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We observe that an rf microwave field strongly influences the transport of incoherent thermal magnons in
yttrium iron garnet. Ferromagnetic resonance in the nonlinear regime suppresses thermal magnon transport
by 95%. The transport is also modulated at nonresonant conditions in two cases, both related to the magnon
band minimum. Firstly, a strong enhancement of the nonlocal signal appears at a static magnetic field below
the resonance condition. This increase only occurs at one field polarity and can be as large as 800%. We
attribute this effect to magnon kinetic processes, which give rise to band-minimum magnons and high-energy
chiral surface modes. Secondly, the signal increases at a static field above the resonance condition, where the
rf frequency coincides with the magnon band minimum. Our study gives insight into the interplay between
coherent and incoherent spin dynamics: the 1f field modifies the occupation of relevant magnon states and, via

kinetic processes, the magnon spin transport.
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I. INTRODUCTION

Thermal magnons are intrinsic fluctuations of the magne-
tization in a magnet. Nonequilibrium thermal magnons with
a small deviation from equilibrium can be described by a
temperature and a chemical potential [1]. They can be gen-
erated by a temperature gradient, a process known as the spin
Seebeck effect (SSE) [2]. Moreover, they can be electrically
excited [3-11] and diffusively propagate under a gradient
of the magnon chemical potential, Vu,, with a diffusion
length as long as 10 pum at room temperature [5]. These
magnons have energy up to kg7 ~ 6 THz, where exchange
energy dominates. Lately, a lot of effort has been made to
control the transport of these electrically excited incoherent
high-energy magnons [12—14], because they open up a new
way of miniaturizing magnonic devices, due to their short
wavelength and their dc-current controllable character. Re-
cently, long-distance electrically controlled propagation has
also been realized in an antiferromagnet [15].

In contrast, coherent magnons have well-defined frequency
and long wavelength. They can propagate over long dis-
tances on the order of centimeters as coherent waves, which
is appealing for logic implementation in magnonic devices
[16—18]. They can be excited by a microwave field, in a fash-
ion depending on the relative orientations of the rf field (hy)
and magnetization (M): when h;y L M, a uniform precession
mode, known as ferromagnetic resonance (FMR) [16,17,19],
can be excited. For hy || M, parametric pumping [20] can
be realized. Generally, for a ferro- or ferrimagnetic insulator,
an 1f field driving it into FMR oscillates at gigahertz (GHz)
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frequency, where magnetic dipole interactions dominate. Al-
ternatively, coherent magnons with terahertz (THz) frequency
can be excited by femtosecond laser pulses [21,22]. Moreover,
spin orbit torque (SOT) can also generate coherently propagat-
ing magnons [23].

The dispersive properties of magnons in thermal equilib-
rium can be described by the dipole-exchange spin wave
spectrum [24,25]. Due to their bosonic nature, the distribution
obeys Bose-Finstein statistics. The interplay between incoher-
ent thermal magnons and coherent magnons has been under
debate for a decade [16,26-29] and its better understanding
would also lead to crucial insights into magnon Bose-Einstein
condensation (BEC), which has already been observed at
room temperature [30].

Here, we study the transport of electrically injected and
Joule-heating induced thermal magnons in the presence of
an rf field. We find that for an in-plane magnetization, the rf
power can have a strong influence on the transport in a few
special situations: (i) at the onset of kinetic processes, which
give rise to a large population of band-minimum magnons and
higher-energy magnons with chiral surface mode character;
(i) at the ferromagnetic resonance (FMR) condition; and (iii)
when the rf field oscillates at the frequency of the band-
minimum magnons.

