fixed
® =27 % 2.5 GHz. (b) The measured parametrically excited ISHE volt-
age spectrum at f, = 5 GHz. The dotted lines mark the correspondence
between them.

4. Conclusion

In conclusion, we have systematically studied the spin
pumping and ISHE driven by parametrically-excited spin
waves in a YIG film. The shape of the measured voltage
spectrum indicates the transition from parallel pumping to per-
pendicular pumping due to the excitation geometry. Two sets
of fine structures on the voltage spectrum are observed, and
are proved to correspond to two kinds of critical points in the
multimode spin-wave spectrum. These fine structures con-
firm the spin pumping by the higher-order dipole-exchange
spin-wave modes. In addition, our results provide a simple
electrical detection method for probing the dispersion relation
of the parametrically-excited multimode dipole-exchange spin

waves.
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