PHYSICAL REVIEW APPLIED 20, 054019 (2023)

Complementary magnon transistors by comb-shaped gating currents
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Complementary magnon transistors (CMTs) are desired to effectively regulate the transport of coherent
spin waves. Here, using comb-shaped gating electrodes with a variable duty ratio (§) and a gating current
flowing through them, we were able to decrease or even increase the transmission of spin waves in a
wide frequency range complimentarily. The reduction or amplification degree at opposite gating currents
depends on §. We further found that interference between spin waves transmitted through the gated and
ungated regions was responsible for the gate tunability at low §; at high 8, the inhomogeneous temperature
and magnetic fields introduced by the gating currents can nontrivially deflect spin waves and leads to an
opposite gate tunability. Realization of the CMT based on a dc gating current may pave the way toward

coherent magnon devices and circuits, spin-wave processing, or lensing applications.

DOI: 10.1103/PhysRevApplied.20.054019

L. INTRODUCTION

Complementary metal oxide semiconductor (CMOS)
devices have contributed immensely to the success of
microelectronics over recent decades because they enable
an efficient and complementary mode of control over the
electrotransport property of semiconductors. For magnon-
ics (an emerging realm of exploring magnons to store,
transmit, and process data) [1—19], a magnon transistor is
also being pursued to complementarily regulate magnon
transport by an electric gating, akin to the CMOS devices
for microelectronics. Several magnon (spin-wave, or SW
for short) transistors [1-9] and spin-wave lenses [16—19]
have been developed. Cornelissen et al. [6] have proposed
three Pt stripes as the magnon source, gate, and drain, dis-
persed in parallel on a Y3FesOq; (yttrium iron garnet, YIG)
film. The magnon-mediated current drag effect between the
source and the drain is controlled by a current flowing in
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the middle gate, which modulates the magnon density in
the YIG magnon channel.

Given their advantages over thermal magnons, coher-
ent magnons with an additional degree of freedom (phase)
have also been used to design magnon transistors [1,2],
one of which is composed of a magnon crystal and three
radio-frequency (rf) antennas [1]. The magnon crystal has
structure-determined magnon conduction bands and band
gaps.The spin waves activated in the frequency of the
conduction bands can be effectively transmitted from the
source to the drain antennas until evanescent spin waves,
the frequencies of which are located in the nearby band
gaps, are activated by the gate antenna. The transmit-
ted and evanescent spin waves with different but close
frequencies can still interact strongly, which significantly
reduces the SW transmission from source to drain by the
ac gate current through a magnon scattering process [1].
This magnon transistor thus has an ultrahigh on-off ratio in
specific frequency regions; however, its size is in the order
of centimeters, hampering its scaling. Recently, the dc gate
current, which is more suitable for microelectronics, has
also been deployed to control the transport of coherent
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magnons. One possible mechanism behind this tunabil-
ity is the spin Hall effect, which can weaken (enhance)
the decay of spin waves by transferring antidampinglike
(dampinglike) torques.

Here, using a comb-shaped gate with a variable duty
ratio (§), we demonstrate that the spin-wave transmis-
sion in a wide frequency range can be reduced or even
amplified by spin-wave interference via a gating current
and as-induced inhomogeneous Oersted field distribution
and temperature distribution. This complementary magnon
transistor (CMT), which is controllable by a dc gate, after
fixing the scaling-down issue, may pave the way for the
development of coherent magnonic logic devices and cir-
cuitry. Moreover, again owing to its complementary gate
effect on the coherent spin-wave transmission, this magnon
transistor can also be applied in spin-wave processing, an
energy-efficient nonconventional data processing architec-
ture. The deflection of spin wave packages controllable by
the gate current may also be used to develop spin wave
lenses.