II. EXPERIMENTAL SETUP

The devices are fabricated on 210-nm and 100-nm-thick
single-crystal yttrium iron garnet (YIG) films. Figure 1(a)
shows a schematic of a typical device: two 7-nm-thick Pt
strips on YIG are contacted to Ti|Au leads for electrical
connection. An on-chip stripline with a shorted end is also
made of the Ti|Au layer. The stripline is connected to a vector
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FIG. 1. Experiment schematic and typical results. (a) The YIG
film lies in the xy plane on top of GGG substrate. Pt (red) strips
are along the y axis. Ti/Au leads (grey) contacted to Pt strips are
connected with measurement setups. An ac current with rms value
of I is sent through the left Pt strip. Using a lock-in technique, we
measured the first and second harmonic voltages by the right Pt strip.
The Ti/Au structure on the bottom side is a shorted end of a coplanar
stripline where an rf current is driven through by a VNA, resulting
in an rf magnetic field h,;. An external magnetic field H is applied
along the x axis with positive sign corresponding to the positive x
direction. Field-dependent (b) first and (c) second harmonic nonlocal
resistances. At resonance (green triangles), both first and second
harmonic signals are suppressed, indicated by the green areas with
magnitudes defined as ARy and ARZ. At a higher field (red
triangles), there is an enhancement of the signals (red areas) with
magnitudes of AR!% and AR?4 . The grey bar represents the baseline
resistance with a width corresponding to its standard deviation. The
injector-to-detector distance is 1 «m on top of a 210-nm-thick YIG.
A continuous rf power is applied: Py = +19 dBm and w./27 =
3 GHz.

network analyser (VNA), which sends a high-frequency ac
current through the line and generates the rf field h,¢, mostly
out of the film plane at the Pt device. An external static
field Hey is applied to align the magnetization of YIG in the
film plane perpendicular to the Pt strips. Devices on 210-nm
and 100-nm-thick YIG have injector-to-detector distances of

1 um and 600 nm, respectively. Details about the sample
preparation and experimental setup are given in Ref. [31], S1
and S2, respectively.

To study the transport of thermal magnons, we conduct a
nonlocal measurement, where we send an ac current through
one of the Pt strips (injector) as shown in Fig. 1(a). This
ac current oscillates at a frequency less than 20 Hz, which
is quasi-dc comparing with the frequencies of the current
through the stripline: 3, 6, and 9 GHz. Via the spin Hall
effect (SHE) in Pt, electron spin accumulation at the Pt|YIG
interface leads to nonequlibrium magnon spin accumulation.
Under a gradient of the magnon chemical potential, magnon
spins diffuse towards the other Pt strip (detector), where
the reciprocal process takes place, namely magnon electrical
detection. Magnon spin current converts back into an electron
spin current, which can be measured as an electrical voltage
via the inverse spin Hall effect (ISHE). Meanwhile, the Joule
heating associated with the current passing through the Pt
injector, ~I3R, induces a thermal gradient in YIG, which
drives a magnon spin current both horizontally and vertically
[32]. This causes a nonequilibrium magnon accumulation and
depletion near the Pt injector and at the bottom of the YIG
film, respectively, which both propagate under a gradient
of magnon chemical potential. Depending on the ratio of
injector-to-detector distance to the YIG thickness, one will
dominate. We refer to this process as thermal magnon injec-
tion. The resulting nonequilibrium magnon spin current can
also be detected by the Pt detector via ISHE. Due to the
competition between the magnon spin currents with opposite
sign coming from the top and bottom of YIG in the vicinity
of the injector, the measured ISHE voltage changes sign as a
function of the injector-to-detector distance [32]. The results
shown in this paper are all in the regime of large injector-to-
detector distance.

With a lock-in technique, we separately study the magnon
spin transport resulting from the electrical and thermal in-
jection by measuring the first and second harmonic nonlocal
voltages (V!* and V3®), which are recorded at the same
(w10ck-in) and double frequency (2w iockin) Of the excitation
current Iy. We define the first and second harmonic nonlocal
“resistance” as

Ry =V,3° /L), (1
Ry =V3®/(I3L), @

where we not only normalize the nonlocal voltage by the
current but also by thelength of the device L, since the ISHE
voltage scales with it. We study R and R%’ as a function of
the static field Hex in the presence of a continuous rf power,
which generates an rf field. We align H.x perpendicular to
the Pt strip by eye to achieve the highest magnon injection
and detection efficiency. Typical rms-amplitude and frequency
of the current are: Iy = 200 pA, ®iockin/27 = 17.777 Hz.
Three different rf frequencies (wy/27) are used: 3, 6, and
9 GHz, and applied rf powers (P;) range from —10 dBm to
+19 dBm (0 dBm = 1 mW). Moreover, we read the reflected
rf power (S;; parameter) from VNA to monitor the global
magnetization dynamics. The experiments are conducted at
room temperature in atmosphere.
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III. RESULTS

