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Electrically induced strong modulation of magnon transport in ultrathin magnetic insulator films
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Magnon transport through a magnetic insulator can be controlled by current-biased heavy-metal gates that
modulate the magnon conductivity via the magnon density. Here, we report nonlinear modulation effects in
10nm thick yttrium iron garnet (YIG) films. The modulation efficiency is larger than 40%/mA. The spin-
transport signal at high dc current density (2.2x10'! A/m?) saturates for a 400 nm wide Pt gate, which indicates
that even at high current levels a magnetic instability cannot be reached in spite of the high magnetic quality of

the films.
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I. INTRODUCTION

Magnons, i.e., the quanta of spin waves, are carriers of
information with properties that are attractive for applica-
tions [1]. Magnons propagate in ferro-, ferri-, antiferro-, and
even paramagnetic electric insulators without Joule heat-
ing [2-5]. The ferrimagnet yttrium iron garnet (YIG) is to
date the best platform for magnon spintronics due to its
low Gilbert damping and high Curie temperature. In YIG,
magnons can be excited thermally and electrically and can
cover long distances [6—8]. An electric current / in a thin-film
platinum contact generates a spin accumulation at the Pt|YIG
interface, which injects magnons into YIG. The latter diffuse
into the magnet and generate a voltage V by the inverse spin
Hall effect when reaching another Pt contact. The nonlocal
resistance R, = V/I can be modulated by a third Pt film,
as demonstrated for a 210 nm thick YIG film [9]. This three
terminal device is a magnon transistor. The left and right ones
inject and detect magnons thus form a source and a drain,
respectively. Sending a current through the middle strip or
gate modulates the source-drain signal by the magnon density
in the transport channel; such structure is also available to
study the magnon transport when the magnon gas is near
Bose-Einstein condensation [10].

Chumak et al. [11] achieved magnon transistor action
by controlling the magnon scattering in a magnonic crystal
with a magnetic field. Our device operates by modulating
the magnon conductivity of a YIG thin film oy, electrically.
Similar to the Drude formula for electrons, the magnon con-
ductivity
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on the magnon density n,,, where 1, is the scattering time
and my, = i /(2J;) is the effective mass that is governed by
the spin-wave stiffness J.

The present study is motivated by the wish to improve
the modulation efficiency of the previous device [9]. This
can be achieved simply by a thinner YIG film, since for the
same number of injected magnons, the magnon density in the
source-drain transport channel should be larger [12]. To this
end we grew an ultrathin YIG film by liquid-phase epitaxy
with thickness of 10 nm, so its Gilbert damping is as low as in
thicker film. The observed modulation of the nonlocal signal
reaches 200 % corresponding to a modulation efficiency per
dc current unit exceed 40%/mA, which is 20 times larger
than for the 210nm YIG [9]. A similar enhancement has
been reported for a 13nm thick YIG film grown by pulsed
laser deposition with larger Gilbert damping [12]. The au-
thors interpret an observed nonlinearity in the gate-current
dependence in terms of a diverging magnon conductivity by
a spin Hall current-induced antidamping of the magnetization
dynamics under the gate. Based on the observed dependence
of the modulation on the gate width and geometry we believe
that the physics is more complicated.

This paper is organized as follows: Section II addresses
the device configuration, fabrication details and measurement
methods. In Sec. III, we first compare the nonlocal signals in
10nm and 210 nm thick YIG films. We then discuss the non-
linearities that in contrast to the previous report [12] saturate,
discuss other device configurations, and show results of spin
Hall magnetoresistance measurements of the Pt| YIG interface
at high gate currents. In Sec. IV, we compare our results with
those reported by Wimmer et al. [12].