II. METHODS

We used magnetron sputtering to grow YIG thin films
with a thickness of 50 nm on Gd;Gas; 01, (GGG) substrate
and we then made them into single crystals through high-
temperature annealing [20—24]. As shown in Fig. 1(a), a
couple of Au microwave antennas (with a thickness of 100
nm, a width of 4.4 wm, and an interval of 80 wm) were
patterned on the YIG films by lithography and lift-off pro-
cesses to excite and detect SWs. They acted as the magnon
source and drain, respectively. A series of equally sepa-
rated comb-shaped Au bars (5 nm thick, 2 wm wide, and
50 wm long) were deposited between the magnon source
and drain as a gate for the SW control. Another pair of
5-pm-wide Au bars were fabricated on both ends of the
magnon gates to source the dc current and they were 200
nm thick, which was sufficient to unify the current den-
sity flowing through each Au bar in the gating region.
Afterward, the magnon source and drain were connected
to the S} and S, ports of a vector network analyzer (VNA)
(R&S ZVA40). In order to reduce the nonlinear effects of
the SW, the excitation power of the VNA was fixed as
low as —5 dBm and meanwhile the gate electrodes were
connected to a Keithley 2400 dc source.

II1. RESULTS AND DISCUSSION

We prepared the device shown in Fig. 1(a) on a 50-nm-
thick YIG for detection of the SW. A pair of Au antennas
on both sides were connected to two ports of the VNA
as, respectively, the excitation port (source) and the detec-
tion port (drain) of the SW, and the middle comb-shaped
electrode was connected with a dc current source as the
control gate of the SW. We mainly studied the transmis-
sion parameter Sp; obtained by the VNA as a function of

Y &

100 200 300
Y (um)
- =it

|
&
<
>
its)
>

Si1 (arb. un
f (GHz)

—Su

S, (arb. units)

SZ1
— S, {-122

S21,12 (arb. units)
L
©

10 11 12 13 14 15 75
f(GHz)

95

85
H, (Oe)

FIG. 1. The experimental setup for the DE-mode SW measure-
ment. (a) A schematic diagram of the magnon transistor device
for exciting and detecting the SW. (b) The simulated distributions
of the temperature field (above) and the y-directional Oersted
field (below) as § = 0.4. (c) The SW reflectivity and transmis-
sion spectra of Si1, $21, and 1, when H, = 80 Oe. S, has a
larger magnitude than S5, a typical nonreciprocal feature for the
DE-mode SW. (d) Two-dimensional (f', H, ) mapping of the SW
transmission S,;. The dotted line in (d) is the fitting curve as
k=0.

the gating current. To interpret the SW behavior precisely,
we simulated the temperature distribution and magnetic
field distribution generated by the gate current via finite-
element modeling [Fig. 1(b)]. Except where pointed out,
the direction of the applied magnetic field was fixed along
the y axis, perpendicular to the wave vector of the SW, to
activate a Damon-Eshbach (DE) mode SW [Figs. 1(c) and
1(d)] [25-27]. The oscillations in Fig. 1(c) are induced by
the phase delay of the coherent SW during their propaga-
tion process. As shown in Fig. 1(d), the phase difference
Ag between two neighboring peaks is Ap = Ak - Lgp =
27, where Lgp is the center-to-center distance between the
magnon source and drain. Therefore, group velocities v, as
a function of frequency f can be extracted from Fig. 1(d)
by using Eq. (1) (see Appendix A) [26,28]:

v, = Af - Lgp, (1)

where Af is the frequency difference between neighboring
peaks and the frequency of each point is assumed to be the
frequency center of two neighboring peaks by approxima-
tion. The v, of the SW is the derivative of the frequency
with respect to the wave vector k, which can be described
as follows [25,29]:
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Vg = T 3)
where |y | is the gyromagnetic ratio, 4 = 3.75 x 10712 J/m
is the exchange-stiffness constant of YIG, poMjy is the sat-
uration magnetization of YIG, and ¢ is the thickness of
the YIG film. Therefore, by using Eq. (3), we can fit the
relationship between v, and / (see Appendix A) to esti-
mate the woMs of YIG, which is about 175 mT. After
estimating the material parameters, we replotted the SW
frequency as a function of the external magnetic field with
a k value of zero, as shown by the black dashed curve in
Fig. 1(d), which closely matches with the experiment and
also confirms the estimated parameters.