A. Nonlocal signals under an rf field

In Fig. 1(b), typical field-dependent results show that the
first harmonic nonlocal resistance (Réf") has a baseline of
~8 Qm~! as a result of the magnon injection and detection,
while the second harmonic signal (Rﬁf’) in Fig. 1(c) reverses
its sign by changing the polarity of the magnetization due to
the opposite sign of the magnon spins. We define the magni-
tude of the second harmonic signal as half of the difference
between the baseline nonlocal second harmonic resistances at
positive and negative static field, which is ~0.1 MV A2 m™!.
At FMR, we observe a suppression in both first and second
harmonic signals, defined as AR[y and ARZ. Besides, at
a higher field close to the resonance condition there is an
enhancement of the signals, denoted as AR;r’ﬁ1 and ARZI‘;’h. To
exclude any possible thermal effects that might influence the
nonlocal signals at high pumping power, we perform local
measurements, where we send the current through one Pt strip
and measure the voltage across the same strip (see Ref. [31],
S3 and S10). Comparing the local and nonlocal measurements
we find that the influence of the rf field on voltages created
at the individual injector and detector Pt strips is marginal
compared with the influence of the rf field on voltages due
to the magnon spin transport. Besides, we confirm that the
first harmonic signals scale linearly with the excitation current
(see Ref. [31], S7) and are not changed by using different
lock-in frequencies for both low and high rf powers. This
ensures that the measured nonlocal resistance is due to the
magnon spin transport from the electrical magnon injection
instead of other spurious effects caused by the microwave
power [33].

B. Rf-power dependency

The influence of the rf field on the nonlocal transport
strongly depends on the input power to generate the rf field
(Py). In Figs. 2(a) and 4(a), we show typical nonlocal results
at different rf powers for rf frequencies of 3 and 6 GHz,
respectively. Surprisingly, when the rf power is relatively low,
the nonlocal signal changes significantly at a static field lower
than the FMR condition. This feature only appears at a pos-
itive static field. This should be contrasted with the situation
at high powers (above ~10 mW), where the suppression and
enhancement of the nonlocal signals at the FMR condition
and at a higher field than FMR arise for both positive and
negative fields: the example in Fig. 1(b) shows the highest-
power case. Besides, in the second harmonic signals, we see
these asymmetric features, albeit less prominently, which is
probably due to the different magnon injection mechanism. In
the thermally injected case for the second harmonic signals,
the temperature gradient in a thin film complicates the physi-
cal scenario [32]. Therefore we focus on the results of the first
harmonic signals. We record the magnitude of the asymmetric
enhancement at positive static fields as AR;;"y as shown in
Figs. 2(a) and 4(a), which is plotted against rf power in
Fig. 3(e). In the case of 6-GHz rf frequency shown in Fig. 4(a),

AR;:;, can be more than eight times larger than the baseline

resistance of Rllii" This asymmetric feature has also been
observed with different rf frequencies on YIG with different
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FIG. 2. Comparing nonlocal results with microwave power re-
flection and spin-pumping measurement. (a) Field dependent first
harmonic nonlocal signals at different rf powers. The highest and
lowest applied rf powers are —10 (blue) and 19 dBm (red) in (a).
The scale bar is 20 Qm~'. The brown, green and red triangles with
corresponding vertical dashed lines indicate special field positions.
Field-dependent reflected microwave powers at (b) low and (d) high
rf power, and spin-pumping ISHE voltage at (c) low and (e) high rf
power.

thicknesses. AR;;”Y increases drastically with rf power until
Ps ~ 10 mW, where it starts to decrease. Moreover, when we
interchange the role of injector and detector, the asymmetric
feature changes as shown in Fig. 3(f), whereas the features at
FMR (AR{?) and at a higher field than FMR (AR[%) remains
almost the same. Besides, comparing results of 210-nm and
100-nm-thick YIG, this asymmetric feature is much more

significant in the 210-nm-thick YIG (see Ref. [31], S12).
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FIG. 3. Suppression and enhancement of nonlocal signals as a function of calibrated rf power. Rf-power dependent (a) R4, (b) R12, (c)

sup?
R /R% (d) R /R:, and (e) RS, at different rf frequencies (3/6/9 GHz: red/yellow/blue) with different YIG thicknesses (210 nm/100 nm:

nl sy

solid/open dots) and corresponding injector-to-detector distance of 1 wm and 600 nm, respectively. Same color and style code is used for the rf
frequency and YIG thickness in (a)-(e). The inset of (c) is the effective Gilbert damping parameter « as a function of P. Some error bars are
smaller than the symbols. (f) The reciprocity check has been performed by interchanging the injector and detector. Two measurement schemes

are noted as IV and VI configurations.