II. EXPERIMENTAL DETAILS

The magnon transistors as depicted in Fig.1 are fabri-
cated on 10 nm thick single crystal yttrium iron garnet (YIG)

©2021 American Physical Society
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FIG. 1. Sample schematic: The sputtered Pt (red) strips with
thickness of 9nm are put on a 10nm YIG film. A low-frequency
ac current with rms value of I5c in the left Pt strip injects magnons.
We measure both the first and second harmonic voltages over the
right Pt strip by a lock-in technique. The dc current through the
middle Pt middle gate modulated the source-drain signal. An external
magnetic field He, orients the in-plane YIG magnetization at an angle
a. Typically, noHex = 50 mT.

films. The film is grown by liquid phase epitaxy (LPE) on
top of a 500 um thickness single crystal (110) gadolinium
gallium garnet (GGG, Gd3GasOj,) substrate at the Univer-
sité de Bretagne Occidentale in Brest, France. The saturation
magnetization is pwoM; = 174 £ 4 mT. The Gilbert damping
parameter of the in-plane magnetized film is g = 5.2 x
10~*. All Pt strips, including the magnon injector, modulator,
and detector, are sputtered with thickness of 9 nm, patterned
by electron beam lithography. Ti|Au layers with thicknesses
of 5|75 nm are deposited by e-beam evaporation. The center-
to-center distance between the injector and detector is 3 um.
The length and width of the Pt strips for 3 measured devices
are listed in Table I, but we focus on Device 1. Results for
a fourth device with 7.9 nm thickness YIG are summarized
in Appendix B. The sample is positioned between a pair of
magnetic poles and rotated by a step motor. The magnetic field
H.x orients the soft magnetization M|/ He in the film plane
at an angle o with respect to the Pt strips as shown in Fig. 1.
A low-frequency (17.777 Hz) ac current passes through
the magnon injector with an rms-amplitude of Ixc, thereby
injecting magnons electrically and thermally. The resulting
magnon spin currents are measured as the first and second har-
monic signals at the magnon detector with a lock-in technique,
respectively. A dc current Inc is applied to the gate in order to

TABLE 1. Dimensions of the injector/modulator/detector Pt
strips and selected observations. The centers of injectors and detec-
tors are separated by 3 um and the Pt film thicknesses is 9 nm in all
samples.

Device 1 2 3
Length (um) 80/84/80 20/24/20 20/24/20
Width (um) 0.4/0.4/04 0.4/0.8/04 0.4/1.2/0.4
Inc (LA) 200 500 500
Inc (mA) -1.5~1.5 -2.0~2.0 -2.25~2.25
R at Inc =0 (Q2/m) 198 1044 160
Modulation

efficiency (%/mA) 40.4 87 75

Raw data R (mQ)

- -ni2 0 n/2 n
Angle (rad)

FIG. 2. Angle-dependent R)  for Device 1 with
injector/modulator/detector geometry. Raw data of the first
harmonic signals R} at different dc gate currents with an offset from
inductive/capacitive coupling (at o = £ /2). The color gradient
from red to blue represents dc currents from —1500 ©A to +1500 nA
with a step size of 50 nA.

modulate the magnon spin conductivity and the corresponding
nonlocal signals.

The observed angle-dependent first harmonic signals of
Device 1 are shown in Fig.2: Colors, from red to blue
code, represent the nonlocal signals recorded for Ipc from
—1500 A to +1500 wA. The white dataset in the center for
Inc = 0 has a typical cos’ @ dependence, i.e., the product of
injection and detection efficiencies [8]. The dc bias modulates
the magnitude and the angle dependence much more promi-
nently than for a 210 nm thick YIG film [9], especially at the
largest currents of —/41500 uA (the darkest red/blue) and
a ~ 0 and o =~ £x. The gate annihilates magnons in YIG
when the spin accumulation is parallel to the magnetic field
but creates them when antiparallel, suppressing, and enhanc-
ing erli", respectively. The dc current enhances the signal by
more than a factor of 2. Also the second harmonic signals are
strongly modulated by the gate current (not shown), but more
difficult to interpret since depending not only on the magnon
density but also on the temperature profiles in the magnet. We
therefore do not discuss them here.

III. RESULTS AND DISCUSSION

A. Dependence of the nonlocal signals on YIG film thickness

The nonlocal signals for 10 nm (Device 1 in Table I) and
210nm thick YIG films with the same injector-to-detector
distance (3 um) are compared in Table II. The nonlocal re-
sistances scale with the length of the Pt strips. The ultrathin
gated but unbiased 10 nm YIG sample shows a larger nonlocal
signal than the thick one without gate, even though a passive

TABLE II. Comparison of the first-harmonic nonlocal signals in
10 nm and 210 nm thick YIG films.