We placed the magnon transistor in a uniform external
field H,, the direction of which was along the y axis, and
then picked up the S,; signal from the VNA when [, =
430 mA was applied through the gate bars. Figure 2(a)
shows that in the Sp; versus f* spectra, there was a red shift
(blue shift) of about 3 MHz at I, = —30 mA (430 mA).
We attribute these shifts to the Oersted field (H;) gener-
ated by the gating current superposed on the external field
H,. In Fig. 2(a), we have already offset the S>; spectra
to align their oscillation peaks to compensate the trivial
influence of Hj, as clearly indicated by the x labels of
Fig. 2(a). Then, it could be clearly observed that the ampli-
tude of S became larger at the negative /, for the /* range
0.9-1.7 GHz. To quantitatively describe the gating degree
of I, on the total power (P»;) transmitted by the SW, we
integrate | Sy | over £ :

Puly) = / S U f)df - @)

Figure 2(b) shows the /, dependence of the transmitted
SW power in the form of P,;(l;). P> is always stronger
at —I, than at +/, for this sample. As +/, is increased, Py;
decreases monotonously; however, as —1, is increased, P»;
first increases and then eventually decreases.

In order to balance the temperature change induced
by =+/,, it is more reasonable to define and use the
power-modulation ratio (PMR):

APy (|L]) _ Pu=ly) — Pu(Hy)
Pyi(—Ip) + Pai(+ly)  Pa(—Ig) + Pa(+ly)
(5

PMR =

This dependence of P>y on I, is interpreted by the inter-
ference effect between spin waves transmitted under gated
and ungated regions, as explicitly explained as explic-
itly explained later. In short, at a negative (positive) gate
current, the interference effect enhances (suppresses) the
transmission efficiency of spin waves. This leads to the
observation that the Sp; under a negative in Fig. 2(b)
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FIG. 2. The modulation of the SW transmission by the gate
current. (a) S>; SW transmission spectra at different external
magnetic fields when the gate current [, = —30 mA (red line)
and /; = +30 mA (blue line). The red (blue) line corresponds to
the upper (lower) horizontal axis, which has been shifted appro-
priately in frequency to align the corresponding oscillation peaks
in the Sy; spectra. The shifted frequency is of the order of several
megahertz, depending on the magnitude of the gating current.
(b),(c) The spin-wave (b) P»1(I)/P,(0) value and (c) PMR value
when the gate is made of different metals.

increases first but it monotonically decreases under a pos-
itive gate current. However, as the gate current increases,
the Joule-heating effect brought about by the gate current
becomes significant, which greatly increases the magnon-
magnon scattering and destroys the interference effect.
Thus, both S;; and the positive PMR value decrease
remarkably as I, > 30 mA.

Which reflects the signal change by £/, after canceling
out the trivial temperature issue. The PMR also increases
initially, reaches a maximum at around 20 mA, and finally
decreases to zero at 40 mA with elevating |Ig| [Fig. 2(c)].

It has been reported that the dampinglike spin torque
produced by the spin Hall effect (SHE) in heavy metals
can be used to suppress or enhance SW decay. In order
to identify the physics behind the observed /, controllabil-
ity, we measured the S,| spectra under the same conditions
but for magnon transistors with differing gate materials, Pt,
W, Cu, and Au, with positive, negative, negligibly small,
and moderately positive spin Hall angles, respectively. The
four devices exhibited similar /, tunability, ruling out any
SHE possibilities in our case.

Then, to study the geometric effect of the gate elec-
trodes, we changed the width (w,,) of the Au strips but
fixed the periodicity at 10 pm. Here, we have defined
the duty ratio § = wa,/10. We also kept the current den-
sity in the Au strips and other configurations unchanged
and measured the S,; spectra. First, with increasing
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FIG. 3. The SW transmission spectra of magnon transistors

with different values of §. (a)~c) The S,; spectra when § is (a)
0.2, (b) 0.5, and (c) 1.0, respectively, keeping the gate current
density unchanged. (d) The PMR value (red line) and the vari-
ation of the total spin-wave intensity P, (—J) + P21(+J) (blue
lines) with different values of 8.

