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We report the control of the modulation efficiency of the magnon conductivity in yttrium iron garnet
(YIG) using magnon spin injection from a ferromagnetic metal permalloy (Py) used as a modulator in a
three-terminal magnon transistor geometry. The modulation efficiency is estimated by means of nonlo-
cal spin-transport measurements between platinum injector and detector strips. A charge current is sent
through the Py modulator to create a spin accumulation at the YIG-Py interface via the spin Hall effect
and the anomalous spin Hall effect (ASHE). We observe an enhancement of the modulation efficiency
for the electrically generated magnons from 2.5%/mA at 10 mT to 4.7%/mA for magnetic fields higher
than 50 mT. That enhancement is attributed to the ASHE, which is maximized when the Py magnetiza-
tion is perpendicular to the charge current. However, the modulation efficiency of the thermally generated
magnons exhibits an opposite behavior, 12.0%/mA at 10 mT to 6.6%/mA at 50 mT, which disagrees with
what we expect from the ASHE contribution to the modulation.

DOI: 10.1103/PhysRevApplied.15.014038

I. INTRODUCTION

One of the major goals of spintronics is the efficient gen-
eration and manipulation of the spin degree of freedom,
e.g., by using spin currents [1-3]. In the ferrimagnetic
insulator yttrium iron garnet (YIG), the spin current, i.e.,
the flow of spin angular momentum does not occur via
the transport of conduction electrons, but via spin waves
or magnons, i.e., the quanta of spin waves in a magnetic
material [4-8]. The excited magnons in YIG can transmit
electrical signals over distances as large as 40 um [9—14].
The magnon conductivity (o,,) in YIG can be modulated
in two ways. First, by increasing or decreasing the magnon
chemical potential via spin injection produced by the spin
Hall effect (SHE) [15,16], when a charge current (/4)
is applied in the middle-modulator terminal in the three-
terminal magnon transistor, developed by Cornelissen
et al. [17]. Second, via the magnetic gating effect (MGE)
[18], where the magnon relaxation in the YIG channel is
tuned by the relative angle between the magnetization of
YIG and the magnetic modulator (gate). It was found that
when the magnetizations are parallel to each other more
magnons are absorbed by the gate, decreasing the trans-
mission of magnons between the platinum (Pt) injector and
detector strips [18].
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Besides the spin injection due to the longitudinal
spin-charge coupling [19-21], permalloy (Py) is a fer-
romagnetic metal, which can convert a charge current
into a transverse spin current by the Py magnetization
(Mpy) independent SHE, and the magnetization-dependent
anomalous spin Hall effect (ASHE), which is maximized
when Mpy is perpendicular to the charge-current direction
[22—24]. Thereby, Py can be used as a transverse spin cur-
rent injector and detector via SHE and ASHE [25-27].
Moreover, hybrid magnetic structures, such as YIG-Py,
have proven to be the subject of great interest in the study
of spin-wave coupling, spin-wave propagation, and their
promising capacity to integrate magnonic devices with the
mainstream microwave electronics, quantum information,
and photonics [28-38].

In this paper, we demonstrate the control of the
magnon conductivity in YIG, driven by the combined
SHE and ASHE spin injection using Py as a modula-
tor in a three-terminal magnon transistor. In the absence
of a charge current in the Py gate we observe a MGE
with modulation at least 4 times larger than previously
reported [18]. Applying a charge current through the
Py strip, we obtain an enhancement of the spin-current-
controlled modulation from 2.5%/mA at 10 mT to
4.7%/mA at fields higher than 50 mT on the electrically
generated magnons. That enhancement is attributed to the
spin accumulation in the modulator due to the ASHE

© 2021 American Physical Society
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contribution. However, we observe the opposite behavior
for thermally generated magnons, the maximum modula-
tion efficiency of 12.0%/mA is observed at 10 mT, while
at fields higher than 50 mT we obtain 6.6%/mA. The last
observation is not in agreement with what we expect from
the ASHE contribution on the thermally generated magnon
modulation.