YIG thickness (nm) 10 210 (Ref. [8])
Rl (Qm™) 198 140
R¥* (MVA~—2m™) 0.09 1.35
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FIG. 3. Analysis of R\ at specific angles o for Device 1 with injector/modulator/detector geometry. The dots are the experimental data
and the lines with the same color are quadratic fits for small currents. (a) ¢ RY(0) and o + ¢'® = 47 [o RY(£7)] as a function of dc gate
current Inc. (b) Data for « = {0, 7 /12, 7 /6, w /4, w /3} normalized by the amplitudes at Inc = O (green dots with different brightness). The
deviations from the fits in (a) and (b) are plotted in (c) and (d), respectively.

central gate is a spin sink. This result is consistent with the
thickness-dependence reported for films from 100 nm up to
50 um [13], but counterintuitive since a thinner film should
have a higher impedance. It cannot be explained by either the
magnon chemical potential model [14] nor viscous magnon
flow [15]. On the other hand, the second harmonic spin See-
beck signal in 10 nm thick YIG (not shown) is much smaller
in the 10 nm than in the 210-nm film. The thickness depen-
dence of the nonlocal magnon transport remains unexplained.
We may speculate for example about the existence of highly
efficient surface transport channels that dominate in ultrathin
films. The thickness dependence of the nonlocal signal will be
discussed in a future paper with more details.

B. Saturation in the injector/modulator/detector geometry
for a 400 nm wide gate

The nonlocal resistances R are trigonometric functions
of the magnetic field angle « that reflect the electrical magnon
injection and detection efficiencies [8]. The angle-dependent
first-harmonic nonlocal resistances are well described by

Rxllfu(a) =C G[il’"(ot) cos’ a, )

where C; is a charge-spin conversion efficiency parameter of
the electric spin injection and detection. In the limit of weak
excitation, the magnon spin conductivity depends linearly on
the magnon density which is again proportional to the direc-

tion and the amplitude of injected current. We also include a
quadratic term that does not depend on the current direction
and is caused by Joule heating. Hence

Unl,lw(()l) = Gr(r)l + AOSHEIDC cosua + AUJI]%C, (3)

where Ipc is the dc current in the modulator, ar?, is the magnon
spin conductivity at thermal equilibrium, Aoy and Aosyg are
parameters that can be fitted to the observations.

We extract the nonlocal resistances at specific angles from
Fig.2 as a function of Ipc, subtracting a constant offset
at « = +7 /2 from the measured erlf’(oz) that is caused by
inductive/capacitive coupling. The signals at the angles o =
0, £7 are shown in Fig.3(a) as well as normalized ones for
a=0,35, £, 7, and T in Fig.3(b). When |Ipc| < Ij)c =
400 A (the current density is 1.1 x 10" A/m?), RI*(«) in
Fig. 3(a) is to a good approximation a parabolic function
of Ipc :

R (Inc) = Pl + Pllpc + PII2., “4)

with P]® ~ 6Q/A and P,” ~5 x 10° Q/A? [P} =1 for
the normalized data in Fig. 3(b)]. The differences between
the observations and the fits of Figs.3(a) and 3(b) are given
in Figs.3(c) and 3(d), respectively. The data deviates from
the fits at the first threshold current |Ipc| 2 I = 400 A
(current density 1.1 x 10'" A/m?). At a second threshold
I5c = 800 nA (current density 2.2 x 10" A/m?) the devia-
tions from the polynomial fits show a maximum that we call
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FIG. 4. I, and [I. vs angle o« in Device 1 with

injector/modulator/detector geometry.

an anomaly for convenience. For Ipc < 0 the parabolic model
Eq. (3) predicts an increase of the magnon conductivity by
the parabolic term that models the magnon injection by Joule
heating. However, R1¥(0) deviates from this prediction for
Inc S —I,c, i.e., at the same current level as for positive gate
currents. The experiments confirm that reversing the magnetic
field is equivalent to reversing the current direction. In Fig. 4,
the threshold /[ increases with the angle «, while I, re-
mains constant. Since with increasing « a higher current is
required to inject the same number of magnons, I appears
to be related with the magnon injection process, while I} is
not.

For the injector/modulator/detector geometry here, the
threshold current I/, separates the low and high dc current
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FIG. 6. Ij,- and I/} vs magnetic field strength in Device 1 with
injector/modulator/detector geometry.

regimes. The enhancement of the magnon transport at currents
I > I, indicates interesting physics such as current-induced
self-oscillations of the magnetic order. However, instead of
a divergence that could indicate magnon superfluidity, we
observe a plateau at high-current levels [see Fig. 3(a)].