8, Py1(—1g) + P> (+1;) decreases gradually because the
same current density in the larger-§ devices generates
more heat, which leads to more magnon-magnon scattering
(Appendixes B and C). More interestingly, Figs. 3(a)-3(c)
show that AP;; (\Ig |) changes sign with a varying §. When
8 < 0.5, APy (|Ig|) > 0 and the maximum PMR approach
13%; as 6 > 0.5, AP21(|Ig}) is negatively reversed [Fig.
3(d)].

It is worth pointing out that the PMR value actually
reflects the magnification of the transmitted SW power
controlled by /, after removing the trivial influences from
the temperature and H;. By comparing P;(—/,) with
P> (+1;) in the PMR ratio, we have compensated the
influence of Joule heating, since £/, leads to the same tem-
perature rise for the device. By integrating the transmitted
power in the whole frequency range, we have canceled out
the trivial influence from the current-induced Oersted field,
since this field only leads to a frequency shift in the trans-
mission spectra, as shown in Fig. 2(a). This is the reason
why we have defined the PMR parameter to characterize
the influence of the gate. Certainly, this CMT can also
work in a mode with a fixed frequency. In this case, the fre-
quency shift caused by the gating current has to be taken
into account and a huge and frequency-specific gate tun-
ability in S>; can be expected, as hinted in Fig. 2(a). Here,
in order to realize wide-band control of the spin waves,
we still prefer the PMR defined in Eqgs. (4) and (5) as a
benchmark to show the gate tunability.

The reversible AP, (|/,]) enables us to realize a com-
plementary control on the SW transmission by controlling

the duty ratio 8. In CMOS devices, the complementarity is
achieved by opposite doping types; here, by just pattern-
ing gate electrodes with different duty ratios on the same
SW channel (YIG), we can realize the complementarity,
the opposite gating tunability. For example, Py (—1;) >
P> (+1g) as 6 < 0.5 and the opposite is true as § > 0.5.
If we set the P;;(+1;) as a baseline, the transmitted SW
power can be amplified at the corresponding negative gate
—I, in CMTs with § < 0.5. Certainly, this amplification
depends on the baseline definition. If we reselect Py (—1)
as the baseline, SW amplification can be achieved at +/,
for the CMTs with § > 0.5. Due to the complementarity,
SW power amplification can already be targeted in CMTs
with a proper § gate once the baseline is predetermined.
This SW amplification and modulation capability is one
advantage of this kind of CMT.

To explain the above phenomena, we first consider the
case of zero gating current. A spin-wave packet is trans-
mitted from the source to the drain and its phase factor
is

@y = koLsp, (6)

where ky is the wave vector of a DE SW with frequency
fo and Lgp is the center-to-center distance between the
magnon source and the drain. kj is related to f; as follows:

2 2
fo= \/ (fH +%M) _ -d (%) .o

e L] G ) e (8]

T

Here, fiy = yH, and fyy = 47y M;. Since we are mainly
interested in SWs with small &£ values here, the exchange
interaction can be ignored. Therefore, the dispersion in Eq.
(2) can be simplified to that shown in Eq. (7). To scale
down to submicrometer devices, magnon transistors that
can control spin waves of shorter wavelengths have to be
developed. In that case, the exchange interaction cannot be
ignored, which is beyond the scope of this paper.

Under the gate regions and after applying /g, the disper-
sion shown in Eq. (7) changes, which changes the wave
vector k of the SW in the frequency of f; according to Eq.
(9). Here, the spin-wave frequency f; is maintained:

)

B

fo= \/[fH s + (fn —ZfAM)]2 B ede[(fM _2fAM)]2

)

where fu, = v H;, fam = 4wy AM, H; is the Oersted field,
and AM is the magnetization reduction caused by the tem-
perature rise. Thus, the SW in the f; frequency underneath
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the gated regions has a new wave vector £:

R M]z —f?
k= _Z_dln [(}”M*me\/f)]2 . (10

The SW phase without a gate is still &y = kyLsp. How-
ever, in stark contrast, the new SW phase underneath the
gated stripes takes the form of Eq. (11) after applying the
gate current because the wavevector underneath the gate
has been changed as k instead of ky. Outside the gate
region, the wavevector of spin waves is still k.