We summarize the amplitudes of the suppression and en- At low rf power, when we increase the static field, the
hancement of the nonlocal signals, ARSI{;;) (AR?{;;)) and AR;;"h reflected microwave power [see Fig. 2(b)] starts to decrease

(AR?%), as a function of the delivered rf power P for different ~ at the static field of ~ 433 mT, where we see a prominent
if frequencies and both YIG thicknesses in Figs. 3(a)-3(d), change of the nonlocal signal in Fig. 2(a). When the static field
noting a drastic increase with rf power, until at ~15 mW there reaches £54 mT, a sharp dip appears for the reflected rf power
is no significant increase anymore. A similar trend can be ~ With similar amplitude and line shape at both positive and
seen from the damping parameter of the FMR mode as shown negative static fields, which is a result of microwave power
in the inset of Fig. 3(c). Other rf power dependent results  absorption by YIG at FMR. At static fields lower than the
(210-nm and 100-nm YIG; 3-GHz and 9-GHz rf frequencies) resonance condition, the absorption takes place due to the
can be found in Ref. [31], S12, and the data extraction method ~ available perpendicular standing spin wave modes [34]. By
is provided in Ref. [31], S13. The rf power calibration is ~ comparison, the measured spin-pumping voltage changes sign
provided in Ref. [31], S9. The damping parameters in the inset when the static field changes polarity. At low rf power in
of Fig. 3(c) are extracted from linear fits of the rf frequency ~ Fig. 2(c), it also has a big shoulder at fields lower than FMR

dependent FMR linewidth obtained from the §;; measurement ~ condition, starting at the static field of ~33 mT. However, it
(see Ref. [31], S5). shows larger amplitude at positive resonance field than that at

the negative one.
At high rf power, the reflected microwave power dips at
FMR in Fig. 2(d) have larger linewidth, and they do not

C. Rf-power reflection and spin pumping show the big shoulder at fields lower than FMR condition,
We compare the nonlocal results with the microwave re-  compared with the low rf power case. The spin-pumping
flection and spin-pumping measurement in Fig. 2. The spin-  voltages in Fig. 2(e) show similar amplitudes and line shapes

pumping voltage is sensitive to processes near the surface at positive and negative static fields. At lower external fields
[34], whereas the microwave power reflection is a method than FMR, the spin pumping signals can be attributed to the
to probe the global magnetization. Since spin pumping signal onset of the parametric pumping process. The highly distorted
(Vip) scales with the length of the Pt strip and in our case it is line shape at high rf power is a result of the nonlinear FMR
only 12 um, we expect Vg, to be small. In order to still be able [36,37]. Correspondingly, the nonlocal signals at both positive
to detect it, we have to use a lock-in technique to modulate and negative static field show a suppression at the FMR and an
between two rf powers or rf frequencies. In Figs. 2(c) and enhancement at a field higher than the FMR. The resonance
2(e), we used a low lock-in frequency of 7.777 Hz to modulate fields for different tf frequencies and samples are confirmed
between two rf powers of Prlf and Pff with 1f frequency of  with the §j; and spin-pumping measurements (see Ref. [31],
3 GHz. S1 and S2, respectively).
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FIG. 4. Comparing nonlocal resistance with relevant iso-frequency curves to illustrate the kinetic process. (a) First harmonic nonlocal
results with different applied rf powers, from 0 (blue) to +19 dBm (red). The scale bar is 20 Q m~!. The brown, green and red triangles
with corresponding vertical dashed lines indicate special field values. (b) Magnon scattering processes. Four-magnon scattering: a magnon
with frequency of w, and momentum of k,, denoted as (w,, k,), scatter with the other magnon (wy, k), giving rise to two magnons (wc, k.)
and (wy, kg), where energy and momentum are conserved (w, + w, = W, + wq, ky + ko = k. + kq). TWo-magnon scattering: One incoming
magnon (w,, k,) scatters with a defect in the system, resulting in an outcoming magnon (w,, k), where energy is conserved but momentum
is not. [(c)—(e)] Isofrequency curves of 210-nm-thick YIG dispersion relation at static fields of 100, 126, and 150 mT. ks and ky are wave
vectors perpendicular and parallel to the in-plane magnetization, corresponding to the magnetostatic surface mode and backward volume
mode. Magnon frequencies of w,s and 2w+ — wmi, are in black and gray dashed lines, respectively. w,/2m is 6 GHz and wpy,, is the band
minimum at corresponding static field. In (d) and (e), blue dots on the iso-frequency lines of w,¢ represent the initial states of the four-magnon
scattering. Orange or blue dots on the iso-frequency line of 2wy, — w,s represent one of the final states of the four-magnon scattering. The
orange one has large kj, component and group velocity in the same direction. Note that the other band-minimum (wmin, —k2) can also be
generated due to the similar four-magnon scattering, since the iso-frequency lines are center symmetric with respect to zero-momentum. We
draw the lowest magnon dispersion relation with parameters obtained from the Kittel fit of rf power reflection measurement: Gyromagnetic
ratio (y = 27.3 GHz/T) and saturation magnetization (1oM; = 170 mT). We used exchange stiffness of 1 x 1073° Jm? [35].