II. EXPERIMENTAL SETUP

The devices consist of a pair of Pt injector and detec-
tor strips with dimensions of (18 x 0.3) um separated by a
distance of 2 um (center to center) and a Py middle mod-
ulator strip, with a length of 22 um and varying width
from 300 to 700 nm, deposited on top of a 26-nm-thick
LPE-YIG film grown onto GGG substrate. All Pt and Py
strips have thicknesses of 7 and 12 nm, respectively. See
Sec. I within the Supplemental Material for fabrication
details [39]. Figure 1(a) shows the schematic illustration
of the experimental geometry.

A charge current (/) is applied to the injector with an
amplitude of 500 pA at a frequency of 17.777 Hz. The
current in the injector creates a spin accumulation (uy)
at the interface of YIG-Pt via the SHE, with polarization
along y direction. Only the component of 1, parallel to the
net YIG magnetization (Myg) produces nonequilibrium
magnons in the YIG, which diffuse through the YIG film,
therefore, the injected magnons follow a cos o dependence.
At the detector, the magnons produce a spin accumulation
parallel to Myjg. Once again, only the spin accumula-
tion parallel to y direction produces a charge current in

FIG. 1.

the Pt electrode via the reciprocal effect, the inverse spin
Hall effect (ISHE) [40,41], i.e., cosa dependence of the
detected magnons. This mechanism corresponds to the
electrical injection and detection of magnons, illustrated
in Fig. 1(a). The detected voltage is a product of both
effects, resulting in V1 o cos® a, which is measured in the
first-harmonic (1f) response [9,10]. In addition to that, a
second-harmonic response (2f ) is measured, correspond-
ing to the thermally generated magnons. In this case, the
thermally generated magnons do not depend on the spin
accumulation in the injector, since they are produced by
the spin Seebeck effect driven by the thermal gradient cre-
ated by the Joule heating in the injector [42—44]. However,
the mechanism of detection is still the same, therefore the
voltage measured at the 2/ response corresponds to 2% o
cosa [9,10].

Figure 1(b) shows the 1f* response as a function of the
angle for a device without a modulator for an external
magnetic field (B) of 60 mT, the inset shows the electrical
connections. The magnetic field is swept for fixed o = 0°
and @ = 90°, and the 1f response is measured, as shown in
Fig. 1(c). For & = 0° the voltage remains constant except
below (approximately equal to 6 mT), where Myg do not
follow the external magnetic field, and the voltage goes to
a minimum value. The magnetic-field-dependent measure-
ments of the 2f response are shown in Fig. 1(c), following
the cos o dependence. The measured step in Fig. 1(e), cor-
responds to the change of the My;g direction. The 1f and
2f voltages decrease by increasing the magnetic field, this
is expected due to the magnetic field dependence of the
spin-diffusion length of YIG [45].

0 -150-100 =50 0 50 100 150
Magnetic field (mT)

-180 -135 -90 45
o (degree)

(a) Schematic illustration showing the electrical connections of the transistor device and the phenomena involved. The

injection of magnons via SHE produced by a charge current (/) in the injector, transmission of magnons in YIG, the conversion of
spin current into a charge current by ISHE in the detector and the applied charge current (/) in the modulator. (b),(c) First-harmonic-
dependent voltage as a function of the relative angle o between B and y, and magnetic field strength, respectively, for the reference
sample without the modulator. The inset in (b) shows the electrical configuration of the measurements. (d),(e) Second-harmonic-

dependent measurements.
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Following the analysis from Cornelissen et al. [9], the
voltages measured on the detector can be written as non-
local resistances R, expressed in terms of the angle ()
between p axis and the external magnetic field B for the 1 f
and 2f harmonic as,