® = ko(Lsp — Lg) + kLG = ko(Lsp — L) + (ko + Ak)Lg
= &y + AkLg. (11)
Considering §, the average SW should thus be contributed

by the above two SWs of different wave vectors with §-
related weights and the detected SW amplitude follows

A= (1—235)cos(Py) 4+ 5 cos(P) = A4; cos(Dy + V),

A = \/ [(1 — &) 4+ 8 cos(AKLG)]* + [8 sin(AKLG)],
S sin(AkLg)
VI = 8) + 8 cos(AKLG)T? + [ sin(AKLG) P
(1 — &) + 8 cos(AkLg)

VI = 8) + 8 cos(AkLe) + [ sin(AkLo)
(12)

sinW =

cos¥ =

The intensity of the SW signal received by the drain can
thus be expressed as

fomax
Py (ly) = /
0,

Pource |4 *df

1o
" (13)
(fomm = Vit + 1) fomas =St +%M)

We plot the calculated PMR results in Figs. 4(a) and 4(b).
It is notable that the predicted polarity of the /,-modulation
effect is consistent with experiment [PMR > 0, as shown
in Fig. 3(d)] when § is small. According to the above
model, we calculate the PMR ~ 11% as § = 0.44, close
to the experimental PMR = 13%.

Although the above SW-interference model can account
for the experimentally positive PMR sign at small § < 0.5,
it cannot explain the phenomenon of reversed /, controlla-
bility on PMR at larger §. We speculate that one possible
reason is that the above model only considers the SWs
propagating along the x axis. In fact, a spin-wave package
can have group velocities in both the x and the y directions.

To explain the reversed /,-gating ability, we consider
the actual propagating paths of SW packages. Following

the method in Ref. [25,30], we calculate the isofrequency
curves at f = 1.2 GHz for various values of 7 and Hj.
According to Ref. [30], a spatial translational symmetry
is maintained in the normal direction of the temperature
gradient (VT), while the symmetry is broken along the VT
direction. When a spin-wave package enters an area where
VT # 0, therefore, its wave-vector component in the direc-
tion perpendicular to VT remains conserved; instead, the
component collinear to VT varies. This inevitably leads
to deflection of a propagating SW package by a nonuni-
form T field. For the DE mode in which we are interested
here, phenomenologically, SW packages incline to escape
from high-7 regions. According to the above rules, we can
predict the trajectory of SW packets in the isofrequency
curves. Besides, we have also simulated the 7- and H;-
field distributions introduced by /,. Combining the above
two data sets, we have been able to visualize the actual
propagation paths of SW packages. An example is shown
in Figs. 4(c) and 4(d). The specific method is explained
in Appendix B. Notably, when only the T field is consid-
ered, SW packages will propagate away from the high-T
region [the black line in Fig. 4(d)]. Further considering
the influence of the Oersted field, we find that —H; (+H;)
will cause the SW package to deflect to a higher (lower)
degree, as indicated by the red (blue) line in Figs. 4(c) and
4(d).