The differences between the data and a parabolic fit at low
injection currents give us some clues about what is happening
underneath the Pt. We clearly observe nonparabolicities for
both positive and negative currents, i.e., for both magnon in-
jection and extraction. At 1 > I]/)C the signal is enhanced, i.e.,
increases above the parabolic fit. This threshold is not sensi-
tive to the direction of applied magnetic fields, which indicates
a thermal (spin Seebeck) mechanism for the enhancement of
the conductivity as reported by Safranski et al. [16].
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FIG. 7. (Longitudinal) spin Hall magnetoresistance of the 400-
nm wide central Pt gate at dc current from —590 uA to 590 nA.

C. External field dependence of the saturation

A field-dependent study in Fig.5 can shed light on the
possible effect of the magnon gap or Kittel frequency

Bo(Bo + poMs), )

on the anomaly /.. The results in Fig.6 show a slightly
increased If~ with field from 700 uA to 1mA. I, which
does not depend on the magnetization angle above, remains
also resilient against the magnetic field strength. Although
we cannot pinpoint the process that suppresses the magnon
conduction at high current levels to a certain mechanism, but
it appears to be spin-dependent since in contrast to Iy, If}-
depends strongly on the magnetic field strength and direction.
This could reflect a gap-induced reduction of the magnon
number and conductivity.

Wk=0 =V

D. Spin Hall magnetoresistance of the 400 nm wide Pt strip

Next, we analyze the spin Hall magnetoresistance (SMR)
of the 400 nm wide Pt center gate [17] for an ac current of
20 nA and a dc current range from —590 A to 590 nA. Fig. 7

(a)

Injector Modulator Detector
[ Pt | [ Pt [Pt |
— ey
0 o |
Modulator Injector Detector
[ Pt_| [Pt | | Pt_|

— —

FIG. 8. Positions of the modulating gate in (a) Sample 1 and
(b) Sample 2. The black arrows represent the magnon diffusion
currents injected by the modulator. The density of magnons between
injector and detector and therefore gate efficiency should be smaller
in (b) (see discussion in the text). The distance between the centers
of the outer Pt contacts is 3 um.

TABLE III. Geometry of modulator/injector/detector Pt strips
and measurement parameters on Device 2.

Length (um) 20/24/20
Width (um) 0.4/0.8/0.4
Pt thickness (nm) 9

Inc (LA) 500

IDC (mA) -1.6~1.7
Modulation efficiency (%/mA) 235

shows that the resistance change AR decreases when increas-
ing dc current Ipc with a threshold around +400 pA, which
is close to I} introduced above. The SMR decreases with the
temperature [18] and appears to be correlated with I, the
first threshold in the nonlocal signal, thereby it support the
hypothesis that Joule heating affects the spin-transport at the
interface. It is consistent with the independence of I{)C, on the
magnetic field reported above.

E. Exchanged source and gate contacts

In order to collect more information on the anomalies ob-
served in Fig. 3 we exchange roles of the Pt contacts from an
injector/modulator/detector to a modulator/injector/detector
geometry as sketched in Figs. 8(b) and specified in Table III.
In this configuration the source-drain current is not directly
affected by an antidamping torque of the modulator. The sig-
nal is larger because the injector and detector are now closer to
each other. The first harmonic signal for the new configuration
in Fig. 9 is well represented by a parabola with P}® ~ 1.6 x
1072 Q/A and P}® ~ 18 Q/A? in Eq.(4) for |Ipc| < Ipc =
900 A. Rlljf" 0) [erlf’(in )] starts to decrease for at currents
Inc =900 uA (1400 nA) and Ipc = —1400 nA (900 pA).
In contrast to the discussion above, the deviations from the
parabolic fit at I} are negative so we cannot identify a Ij.