IV. DISCUSSION allowed according to energy and momentum conservation.

) This changes the magnon scattering and the occupation of
Inspired by a recent work [38], we compare the first har- relevant magnon states so as to alter the transport.

monic nonlocal result and the isofrequency lines of the YIG Firstly, at a static field lower than the FMR condition
dispersion relation as shown in Fig. 4. We find that at relevant 126 mT. we observe a strong increase of R in Fig. 4(a)
, . . .

static fields, where the distinct changes of nonlocal resistances  The applied rf power is relatively low, ~1 mW. At this
appear, various kinetic processes in the magnon cloud are static field, magnons with frequency of w,;+ and momentum
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of ki, denoted as (wy, k1), can efficiently scatter with each
other as shown in Fig. 4(d). This results in one magnon
at the band minimum (wy,, k2) and the other with higher
frequency (2wt — @min, k3), Obeying energy and momentum
conservation for the four-magnon scattering process (2k; =
ks + k3), as illustrated in Fig. 4(b). The resulting high energy
ks-magnons possess large k;, component, which is charac-
teristic of the chiral surface mode [39]. Besides, they have a
group velocity pointing in the direction of k 5;. There are vari-
ous broadening processes, such as two-magnon scattering [see
Fig. 4(b)] and phonon-related Gilbert damping, that prepare
the magnons with momentum k;. To compare, we also show
the isofrequency lines at 100 mT in Fig. 4(c), where there is
no effective kinetic process in the manner described above.

The chiral property of the surface mode excited by the
kinetic process might explain why the strong enhancement
of nonlocal signals only appears at the positive static field of
126 mT. Moreover, the nonreciprocal property of the surface
mode [34,40] manifests itself as shown in Fig. 3(f), where
this asymmetric feature is altered upon interchanging the roles
of injector and detector. Details can be found in Ref. [31],
S8. Besides, the asymmetric feature is much more significant
in the 210-nm-thick YIG compared to the 100-nm-thick one
(see Ref. [31], S12), because the number of standing spin
wave modes increases with increasing film thickness, which
enhances the scattering probability [34]. In addition, this
corroborates the chiral surface mode origin, because mag-
netostatic surface modes are better localized at the top and
bottom surface in the thicker YIG. Also, AR;S“; increases
drastically with rf power until ~10 mW, where it starts to
decrease. The drastic enhancement of the nonlocal signals
might be related with the increasing occupation of the magnon
band minimum due to the kinetic process, which significantly
facilitates the magnon conduction. Heating due to rf power
might be the reason why we do not see this effect at higher
rf power [41]. Last but not least, this can also explain the
different spin-pumping voltages for the positive and negative
static fields at relatively low rf power as shown in Fig. 2(c),
because the spin-pumping voltage is sensitive to processes
near the surface [34]. Therefore, the secondary magnons with
chiral surface mode character contribute to the spin-pumping
voltage differently for positive and negative static fields.