In order to further confirm this effect, we have activated
100 incident spin-wave packages at the source with their
injection locations uniformly distributed and then simu-
lated their propagation paths following the above protocol.
The simulation results are shown in Fig. 4(e). Clearly, the
red (blue) lines are deflected more strongly (less strongly)
than the black lines. In experiment, the signal that we
received at the magnon drain was actually the x component
of the SW (or the oscillating magnetization of YIG along
the x axis at the position of the drain), so in Fig. 4(e), the
blue lines at +H; transmit a higher SW power than the red
lines at —H;. In this sense, we have attributed the reversed
I,-gating ability at higher § [PMR < 0 in Fig. 3(d)] to the
different degrees of deflection by the nonuniform 7 field at
opposite H; fields. Then, we have integrated the x compo-
nent of the simulated SW under the three conditions and
the calculated PMR &~ —5%, which is nearly one order of
magnitude less than the experimental values in Fig. 3(d) at
most. Note that here we can only integrate the power trans-
mitted by the SW but in reality the phases of SWs deflected
to different degrees will also differ and the interference
effect among spin-wave packages in their propagation pro-
cess can be even more complicated. The latter factors will
further dephase the SWs, reduce the transmitted power due
to the interference, and probably increase the PMR mag-
nitude. However, this interference factor, which can be
responsible for the lower |PMR| value than found in exper-
iment, cannot currently be taken into account in our toy
model.
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FIG. 4. The theoretical simulation of spin-wave transmission modulated by the gate current. (a),(b) The calculated PMR as a func-
tion of AM and H; according to the spin-wave interference model with (a) § = 0.4 and (b) § = 0.8. (c) The isofrequency curves
under different 7 and H; values for f = 1.2 GHz, T} =300 K, 7, = 330 K, H; = 5 Oe; VT| and VT, represent the direction of the
temperature gradient sensed by SW packets at the corresponding positions in (d). (d) The propagation paths of the spin-wave packets.
The background shows the simulation results of the 7 distribution. The black line is the propagation path without H; and the blue (red)
line is the propagation path with +(—)H;. (e) The propagation paths of 100 spin-wave packets. In the top (middle) [bottom] figure, a
positive (no) [a negative] H; is taken into account and the same 7 distribution is used.

Although our CMT has realized complementary control
of the spin-wave transmission by a gate current via various
values of §, it has to be engineered toward a smaller size
and higher PMR values for practical use. To achieve this
goal, smaller transistors hosting exchange-coupled spin
waves with shorter wavelengths are desired. Even for the
dipolar spin waves that we are currently controlling, there
is still plenty of scope to increase the PMR values of our
magnon transistors by enhancing the Oersted field and
meanwhile constraining the heating effect. For example,
the use of materials with a higher conductivity or a greater
thickness can be a way to achieve this goal.

IV. CONCLUSIONS

In summary, we have demonstrated a coherent magnon
transistor based on a series of comb-shaped gating elec-
trodes with a variable duty ratio §. At low § < 0.5, owing
to the interference between spin waves in gated and
ungated regions, the transmitted SW power at a nega-
tive gate current has a larger value than that at a positive
gate current. In contrast, when § > 0.5, the comb-shaped
electrodes and the gating current flowing through them

could introduce inhomogeneous temperature and field dis-
tributions in the gate region, which deflect the SWs
more severely at negative current than at positive current.
Therefore, a higher SW power is transmitted at positive
current than at negative current, resulting in an opposite
gate-current tunability compared with the case of § < 0.5.
This complimentary magnon transistor could provide a
valuable perspective for the development of spin-wave
processors, spin-wave lenses, and other magnonic devices.
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APPENDIX A: THE GROUP VELOCITIES AS A
FUNCTION OF THE FREQUENCY

We use the theoretical dipole-exchange spin-wave
dispersion to fit the extracted group velocities as a
function of spin wave frequencies. As shown in Fig. 1(d),
we can extract the group velocities by using Eq. (1), where
Af is the frequency difference between neighboring peaks
and the frequency of each point is assumed to be the fre-
quency center of two neighboring peaks by approximation.
The extracted group velocities as a function of the fre-
quencies at 100 Oe is presented in Fig. 5(a). We find that
the group velocities decrease with increasing frequencies,
which indicates that the measured propagating spin waves
are in the dipolar-dominant regime, in the DE configura-
tion. By using Egs. (2) and (3), we can nicely reproduce
the relationship between them [the red curve in the Fig.
5(a)]. From this fit, we can determine that the thickness of
the measured YIG film is 50 nm, the saturation magnetiza-
tion is 175 mT, and the exchange-stiffness constant that we
use is 3.75 x 10712 J/m.