Ve (o
Rll\fﬁ = (@) = Cyo, cos’ o = A cos’ «, (1)
Iac
VZw
RIZ\I’i = [z(a) = Cyo,, cosa = A*” cosa, (2)
ac

where o, is the magnon conductivity, C; and C, are the
charge-to-magnon conversion parameters and 4' and 4%
represent the maximum amplitude of the nonlocal resis-
tances for electrical and thermal injection of magnons,
respectively [9]. Due to the strong spin-orbit interaction
in the Pt strip, the large spin-mixing conductance at the
YIG-Pt interface and the injected magnon density, which
is proportional to the charge current. The injector acts like
a low-impedance magnon source, while the detector as a
low-impedance magnon drain. Therefore, we can express
the magnon conductivity o, in this simple form.

II1. (I3c = 0)—MAGNETIC GATING EFFECT

The Py strip placed between the injector and detector
absorbs part of the magnons created by the injector at the
YIG-Py interface, even in the absence of an applied charge
current. Due to the shape anisotropy, the magnetization of
Py has an easy axis along X (6 = —90°,90°), where 6 is the
angle between the y axis and the Mpy. In agreement with
previous experiments, the Mpy, rotates freely with respect
to the My in the YIG film, demonstrated via anomalous
magnetoresistance measurements on the Py strip, which
indicates a weak coupling interaction between Py and
YIG [22,23]. An external magnetic field of B ~ 50 mT
is required to fully align Mp, along the hard axis, for a
700-nm-wide Py strip. The amount of magnons absorbed
depends on the relative orientation between My and Mpy,
which is illustrated in Figs. 2(a) and 2(b) as a higher or
lower regime of the transport of magnons for an exter-
nal magnetic field along the y direction. The control of
magnon transport by a magnetic modulator is called mag-
netic gating effect [18]. Therefore, varying the magnetic
field strength along the hard axis the MGE will produce an
enhancement of the magnon transport between Pt injector
and detector strips for B < 50 mT [18]. Figures 2(c) and
2(d), show a magnified region of the field scan measure-
ment of R\ and R¥ for different Py widths (w). In order
to quantify the magnetic gating effect, we parametrize the
modulation by MGE as 8,42, by

1o 2w)
51w(2w) _ ARtot (3)
MGE — Rla)(2w) ’

sat

a B<10mT ‘ b B >50mT
(a) - (b) 5 -
B
= [
y
F R P 8 T +
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(€)-150 —125 —100 75 50 2 o (d)-150 —125 —100 75 50 25

_4sfw= 0nm i _goffw [——w=0nm
s24. <

R
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FIG. 2. Presence of the Py modulator produces the MGE,
where the absorption of magnons is lower (a), or higher (b),
due to the relative orientation between the magnetizations of the
Py strip and the YIG layer. (c),(d) Enlargement of the nonlo-
cal resistances for different modulator widths (w) for 1f" and 2f,
respectively.

where RL%® is the value of R at 100 mT, and

AR s the difference in mQ(V/A2) of the nonlocal
resistance between higher and lower regimes of magnon
transport for lo (2w). The MGE parameters are summa-
rized in Table I. An enhancement of 65% for the 1/ signal
and 16% for the 2f signal are obtained for a modulator
width of 700 nm. The observed values of the MGE are
at least 4 times larger than those obtained in the 210-nm-
thick YIG by Das et al. [18]. It is expected for the thinner
YIG used in this paper, where the interface interaction
becomes more relevant to the magnon conductivity. The
width dependence of Rle®, AR.®”, and 8,00 are
shown in Sec. II of the Supplemental Material [39].

The magnetic gating effect modulates the total num-
ber of magnons that reach the detector without the need
of any applied charge current in the modulator. Mean-
ing that the magnons in YIG are in (almost) equilibrium
with the Py layer, and no spin accumulation is produced
at the YIG-Py interface. Therefore, the MGE is a differ-
ent mechanism of magnon transport modulation than the
spin-current-controlled modulation reported by Ref. [17].
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TABLE 1. Values of nonlocal resistances Ry and 81‘”(2‘”)

defined in Eq. (3), for the first and second harmonic, respectlvely,
as a function of the Py width.