Secondly, at a static field corresponding to the FMR con-
dition, ~150 mT, we observe a suppression of the nonlocal
signals at relatively large rf power in Fig. 4(a). As shown in
Fig. 4(e), the frequency of the FMR mode coincides with the rf
frequency (wy = wy). Heating due to microwave absorption at
FMR opens a bigger precession cone angle and reduces the ef-
fective magnetization, which can reduce nonlocal signals (see
Ref. [31], S11). However, this can not explain a suppression
as large as 95%.

The saturating trend of AR;L‘,‘; with rf power as shown
in Fig. 3(b) is similar to that of the damping parameter in
the inset of Fig. 3(c). This suggests a highly nonlinear FMR
(NFMR) regime [42-45], where a FMR mode quickly trans-
fers its energy to other degenerate nonzero momentum modes,
as indicated by the blue dots on the isofrequency curves
of w,r in Fig. 4(e), which also experience the four-magnon
scattering. This process redistributes the energy, which is
also known as second-order Suhl spin wave instability [46].

Based on this, one possible reason for the strong suppression
of the nonlocal signals at the resonance is that the elec-
trically injected magnons are strongly scattered off by the
secondary magnons due to NFMR, but we do not have a full
understanding.

Depending on the strength of the rf field, the magnon
system reacts differently: With increasing /¢, more magnons
are generated, which means a larger deviation from equilib-
rium. As soon as the deviation surpasses a critical point, the
magnon-magnon interaction starts to determine the behavior
of the magnon system and the system switches from the
linear to the nonlinear regime [27,47,48]. The threshold rf
field separating linear and nonlinear regimes is on the order
of 0.01 mT for a single-crystal YIG film [43-45,49], which
is easily achievable due to the low damping of YIG. The
regime of rf field we use is approximately from 0.03 to 1 mT,
which is above the threshold rf field. Therefore we observe
the influence of the microwave field on nonlocal signals for
the in-plane magnetization in the nonlinear regime.

Thirdly, at a static field higher than the FMR condition,
~164 mT, we observe an increase of erli” in Fig. 4(a). At this
static field, the rf frequency coincides with the band minimum
(wif = Wmin). Rf-power pumps magnons at the band min-
ima, where there is a large amount of available states. Even
though they have zero group velocity, sufficient increase of the
magnon numbers enhances the overall magnon conductivity
[13], giving rise to an enhancement of nonlocal signals.

The three relations discussed above, between the field
position of the distinct change of nonlocal resistances and the
special position of the dispersion relation with respect to the
rf frequency, also apply to 3-GHz and 9-GHz rf frequency and
100-nm YIG cases, which can be found in Ref. [31], S12, and
Refs. [33-37,44,45,50-56].

V. CONCLUSION

To conclude, we observe that an rf field can strongly
influence magnon spin transport for an in-plane magnetization
via kinetic processes and the occupation of relevant magnon
states. Firstly, with relatively small rf power, we observe a
strong enhancement of the nonlocal signal as large as 800%.
It appears only at a positive static field smaller than the FMR
condition. This might be a result of effective kinetic processes:
the increasing occupation of the magnon band minimum
facilitates magnon conduction, and the resulting chiral surface
mode manifests itself differently in the positive and negative
static fields. Secondly, with large rf power, nonlinear FMR
triggers a strong suppression of incoherent thermal magnon
transport. This phenomenon is partially due to the heating
from microwave power, but the main contribution still remains
unclear. We assume that it is related with the scattering
between secondary magnons from the NFMR and thermal
magnons, which needs more theoretical confirmation. Thirdly,
at a static field slightly higher than FMR an enhancement
of the thermal magnon transport has been observed, when
the rf frequency coincides with the frequency of magnons
at the band minima, where the most states are available.
This increases the total magnon number resulting in an en-
hancement of the overall magnon spin conductivity. There-
fore our results show that microwave fields can effectively
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control thermal magnon spin transport. Moreover, nonlocal
magnon spin transport can be used to perform spectroscopy of
magnons or spin waves. Our results present a new opportunity
to couple electromagnetic signals with spin waves, providing
a way to scale down microwave electronics operating at GHz
frequencies.
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