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Efficient manipulation of magnon spin transport is crucial for developing magnon-based spintronic
devices. In this Letter, we provide proof of principle of a method for modulating the diffusive transport of
thermal magnons in an yttrium iron garnet channel between injector and detector contacts. The magnon
spin conductance of the channel is altered by increasing or decreasing the magnon chemical potential via
spin Hall injection of magnons by a third modulator electrode. We obtain a modulation efficiency of
1.6%/mA at T ¼ 250 K. Finite element modeling shows that this could be increased to well above
10%/mA by reducing the thickness of the channel, providing interesting prospects for the development of
thermal-magnon-based logic circuits.
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In a field effect transistor (FET), the conductance of a
semiconducting channel can be tuned by changing the
density of charge carriers via the application of an electric
field [1]. The FET proved to be an extremely powerful
device for both signal amplification and logic operation and
has become ubiquitous in present day electronics. Recently,
the prospect of encoding, transporting, and manipulating
information in solid-state devices based on magnons has
sparked an intense research effort in the field of magnonics
[2–4]. However, the task of manipulating information
carried by magnons remains formidable.
On the one hand, low-frequency magnons propagating

coherently are appealing, since they allow for on-chip access
to wave phenomena like interference [5–7]. On the other
hand, incoherent high-frequency thermal magnons propagat-
ing diffusively are promising, since they can be effectively
interfaced with conventional electronics and are high-fidelity
carriers of spin [8]. To develop magnon-based spintronic
devices, efficientmanipulation ofmagnon transport is crucial.
Here we show that the magnon spin conductance of a
magnetic insulator film can be tuned by changing themagnon
density in that film, demonstrating an operating principle
similar to the FET for electronic transport.
Thermal magnons can be excited and detected in the

linear regime via spin-flip scattering of conduction elec-
trons at a heavy metaljmagnetic insulator interface [8–12].
They can also be excited by applying a thermal gradient to
the magnet via the spin Seebeck effect (SSE) [13]. The SSE

drives a magnon spin current in response to the thermal
gradient, which generates a voltage in an adjacent heavy
metal layer and can be detected both in a local [13–17] or
nonlocal [18–21] configuration. Manipulation of coherent
magnon transport can be achieved, for instance, in mag-
nonic crystals [22], which was used to realize the first
magnon transistor [23]. Alternatively, damping compensa-
tion via spin transfer torque can be used to manipulate
coherent magnon propagation [24–27]. Methods for the
manipulation of thermal-magnon spin transport have not
been demonstrated to date.
Ganzhorn et al. reported a linear superposition of

magnon spin signals in a multiterminal injection and
detection device [28]. Here we go beyond the linear regime
to provide proof of principle for the manipulation of
thermal-magnon transport by tuning the magnon spin
conductivity σm in a three-terminal device on yttrium iron
garnet (YIG). Similar to electron transport in metals and
semiconductors, the conductance of a magnon channel
depends on the magnon density. For electrons, this is
captured in the Drude formula for the conductivity [29,30],
σe ¼ e2neτe/me. Here, ne is the free-electron density,
−e;me the electron charge and effective mass, and τe
the scattering time. For magnons in thermal equilibrium,
the spin conductivity (in units of 1/m) is [19]

σm ¼ 4ζð3/2Þ2 1
ℏ
Jsτm
Λ3

; ð1Þ
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where Js is the spin wave stiffness, Λ the thermal magnon
de Broglie wavelength, τm the total momentum scattering
time, ζ the Riemann zeta function, and ℏ the reduced
Planck constant. For an out-of-equilibrium magnon gas,
the density is no longer given by nm ¼ 2ζð3/2Þ2/Λ3 but
depends on both chemical potential and temperature so that
nm ¼ nmðμm; TÞ. For a parabolic dispersion ℏω ¼ Jsk2,
the effective mass is mm ¼ ℏ2/ð2JsÞ. Thus, the out-of-
equilibrium magnon spin conductivity becomes