110 T
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1 "N . RT(O) /

100 NEE ) -

90 e ; //

80 . &~
A NS
% 70
Py .
X 60 :

50

40
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2000 -1500 -1000  -500 0 500 1000 1500 2000

DC current (zA)

FIG.9. Analysis of R at specific angles for
modulator/injector/detector configuration of Device 2. Relative
amplitudes of the first harmonic nonlocal signals of device 2
with 800 nm width modulator at & =0 [oRllﬂ“’(O)] and o = 7
[eR.¥(£7)] as a function of dc currents.
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In the modulator/injector/detector geometry, magnons in-
jected by the modulator first have to diffuse to the source-drain
channel in order to affect the magnon conductivity. The
magnon chemical potential pu,, is a direct measure of the
nonequilibrium magnon density that obeys the spin-diffusion
equation d?puy,/dx® = pum/A2 [8] with a magnon diffusion
length of 1, ~ 10 um at room temperature. Here, due to the
diffusion of magnons and the absorption by the wider injector,
the loss of dc-injected magnon density in the source-drain
channel is much more than 20% comparing to the center gate
configuration with the same dc current passing though the
modulator. Therefore, a larger current is required to achieve
the same magnon density.

When the modulator is in the center, the magnon trans-
mission is affected by thermal [19,20] or electric [21,22]
spin-orbit torques as well as spin absorption by the Pt gate.
The situation is simplified for the modulator/injector/detector
geometry in so far that the modulator is only a source of
additional magnons that increase the injector-detector conduc-
tance. [}, is larger for this configuration, presumably because
the higher current level is required to generate the same den-
sity in the source-drain channel by magnon diffusion.

F. Modulator gate width dependence

In Device 2 (800-nm wide modulator) and Device 3
(1200 nm wide modulator) from Table I (see Fig.10),
a saturation as in Device 1 [Fig.3(a)] is not observed.
The characteristics are similar to that of Device 1 in the
modulator/injector/detector configuration: R deviates from
the simple magnon conductivity model at lower currents.
Device 2 deviates at currents (current densities) of 500 uA
(0.7 x 10" A/m?) and starts to decrease at 1 mA (1.4 x
10'" A/m?). Device 3 deviates from 0.6 x 10" A/m? and
starts to decrease at 1.2 x 10" A/m?. They are much lower
than the current density corresponding to the saturation in
Device 1 (2.2 x 10" A/m?). Naively, we expected that for
equal current densities the results should not depend on the
width of the gate. Nevertheless, we find that widening the
central gates only decreases the signals relative to the poly-
nomial fit. A proper explanation of this result requires more
research.

We also observe signal changes induced by a high dc
current bias on Device 3 (see Appendix A) that indicate a
transient change of the magnetic order of the YIG film that
may also cause the asymmetry between the data in Fig. 10(b)
for flipped current and magnetization directions. We observed
a strong increase of the nonlocal signals in Device 3 after we
removed the dc current. Since we have not been able to explain
or repeat these results, we do not discuss them in the main
text.

IV. CONCLUSIONS

We observe a threshold behavior at currents [ > I, that
indicates that the film under the gate approaches an instability,
confirming previous reports. The threshold does not depend
on the magnetization direction and therefore the spin Hall

(@) 800 nm width modulator
1o,
90 ] R (0)
80 - Rir(£n)
70
60
—~ 50
g
= 40
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© 30
20
104
04
T T T T T T T T T T T T
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(b) :
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14 » R;(0)
T )
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~ 87
G )}
3 /
2= 87 ”

nl

R

— T —— T
-2500 -2000 -1500 -1000 -500 O 500 1000 1500 2000 2500
DC current (rA)

FIG. 10. R\ for Devices 2 and 3 with wider modulator gates as
a function of gate current Ipc in injector/modulator/detector geome-
try. (a) The signals of Device 2 with 800 nm wide modulator ato = 0
[eR}’(0)] and & = &7 [ o RI’(£7)] as a function of dc currents.
(b) As a function of gate current Ipc, but for Device 3 with 1200 nm
wide modulator.

injection, which could indicate an enhancement of the magnon
density by the spin Seebeck effect. However, at negative
currents the magnon accumulation remains suppressed which
indicates that the spin Hall effect injection dominates the spin
Seebeck effect. At even higher currents I 2 I}~ another effect
kicks in that suppresses the magnon density and conductivity
again. This process is roughly symmetric in the current direc-
tion and may be assigned to a nonlinear magnon decay into
phonons at elevated temperatures.