APPENDIX B: METHOD FOR CALCULATING
THE PROPAGATION PATH OF SPIN WAVE
PACKETS

In this appendix, we provide the parameters for cal-
culating the propagation paths of SW packages. We first
simulate the temperature distribution and Oersted-field dis-
tribution when a current is applied to the comb-shaped
electrode and then calculate propagation paths of the SW
packets. The steps in the calculation are as follows:

(1) We set the activation position of the SW packets
at x = 100 pm, which corresponds to the position of the
source antenna of the magnon transistor, and initialize the
direction of the group velocity (vgo) of the SW along the
+x direction. Meanwhile, the temperature and magnetic

(a) 16} i (b) 0.8 _A
—~ = 04
@ 14t £
g g 00
¥ 12} =< B
<04
10 1 —0.8
12 T3 T4 75 0.0 02 04 06 08 1.0 12 14
f(GHz) ky (rad/pum)
FIG. 5. (a) The spin-wave group velocities as a function of the

frequencies extracted from the spectra in the line plot. The red
curve is the theoretical fit by using Egs. (2) and (3). (b) The
isofrequency curves of the DE spin waves at (7y, Hy) and (71,
H)). The black dotted line is the direction of the temperature gra-
dient (VT). The red and blue arrows are the directions of the
incident and scattered wave vectors at (7y, Hy) and (7}, H,),
respectively.

field distributions at different places can be obtained from
the finite-element modeling and the isofrequency curves at
this time can be determined by using Eq. (2), as shown in
Fig. 5(b). The wave vector of the considered SW can be
obtained from the isofrequency curves. Using the method
in Appendix A, the group velocity (vg) of the SW packet
can be calculated.

(2) Then, we give the considered SW packet a small
time step (Af =1 s used here) to move forward, dur-
ing which we assume that the group velocity of the SW
remains unchanged until it reaches a new location after
the time interval. We can then obtain the new spatial
coordinates of the SW packet.

(3) We iterate step (1) at the new location: we update
a new temperature gradient and a Oersted field at the
new location and recalculate the isofrequency curves in
this case. Due to the updated temperature gradient, (i) the
wave-vector component perpendicular to the new temper-
ature gradient remains conserved and (ii) the component
collinear to the temperature gradient varies. As shown
in Fig. 5(b), the wave-vector component &y, perpendicu-
lar to kp remains unchanged, ko, = k.. The wave-vector
component ko, parallel to ky changes gradually, koj —
k1. Because the temperature gradient and magnetic field
sensed by the SW packet change from (7}, Hyp) to (T, Hi)
and the wave vector of the SW packet changes from £y to
k1, the new group velocity v, corresponding to k; can be
calculated from Appendix A.

(4) The obtained v, is used to iterate propagation of
the SW packet at the next time step and steps (2) and (3)
are repeated. The iteration is stopped when the SW packet
arrives at the drain antenna at x = 250 pm.

At this point, we finally obtain a trajectory of the consid-
ered propagating SW packet.

APPENDIX C: SIMULATION RESULTS OF
SPIN-WAVE PROPAGATION TRAJECTORIES
UNDER DIFFERENT DUTY RATIOS

We have calculated the spin-wave propagation-path dia-
grams for duty ratios 6 = 0.2, 0.4, 0.6, and 0.8, and for
J = £2.4 x 10° A/cm?, as shown in Fig. 6. When § = 0.2,
the spin-wave propagation path does not change signifi-
cantly when applying positive or negative current and the
spin-wave transmission efficiency is mainly modulated by
the interference effect, as described by Eqgs. (11)+13). As
the duty ratio § increases (e.g., § = 0.6 or 0.8), the spin-
wave propagation direction is gradually deflected when
J=—-24x10° A/em? (top panel), leading to notable
energy loss and a lower transmission efficiency during the
propagation process. In stark contrast, the spin-wave prop-
agation path appears to still be straight (or not severely
deflected) and the transmission efficiency remains high
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FIG. 6.
of spin waves under different duty ratios. (a)+(d) The path dia-
grams for duty ratios of § = (a) 0.2, (b) 0.4, (c) 0.6, and (d)
0.8, respectively. The red lines in the upper panels (blue lines
in the lower panels) indicate the path diagrams when applying a
negative (positive) current in the gate electrode.

Simulation diagrams showing the propagation paths

when J = +2.4 x 10° A/cm? (bottom panel), thus lead-
ing to a negative PMR value that is qualitatively consistent
with the experimental results.
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