Width (nm) R (mQ)

She (%) R (V/A?)

sat

8 (%)

0 4.51£0.01 0 9.32£0.02 0

300 3.15£0.01 39 7.06 £0.01 1.2
500 2.10+£0.03 15.4 4.59 +£0.03 44
700 0.74 £0.01 654 3.29£0.02 16.2

By applying a charge current in the modulator, a superpo-
sition of the quasiequilibrium modulation due to the MGE
and the nonequilibrium spin-current modulation produced
by SHE and ASHE is expected.

IV. (4 # 0)—ASHE CONTRIBUTION TO THE
MAGNON CONDUTIVITY MODULATION

Cornelissen et al. [17] demonstrated that the magnon
spin conductivity in YIG can be controlled by a charge cur-
rent sent through the modulator, increasing or decreasing
the number of magnons in the YIG channel proportional
to the spin accumulation produced at the YIG-modulator
interface. In addition to a sizable and magnetization-
independent SHE, Py possesses the ASHE, which cor-
responds to a magnetization-dependent term in the spin
accumulation (ufy) produced in the Py strip [19-23]. Tak-
ing into account both the contributions for Mfy, one can
write the magnon conductivity in the YIG channel due to
the Py modulator as,

on(a) = UrgAajlgc + Ao sgelyc cos o

+ Ao asuelqc cos 6 cos (o — 0), 4)

where o is the magnon conductivity without a charge cur-
rent, Aa s and Aosyg parametrize the efficiency of mod-
ulation by Joule heating and SHE injection of magnons,
respectively. The last term in Eq. (4) represents the ASHE
contribution, where Ao asyg is the efficiency of modula-
tion. The angular dependency of the ASHE term arises
from the magnitude of u*SHE, orthogonal between both
Mpy and Iy directions, i.e., cosf, and the projection
of the spin accumulation on the magnetization of YIG,
cos (¢ — 6). Plugging Eq. (4) into Egs. (1) and (2), we
obtain the nonlocal resistance, which takes into account the
SHE and ASHE modulation. In addition to that, we can
write the angular dependence of MGE, which modulates
the 4'“ and 4% proportional to the relative angle between
Mpy and Myig. Therefore one can write the nonlocal

resistances as,

RII\I‘*ﬁ(mQ) A [1 - 81 MGE €0s (6 — oz)] cos’ o
+ B cos’
+ B4y cos> a cosf cos (0 —a),  (5)
R (VA7) = A% [1 — 8355 cos (6 — )] cos
+ B cos’
+ B34 cos a cos 0 cos (0 — a), (6)
where SI\ZUG(E“)) parametrize the modulation of magnon trans-

port due to the MGE, defined in Eq. 3. The amplitudes
A' and A4?® are proportional to /2 as a consequence
of the modulator heating effects on the measured nonlo-
cal resistances [46], while Blsﬁgw) o< Iy is the modulation
amplitude due to the Aogsyg. The last term of Egs. (5)
and (6) stems from the modulation of the magnon con-
ductivity driven by the ASHE, where B ASHE o« Iy, 1s the
modulation amplitude due to Ao AsHE.

Here we can analyze the angular dependency for two
distinct regimes: (i) for |B| < 10 mT, the magnetization of
Py is close to +90°, hence, minimum absorption of MGE
and minimum contribution of ASHE on the spin accumu-
lation. Therefore Eq. (5)isreduced to RlY = A' cos® a +
B cos® a; (ii) for fields higher than 50 mT both magne-
tizations follow the external field, i.e., § ~ «. As a conse-
quence, Eq. (5) becomes Ry = Ao (1 — Sy cos? o +
(Bhr + Bi4yp) cos® a. The same analysis is applicable
to Eq. (6). Consequently, the ASHE contribution, will
enhance the modulation efficiency for fields higher than
50 mT, i.e., increase B'“ cos® a and B> cos® «, for the 1f
and 2f response. Moreover, the shape anisotropy present
in the Py strip, enables us to tune the magnon transport
modulation efficiency by turning the ASHE component on
and off as a function of the magnetic field strength.