Wimmer et al. [12] also report nonlinear effects in-
duced by a Pt gate current on magnon transport. Their
sample is slightly thicker with 13.5 nm with a damping of
ag =2.17 x 1073, which is significantly higher than our
g =5.2x107% They report two anomalies (I,, and ;).
The first appears to agree with our I~ and results for
Inc < I} agree qualitatively with our data and the magnon
conductivity Eq.(3). The current densities corresponding

214425-6
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FIG. 11. Angle-dependent first harmonic voltages at high gate
current levels on Device 3 with injector/modulator/detector ge-
ometry. The nonlocal signal continues to increase with increasing
current.

to Ion (3.2x 10" A/m?) and I (4.3 x 101" A/m?) are
much higher than our I}, (1.1 x 10! A/m?) and I}j (2.2 x
10" A/m?). They do not report transport for opposite gate
current direction and the associated suppression of the non-
local signals, however. For Ipc > I,, Wimmer et al. [12]
observe signals that increases faster than the parabolic fit,
which we confirm here. However, they do not find the satu-
ration we report in Fig. 3(a). Wimmer ef al. [12] interpret the
monotonic increase of their results as an incipient divergence
by an anti-damping spin-orbit torque that compensates the
damping in the YIG film under the gate and speculate about
lossless magnon transport at the onset of self-oscillations or
superfluidity. On the other hand, the larger Gilbert damping
in their samples could imply that the magnon densities at
their highest current levels is significantly lower than ours,
so they do not reach the saturation regime that we report
here.
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Concluding, before drawing conclusion about the nature
of nonlinearities, the complications due to heating should be
figured out in more detail [23-26]. It would be valuable to
assess the magnon spin accumulation profile governed by the
temperature gradient [27], which may be different in thin and
thick films. We conclude that ultrathin YIG films are a great
platform for the research on magnon transport in nonlinear
regime, but much work has still to be carried out before
magnon Bose-Einstein condensation or superfluidity by elec-
tric or thermal spin injection can be confirmed.
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APPENDIX A: SIGNAL CHANGE AFTER GATE
MEASUREMENT

Device 3 underwent a transient change after applying a
high dc current to the gate. The signal became symmetric
around zero angle and enhanced for both 0 and 180 degrees,
see Fig. 11, indicating an unidentified thermal mechanism.
After this experiment, the nonlocal signal at zero gate current
increased by a factor five as shown in Fig. 12. The high dc
current appeared to change the properties of YIG under the
gate. However, after about two weeks, the characteristics of
Device 3 returned back to normal as shown in Fig. 10(b).
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FIG. 12. Angle-dependent nonlocal magnon transport measurement before and after a measurement at high gate currents on Device 3 with
injector/modulator/detector geometry. The heating that accompanies a large current changes the properties of YIG. (a) Angle-dependent first
harmonic voltage before and after the gate-induced heating at zero gate current. (b) Angle-dependent second harmonic measurement before
and after. Both first- and second-harmonic signals are strongly enhanced after the heating. However, the effect appears to be transient and could

not be reproduced.
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TABLE IV. Geometry of injector/modulator/detector Pt strips.

Length (um) 20/25/20
Width (um) 0.4/0.4/0.4
Pt thickness (nm) 8

Inc (LA) 200

Ipc (mA) -1.75~1.75
Distance between centers of Pt (um) 1.5

APPENDIX B: MODULATION EFFECT ON
7.9nm THICK YIG

We also study a transistor structure on a 7.9 nm thick YIG
with damping parameter of g = 6.3 x 107, The device pa-
rameters are shown in Table IV. Compared to the 10-nm thick
YIG, we observe in Fig. 13 a modulation increased by a factor
of 3 instead of 2. We have to apply a higher dc currents to
reach the nonlinear regime but still observe a saturation at the
highest currents.

1o,
° RJ(O)
84 R!“(tn)
6 -~
o .
E .
Sz o
X 44 o
“_.,“.,,h.':_,.».«" g
24
-2000 -1500 -1000 -500 0 500 1000 1500 2000
DC current (zA)

FIG. 13. R\ for injector/modulator/detector configuration for
the 7.9-nm YIG film specified in Table IV. Relative amplitudes of
the first harmonic nonlocal signals of device 2 with 800 nm width
modulator atx = 0 [eR!’(0)] and @ = %7 [» R\ ()] as a function
of dc currents.
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