σm ¼ ℏ
nmτm
mm

; ð2Þ

which is similar to the Drude formula and shows that σm
can be tuned via the magnon density nm.
The devices were fabricated on 210 nm thin YIG (111)

films grown epitaxially on a gadolinium gallium garnet
substrate. Three platinum electrodes are sputtered on top:
an injector, modulator, and detector contact. The injector
and detector have a width of 100 nm, and the modulator
width is 1 μm. The center-to-center injector or detector
distance is 1.5 μm, and the edge-to-edge distance between
the modulator and side contacts is 200 nm. Three devices
with different length and thickness of the Pt contacts were
studied. For samples G1 and G3, the contact length lpt ¼
12.5 μm and thickness tpt ≈ 7 nm, whereas for sample G2,
this is 100 μm and 10 nm, respectively. The electrodes are
contacted by Ti/Au leads to make electrical connections
to the device. A SEM image of device G1 is shown in
Fig. 1(a), with current and voltage connections indicated
schematically. Nonlocal measurements are carried out by
rotating the sample in a magnetic fieldH to vary the angle α
between the Pt electrodes and the YIG magnetization (see
the Supplemental Material [31], Sec. S8 for magnetization
characteristics). A low-frequency ½ω/ð2πÞ < 20 Hz� ac
current is applied to the injector, while the first (V1ω)

and second (V2ω) harmonic response voltages are measured
at the detector. All data shown in the main text of this
manuscript were obtained from device G1, and the results
for devices G2 and G3 are presented in the Supplemental
Material [31]. All devices were fabricated on YIG samples
cut from the same wafer.
V1ω is due to magnons generated electrically via the

spin Hall effect (SHE) in the injector and s-d exchange
interaction at the PtjYIG interface. V2ω is due to thermally
generated magnons excited via the SSE in response to the
thermal gradient in the YIG arising from injector Joule
heating. The detector signal arises from interfacial
exchange interaction at the detectorjYIG interface and
the inverse SHE in the detector, for both V1ω and V2ω.
In addition to the ac current through the injector, we pass a
dc current through the modulator. This influences the
magnon transport channel in two ways. First, the average
device temperature increases due to Joule heating in the
modulator, altering the spin transport parameters. Second,
magnons are injected or absorbed at the modulatorjYIG
interface, again relying on the SHE and interfacial spin-flip
scattering. Depending on the relative orientation of the YIG
magnetization and the spin accumulation in the modulator,
this will increase or decrease the magnon density in the
channel. The dc current will not simply result in a dc
offset to V1ω and V2ω due to the lock-in method we employ
(Supplemental Material [31], Sec. S5).
The nonlocal voltages are now [8]

V1ω ¼ C1Iacσ1ωm ðαÞsin2ðαþ ϕ1ωÞ; ð3Þ

V2ω ¼ C2I2acσ2ωm ðαÞ sin ðαþ ϕ2ωÞ: ð4Þ

Here, Iac is the ac injector current, ϕ1ωðϕ2ωÞ are offset
angles in the first (second) harmonic, and the constants C1

FIG. 1. (a) Colorized SEM image of deviceG1; electrical connections indicated schematically. Arrows mark charge current flow in the
circuit. (b) A sketch of the device with schematic side views of the modulatorjYIG interface for positive (negative) dc currents. When the
magnetic moment of the spin accumulation μs in the modulator is antiparallel (parallel) to the YIG magnetizationMYIG, μm, and, hence,
nm in the channel is increased (decreased). Consequently, the magnon spin conductance from injector to detector is increased
(decreased).
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and C2 capture the conversions from charge to magnon
spin current and back, for electrical and thermal injection.
The conductivity is

σ1ωð2ωÞm ðαÞ¼σ0mþΔσJI2dcþΔσSHEIdc sinðαþϕ1ωð2ωÞÞ; ð5Þ

where Idc is the dc modulator current, σ0m the spin
conductivity of the channel without dc current, and ΔσJ
and ΔσSHE parametrize the efficiency of modulation via
Joule heating and spin Hall injection of magnons, respec-
tively. The angular dependence in the SHE term arises from
the projection of the spin accumulation in the modulator on
the YIG magnetization, which determines the efficiency
of the magnon injection. The offset angles ϕ1ω and ϕ2ω can
result from imperfect alignment of the sample in the
magnetic field and are expected to be equal so that σ1ωm
and σ2ωm are the same. Plugging Eq. (5) into Eqs. (3) and (4)
gives

V1ω ¼ A1ωsin2ðαþ ϕ1ωÞ þ B1ωsin3ðαþ ϕ1ωÞ; ð6Þ

V2ω ¼ A2ω sin ðαþ ϕ2ωÞ þ B2ωsin2ðαþ ϕ2ωÞ; ð7Þ

showing that modulator heating affects the amplitude of
the nonlocal voltages (the A parameters), whereas injection
of magnons via SHE modifies the angular dependence
of the signals (the B parameters). Consequently, A ∝ I2dc
and B ∝ Idc.
Figure 2 shows nonlocal measurement results as a

function of the angle for positive [Figs. 2(a), 2(b), 2(e),
and 2(f)] and negative [Figs. 2(c), 2(d), 2(g), and 2(h)] dc

currents and for the first (top row) and second (bottom row)
harmonic, at T ¼ 250 K. The raw data are presented in
Figs. 2(a) and 2(c) [Figs. 2(e) and 2(g)] for the first (second)
harmonic and are fitted using the first terms in Eq. (6)
[Eq. (7)] to find the amplitude A1ω (A2ω) and phase ϕ1ω