Qualitatively, one can quantify the contribution of the
ASHE on the total spin accumulation by measuring the
1f response of the nonlocal resistance at the Pt detector
using the Py strip as the injector. This measurement is
presented in the appendix. The ratio between 1f nonlo-
cal resistances at 60 and 10 mT correspond qualitatively
to the spin accumulation at the YIG-Py interface caused
by ASHE+SHE and SHE respectively [23]. The obtained
value is R1 NL (60 mT)/ NL (10 mT) ~ 1.7, for the 700-nm-
wide Py, Figs. 6(a) and 6(b). Therefore, we expect an
enhancement of the magnon transport modulation effi-
ciency close to that value for first- and second-harmonic
measurements.

A. Modulation efficiency of electrically and thermally
generated magnons

The angular-dependent measurements of the first- and
second-harmonic nonlocal resistances at 10 mT [60 mT]

014038-4
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for different applied charge currents are shown in Figs. 3(a)
and 3(b) [(e) and (f)], for a 700-nm-wide Py modulator.
The solid lines represent the best fit obtained using Egs.
(5) and (6), assuming 6 ~ +90° [0 ~ «]. Figures 3(c) and
3(g) show the parameters A4'® and 4%“ as a function of
the charge current in the modulator, extracted from the fit-
ted curves at 10 and 60 mT. In both measurements, the
quadratic dependence with respect to the charge current of
parameters A'® and 4%“ can be seen, as a result of the ther-
mal effects. The quadratic dependence of 4% remains the
same for 10 and 60 mT, 42 ~ —0.76 (V/A4%)/mA?. How-
ever, we obtain an enhancement for 4'“ from 69 1 Q2/mA?
at 10 mT to 192 £Q/mA? at 60 mT. The opposite sign of
the quadratic dependency occurs mainly due to the oppo-
site temperature dependence of electrically and thermally
generated magnon signals, more details can be found in
Ref. [17,47]. The Joule heating in the magnetic modulator
can also affect the MGE efficiency. The observed enhance-
ment of 4! can be a result of the lower magnon absorption
by MGE caused by the higher temperature at the YIG-
Py interface. The complete analysis of the temperature
dependence of MGE needs further investigation in future
experiments.

Figures 3(d) and 3(h) show the charge-current depen-
dence of B'® and B*® extracted from the best fit of Egs. (5)
and (6). Parameter B'“ shows an offset in Figs. 3(d) and
3(h). This offset corresponds to an asymmetry observed
between positive and negative field even in the absence of
a charge current. A similar asymmetry was also reported
by Wimmer et al. [48], the responsible mechanism is

Magnetic field: 10 mT

(@)1sF~ = e=12mA ) Al 0
.ﬂ'. Iy =0.0 mA 1254 ,  p2
1.2 A Jp=—12mA 35
~oel % _1.20 —
G Ay 1G <
Ay & . -~
g & " é 50 \>./
2206 ! i {& 1.151 N
S
0 d 3 < 25 <
03y 1 110
| o . 2.0
0.0 Wt
L 1.05 T
(b) , ()i T
° BZ(r)
[)
"l =12mA o4
Igo = 0.0 MA
-4} Al =—12mA ¢
. -120L— T T T —-—038
-180 -135 -90 45 0 -1.0 =05 00 05 1.0
o (degree) Iy, current (mA)

FIG. 3.

still not clear. The SHE and ASHE modulation contri-
bution show a linear behavior with respect to the /.
The slope dB/dly. describes the magnitude of the spin-
current modulation. The magnitude of the electrically gen-
erated magnon modulation for 10 and 60 mT is obtained
as dB}f)"mT/dldc =-29+3 uR2/mA and dBé‘(’;mT/dldc =
—37+3 u2/mA, respectively. Here we introduce the
modulation efficiency as n = dB/dly. /Ay, where 4 is the
nonlocal resistance at /3. = 0. We obtain, ”%S)mT =25+
0.2%/mA and n}¢ . = 4.7 £0.2%/mA.

The enhancement is attributed to the ASHE contribution
of the total spin accumulation at the YIG-Py interface for
|B| > 50 mT, which confirms that the sign of the spin accu-
mulation due to the ASHE is the same as of the SHE [22].
The ratio obtained between the modulation efficiency at 60
and 10mTisnl? +/nl¢ - ~ 1.9, which corroborates with
the ratio of the ASHE contribution obtained in Figs. 6(a)
and 6(b) of R(? /R% -~ 1.7. In contrast, the slope of
B?® decreases from dB39 - /dls. = 0.48 £ 0.03 V/4%/mA
at 10 mT to dB% +/dls. = 0.23 £0.01 V/4?/mA at 60
mT, or in terms of modulation efficiency, n%g’mT =120+
0.7%/mA to nég’mT = 6.6 + 0.3%/mA. This result reveals
a higher spin-current-controlled modulation for |B| < 50
mT, which disagrees with what we expect from Eq. (6).

B. Field dependence of the modulation efficiency

A magnetic-field-dependent measurement is performed
for the 700-nm-wide Py modulator. Figure 4(a) shows
the field scan of the 1f nonlocal resistance for different

Magnetic field: 60 mT

(e) " lo=12mA (9) T
12F I =0.0 mA 1.1 +3.5
A l=-12mA :
__09f 1 - —
% % 1.0 L3.0 <
= 06F 1= =
oo 2 s
=z = K]
o 0.9 2.5 &
0.3}
ool ot 0.8 L2.0
04
. B’\w
° BZm
02
&
<
00 =
3
s
"l =12mA —80 i
I = 0.0 mA
-4} 4l =—12mA
. 120 b—r T T T —L—04
-180 -135 -90 -45 0 -1.0 =05 0.0 05 1.0
o (degree) Iy current (mA)

(a),(b), [(e),()] Angular dependence of 1f and 2f of nonlocal resistances for a magnetic field of 10 mT [60 mT] for

different modulator currents. (c),(d), [(g),(h)] Values of 4'®, B'®, 42 and B'® at 10 mT [60 mT] as a function of the charge current
in the modulator, from the best fit of Eq. (5) and (6). In our configuration, the positive modulator current produces a depletion of the

magnon conductivity.
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(@14

R22 (VIA?)

-150 -100 -50 0 50 100 150
Magnetic field (mT)

FIG. 4. (a) Magnetic field dependence of the 1f nonlocal
resistance for different applied charge currents in the Py mod-
ulator. The asymmetry between positive and negative current
corresponds to the spin-current-controlled modulation. (b) In the
2f response, the modulation generates a vertical shift between
the positive and the negative currents.

applied currents in the modulator at & = 0°. At [gc = 0,
the increase of nonlocal resistance below 50 mT occurs as
a result of the MGE explained in Sec. III. However, when
a charge current is applied at the modulator, two additional
effects happen: (i) the nonlocal resistance increases pro-
portional to the square of the /4., as shown in Figs. 3(c)
and 3(g); (ii) the spin-current injection due to SHE and
ASHE create an asymmetry between positive and negative
magnetic fields, which is reversed by switching the charge
current, as shown by the green and red curves in Fig. 4(a).

The modulation due to the MGE for either curves of
lsc = £1 mA, decreases in comparison to the /3. = 0 mea-
surement, as well as, the magnitude of magnetic field
necessary to align Mp, along B. This can be a signa-
ture of temperature dependency of the MGE caused by
the Joule heating in the magnetic gate, decreasing the
effectiveness of the MGE modulation. In order to inves-
tigate the heating effects in the 1f nonlocal resistance
further, we subtract the nonlocal resistances with charge
current of I, = =1 mA, from the values obtained without
an applied charge current, i.e., [R}§ (1 mA) — R\ (0 mA)]
and [RL? (—1 mA) — RL? (0 mA)], these curves are shown

in Fig. 5(a). Despite the asymmetry between positive and
negative current, Fig. 5(a) shows the enhancement of R1¢
proportional to I4? at fields higher than 50 mT, also
observed in the angular dependence measurements.