(ϕ2ω). Then, the residues of the fits are calculated (i.e., the
data minus the fitted curve), which are shown in Figs. 2(b)
and 2(f) [Figs. 2(d) and 2(h)] and fitted using the last term
in Eq. (6) [Eq. (7)] to find the amplitude B1ω (B2ω). This
procedure was repeated as a function of Idc to identify the
current dependence of A and B.
Figures 3(a) and 3(c) show the fit results for A1ω and A2ω,

from which the quadratic dependence on Idc can be seen.
The sign of the current dependence for A1ω and A2ω is
opposite because the temperature dependence of electri-
cally and thermally generated magnon signals has opposite
sign [37]. We performed thermal modeling to estimate the
temperature increase due to the injected dc current and
found that this can be up to 50 K for Idc ¼ 1 mA,
depending on the sample temperature. Such a channel
temperature increase can approximately explain the ampli-
tude change in both first and second harmonic at T ¼
250 K (Supplemental Material [31], Sec. S2). For lower
temperatures, the first harmonic modulation is larger than
expected from the modeling. Figures 3(b) and 3(d) show
the fit results for B1ω and B2ω, which depend linearly on
Idc as expected. The slope dB/dIdc of the B vs Idc curves
gives the efficiency of the modulation by SHE injection
of magnons. At T ¼ 250 K, we find dB1ω/dIdc ¼ 3.3�
0.2 nV/mA and dB2ω/dIdc ¼ 3.3� 0.3 nV/mA, with the
relative modulation efficiency
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FIG. 2. (a),(b),(e),(f) [(c),(d),(g),(h)] First and second harmonic voltage for a positive (negative) dc modulator current as a function of
α. Raw data are presented in (a) and (c) for the first harmonic; solid lines are sin2ðαþ ϕ1ωÞ fits to the data. For the second harmonic, (e)
and (g) show the raw data fitted by a sinðαþ ϕ2ωÞ dependence. Panels (b),(d) [(f),(h)] show the residues (i.e., the data minus the fit) of
the first (second) harmonic signal for positive and negative dc current, respectively. Residues are fitted by a sin3ðαþ ϕ1ωÞ and
sin2ðαþ ϕ2ωÞ angular dependence for the first and second harmonic (solid lines). Residues for Idc ¼ 0 have been subtracted from the
data to exclude effects not induced by the dc current. In (a) and (c), a constant offset was subtracted (see the Supplemental Material [31],
Sec. S6). Data obtained for Iac ¼ 100 μA.
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η ¼ dB/dIdc
A0

; ð8Þ

where A0¼AðIdc¼0Þ. We find η ¼ 1.6%/mA (0.7%/mA)
for the first (second) harmonic. The sign of dB/dIdc is
consistent with the mechanism sketched in Fig. 1(b), which
assumes a positive spin Hall angle in platinum [38] for all
measurements on sampleG1. This is also consistent with the
sign of the thermally generated voltage: For the injector-
detector distance measured here, the detector probes magnon
accumulation [39], which results in a positive voltage for
positive angles [Fig. 2(e)] in the measurement configuration
of Fig. 1(a). For a positive dc current and positive angles, a
positive voltage is observed in the residues for the first
harmonic [Fig. 2(b)], meaning that the number of magnons
in the channel is indeed increased by the positive current in
this configuration.
On samples G2 and G3, however, we observed a sign

change of dB/dIdc in the first harmonic as a function of the
external magnetic field, which is unexpected and presently
not understood (Supplemental Material [31], Sec. S1). The
offset angles ϕ1ω and ϕ2ω also showed a dependence on the
current, discussed in the SupplementalMaterial [31], Sec. S3.
The modulation efficiency can be estimated using a finite

element model of our devices (see Supplemental Material
[31], Sec. S4 for details). The magnon chemical potential
profile due to the dc current injection is shown in Fig. 4(a).
A large portion of the magnons is absorbed by the injector
and detector contacts next to the modulator. Subsequently,

we calculate the average chemical potential in the channel
induced by the dc current, μdcm . This is plotted in Fig. 4(b) as
a function of the current for T ¼ 250 K.
The number of magnons in the YIG is given by