We can obtain the magnitude of the modulation from the
field-dependency measurements by subtracting the nonlo-
cal resistances measured with negative current compared
to measured with positive current, i.e., [Rll\f‘ﬁ(—l mA) —
Rll\,‘ﬁ(l mA)]. However, in order to obtain the modula-
tion efficiency, it is necessary to normalize this by the
curve R\ (0 mA). Figure 5(b) shows the field dependency
of the modulation efficiency. We observe a saturation of
modulation efficiency around 50 mT, caused by the maxi-
mum contribution of the ASHE spin injection. Figure 5(b)
is in agreement with the angular dependency analysis in
Figs. 3(d) and 3(h).

The 2f nonlocal resistance as a function of the mag-
netic field for different applied charge currents is shown in
Fig. 4 (b). The Joule heating decreases the nonlocal resis-
tance, while the modulation due to the SHE and ASHE
creates a split between positive current (green) and nega-
tive current (red) curves. The difference between positive
and negative curves increase for |B| < 50 mT, indicat-
ing an increasing of the magnitude of the spin-current
modulation. Figure 5(c) shows the modulation efficiency
obtained similarly as the 1f in Fig. 5(b), i.e., taking
the difference [Rlz\f‘ﬁ(—l mA) — Rﬁf{(l mA)] and normal-
ized by R (0 mA). An enhancement of the spin-current
modulation efficiency is obtained for B < 50 mT, con-
firming the different slopes for B2“, shown in Figs. 3(d)
and 3(h).

In order to explain the results, we look at the combi-
nation of three distinct effects, SHE, ASHE, and MGE.
Differently for platinum, permalloy possesses the SHE
and ASHE, thus Y = puSHE 4 ASHE While 4SHE in Py
remains constant with respect to the magnetic field, i.e., Py
magnetization, the contribution due to the ASHE depends
on the relative angle between Mp, and charge-current
direction. The results of the modulation efficiency for first-
harmonic resistances confirms this statement, where we
obtain an enhancement from 2.5 to 4.7% mA for low
to high magnitude fields. Section III of the Supplemen-
tal Material shows a qualitative agreement between the
field-dependency modulation of 1f and the R\¢ shown in
Fig. 6(a) [39].

On the other hand, the second-harmonic nonlocal resis-
tances show an opposite behavior. The modulation effi-
ciency by the charge current is 6.6% mA for B = 60 mT
and 12% mA at 10 mT. That result disagrees with what is
assumed in Eq. (6) and Ref. [17]. It is worthwhile empha-
sizing that, while for the first harmonic, the magnons
diffuse from the injector to the detector, for the second har-
monic, the detected voltage emerges from the thermally
generated magnons, not only close to injector, but also
nonlocally within the bulk region close to the detector
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field applied for @ = 0°. (b) The magnetic field dependence of the magnon transport modulation efficiency for the 1f signal shows
the enhancement of the modulation due to the ASHE contribution. (c) The 2f response shows an opposite behavior of the modulation

efficiency.

[9,49,50]. Therefore, the magnon modulation due to SHE
and ASHE may affect the first and second harmonic differ-
ently. While for the 1/ all magnons that reach the detector
cross the YIG-Py gate. In the 2f signals, just part of the
thermally generated magnons are affected by the SHE and
ASHE of the Py gate. Therefore, the results obtained in
Fig. 5(c) may represent a competition between the SHE
and ASHE modulation and MGE. Moreover, differently for
the Pt modulator, the Joule heating in the permalloy can
produce thermal magnons in the modulator, which may
affect the magnon transport in the second-harmonic mea-
surements, future experiments and finite-element modeling
should explore the combination of those thermal effects.