N ¼
Z

∞

EZ

DðϵÞfðμ; T; ϵÞdϵ; ð9Þ

with EZ¼gμBHt the Zeeman energy, D¼1/ð4π2ÞJ3/2sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ−gμBHt

p
the magnon density of states, and

f¼ (expf½ðϵ−μmÞ/ðkBTÞ�g−1)
−1

the Bose-Einstein dis-

tribution.Ht ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HðH þMsÞ

p
is the total internal magnetic

field in the film (for in-plane H). Assuming the magnon
momentum scattering time to be weakly dependent on
magnon density, we have from Eq. (2), ΔN/N0 ¼ Δσm/σ0m,
where N0 and σ0m are the number of magnons and magnon
spin conductivity in the absence of a dc current. The
low-energy part of the magnon distribution is plotted in
Fig. 4(c) for Idc ¼ 0 and Idc ¼ 1 mA. The conductivity
under modulation is now σmod

m ¼ σ0m þ Δσm, which is used
as an input parameter to model the transport of magnons
from injector to detector. Note that we have used
μ0H ¼ 50 mT, which is larger than the experimental value
because our model is only valid in the linear regime (i.e., μm
smaller than the magnon gap).
The magnon spin diffusion equation is then solved to

obtain the chemical potential due to the ac current μacm
shown in Fig. 4(d). A significant part of the magnon spin
current is absorbed by the modulator, reducing the nonlocal
signal in the detector. The model actually overestimates this
absorption; from experiments, we observe that roughly
50% of the spin current is absorbed (Supplemental Material
[31], Sec. S7). The modulation efficiency η is calculated by
finding the spin current into the detector as a function of the
dc current. η is plotted in Fig. 4(e) as a function of the
sample temperature. It is approximately 3%/mA at 300 K,
overestimating the experimentally observed efficiency.
While the number of magnons injected via the SHE
decreases as the temperature drops, the total number of
magnons is also reduced; therefore, the effect of SHE
injection on the conductivity is approximately the same.
The model predicts a sizeable efficiency at 50 K, which was
not observed in our experiments: While the fit yields a
negative efficiency at T ¼ 50 K, the error is large and
includes η ¼ 0. For T < 50 K, we did not observe signifi-
cant modulation of the nonlocal signal. Note that the
experimental data in Fig. 4(e) were obtained from device
G1, and the comparison to the model is made for the results
from the first harmonic signals. However, the modulation
efficiencies for the first and second harmonic are of the
same order or smaller in devices G2 and G3 so that the
model predictions in Fig. 4(e) also apply to the measure-
ments on these devices.

(a) (b)

(d)(c)

FIG. 3. (a) [(c)] Amplitude of the sin2 α oscillation (sin α) as a
function of dc current. Solid lines are quadratic fits to the data.
(b),(d) The amplitudes of the sin3 α and sin2 α component in the
first and second harmonic voltage, respectively. Solid lines are
linear fits to the data. Data obtained at T ¼ 250 K. Error bars
represent one standard error obtained from the least squares fits to
Eqs. (6) and (7).
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Figure 4(f) shows theoretical predictions for the relative
modulation as a function of Idc for various YIG thicknesses,
demonstrating that a larger modulation can be obtained by
reducing the thickness. This can be understood since the
modulator also acts as a magnon absorber. In thin films, a
small change in σm will result in a significant change in the
spin absorption of the contact. Additionally, reducing the
film thickness increases the average μdcm since the relaxation
of the magnons is suppressed. For tYIG ≤ 50 nm, a non-
linear increase in efficiency can be seen at large currents.
Here, the dc magnon chemical potential approaches the
magnon gap Δm ≈ Ez, resulting in a strong increase in the
magnon density. Note that possibly related nonlinear
effects have recently been observed in nonlocal experi-
ments on extremely thin YIG films [40]. On the other hand,
recent studies reported a saturation of μm as it approaches
the magnon gap [41,42], attributed to the onset of magnon-
magnon interactions that suppress population of low-
energy states [42,43]. Future experiments should explore
thinner YIG films to establish whether the nonlinear regime
can be reached.
Summarizing, we observed a dc spin-current-driven

modulation of the magnon spin conductance in nonlocal
magnon transport experiments in devices consisting of
injector, detector, and modulator contacts on YIG films. Via
injection of magnons by the modulator, the magnon density
and, consequently, the spin conductivity of the channel
were modified. Using a finite element model, we explained
the efficiency of the modulation effect which we observed.
In the modulation of the signal due to electrically generated
magnons, an unexpected change of sign as a function of
the magnetic field was observed in some but not all
devices, which is currently not understood and should be

investigated further. These results pave the way for the
development of efficient thermal-magnon-based logic
devices.
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