Overall, the magnitude of the modulation efficiency
obtained by using Py are comparable to the Pt modula-
tor, confirming the potential and versatility of the magnetic
gate in the magnon transport modulation. The results using
Pt as modulator in the magnon transistor are shown in Sec.
IV of the Supplemental Material [39].

V. CONCLUSIONS

In summary, we present a detailed investigation of the
modulation of the magnon conductivity in YIG using
a magnetic gate electrode Py. The modulation is esti-
mated by means of nonlocal spin-transport measurements
for different applied charge currents in the Py strip. By
applying a charge current in the Py modulator, the non-
local resistances show a combination of effects, namely
the MGE and modulation by the SHE and the ASHE.
The first-harmonic angular and field-dependent measure-
ments show an enhancement of the modulation efficiency
for fields higher than 50 mT, from n;¢ ; = 2.5%/mA at
10 mT to 0%, .+ = 4.7%/mA for 60 mT. The 1f results
are in agreement with the expected ASHE contribution to
the spin accumulation produced at the YIG-Py interface.
However, the results of the thermally generated magnons

disagree with that and show an opposite behavior. The
maximum modulation efficiency occurs for B < 50 mT,
where we find ¢ . = 12%/mA, while the minimum
occurs at fields higher than 50 mT, 7%, = 6.6 %/mA.
These results demonstrate that the ASHE in the permal-
loy layer plays a key role in the total spin accumulation,
enabling it to be used as a magnetic modulator of the
magnon spin conductivity in YIG. Moreover, due to the
shape anisotropy, the magnon transport modulation effi-
ciency can be controlled, turning on and off the ASHE
component as a function of the magnetic field strength.
We conclude that hybrid magnon structures, such as YIG-
Py, represents a rich system to boost the paths towards the
development of the magnon-based logic devices, not only
from the perspective of combining the diverse branches of
magnonic excitation, but also as we show, due to the mul-
tiple approaches to create and manipulate the transmission
of magnons.
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APPENDIX: QUANTIFYING ASHE AND THE SHE
COMPONENT IN THE 700-nm-WIDE Py STRIP

As a consequence of the shape anisotropy present on the
Py strip, the contribution of the Mpy-dependent change to
the spin conversion, i.e., ASHE, can be controlled by the
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tance using the middle Py strip as the injector. The inset shows
the electrical connections used in these measurements. (b) Angu-
lar dependence of the 1f nonlocal resistances, showing the
increase of the signal due to the contribution of the ASHE up
to 50 mT.

external magnetic field. Qualitatively, the total spin accu-
mulation created in the permalloy strip can be obtained
by the first-harmonic response of the nonlocal resistance
between the Pt and Py strips. Figures 6(a) and 6(b) show
the field and angular dependency of the 1f response mea-
sured in the Pt detector strip using the middle 700-nm-wide
Py strip as the injector. The inset in Fig. 6(a) shows the
setup and connections used in this measurement. For |B| <
10 mT, the spin injection is mainly due to the SHE compo-
nent of Py [51]. However, R%\f‘ﬁ increases for |B| > 10 mT
and saturates around B =~ 50 mT, where the ASHE contri-
bution is maximized due to the alignment of Mpy along the
¥ axis, i.e., perpendicular to the charge current. The ratio
between 1f nonlocal resistances at 60 and 10 mT corre-
spond qualitatively to the spin accumulation at the YIG-Py
interface caused by ASHE+SHE and SHE, respectively
[23]. The obtained value is R\ (60 mT)/Ri% (10 mT) ~
1.7. Therefore, an enhancement of the magnon transport
modulation efficiency in the magnon transistor close to that

value is expected for the first- and second-harmonic mea-
surements. The shape anisotropy enables us to tune the
magnon transport by turning the ASHE component on and
off as a function of the magnetic field strength.
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