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Observation of magnon-mediated electric current drag at room temperature
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Spin-based electronic devices such as magnetic memory and spin logic rely on spin information transport.
Conduction electrons, due to their intrinsic spin angular momentum, become an obvious choice for spin
information carriers. Here, we experimentally demonstrate that magnons, quasiparticles representing low-energy
excitations of ferromagnetic materials, can serve as effective spin information carriers as well. Specifically, we
consider two nonmagnetic heavy metals (HMs) that are separated by an electric leak-free ferrimagnetic insulator.
When an electric current is applied in one of the HM layers, magnons in the ferrimagnetic insulator are excited
and become an effective medium to couple the spin currents in two HMs. As a result, the charge/spin current in
one HM layer can drag a charge/spin current in the other HM layer. This work provides a route for spin-based
electronic devices where the spin transport is carried by quasiparticles other than electrons.
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The generation, manipulation, and detection of spin current
are fundamental issues in spintronics research [1,2]. Spin
current represents the flow of spin angular momentum that
transfers spin information from one region to another, enabling
spin-based information storage and processing [3]. In today’s
spintronics, conduction electrons play the role of messengers:
Giant magnetoresistance (GMR) comes from the electron
traveling between two ferromagnetic layers separated by a
nonmagnetic layer [4,5], and spin transfer torque (STT) is
the result of the electron picking a spin angular momentum
from one ferromagnetic layer and releasing it to the other
ferromagnetic layer [6–11]. An interesting question is whether
other particles or even quasiparticles can serve as spin
information carriers.

Magnons are quasiparticles representing a low-energy
excited state of ferromagnets. A quantized magnon is a
boson and carries basic spin angular momentum quanta of
−� [12]. Similar to spintronics and electronics, magnonics
refers to using magnons for data storage and information
processing [13]. Up to now, magnons in the field of spintronics
have been investigated within the content of magnetostatic spin
waves which describe the nonuniform spatial and temporal
distribution of the classical magnetization vector. The observed
spin Seebeck effect in ferrimagnetic insulators has been
attributed to such spin wave excitations [14–17]. Recently,
a theoretical model has been proposed for observing magnon-
mediated electric current drag across a ferrimagnetic insulator
layer in a heavy metal (HM)/ ferrimagnetic insulator (FI)/
heavy metal (HM) structure [18,19]. In this theory, an applied
electric current in one HM layer accompanies an electron spin
current due to the spin Hall effect (SHE) [20–22]. When the
spin current flows to the boundary between the HM and the FI,
nonequilibrium spins are accumulated and, consequently, due
to the s-d exchange interaction between conduction electrons
in HM and magnetic moments in FI, magnons are created
at the interface [23,24]. The induced magnons subsequently
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diffuse in FI to the other interface where the magnon current
converts back to an electron spin current in the other HM
layer, leading to a charge current due to the inverse spin Hall
effect (ISHE) [25–27]. Thus, the induced electric current in
the second HM layer which is electrically insulated from
the current-flowing HM layer by a FI would elucidate the
magnons as spin information carriers. It is noted that the above
magnon-mediated electric current drag is a linear response
phenomenon, i.e., the drag current is linearly proportional to
the applied current.

There are two important features in the above-described
magnon-mediated electric current drag effect. First, the
electron-magnon conversion efficiency at the interface in-
creases with temperature since the magnon emission and ab-
sorption rates scale with the equilibrium number of magnons.
Therefore, the drag effect is larger for higher temperatures.
Second, the conversion also depends on the relative orientation
between the magnetization of the FI and the applied electric
current. For an electric current along the x direction, the
spin current would flow in the z direction (perpendicular
to the layer) with its spin polarization in the y direction.
Angular momentum conservation demands that the induced
magnons have their angular momenta in the y direction as well.
Therefore, the largest conversion between the electron spin
current and the magnon current occurs when magnetization of
the FI is orientated in the y direction. Such a magnetization
orientation dependence is one of the signatures of the magnon
drag effect [18,19].

We note that other related spin transport mechanisms may
also transfer electrical signals from one Pt layer to the other
through yttrium iron garnet (YIG). In the spin pumping
scenario [25,28], the spin current of Pt can be absorbed by
YIG, which may generate a precessional motion of YIG [29]
and pump a spin current to the other Pt layer, leading to
an induced voltage. Another possibility is the spin Seebeck
effect, which refers to an induced spin current by a temperature
gradient in ferrimagnets [30]. When a current is applied, Joule
heating may lead to a small temperature gradient, but the effect
will be quadratic with respect to the current. We will discuss
the relevance of these two mechanisms after we show our
experimental results.
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In an early experiment, Kajiwara et al. [31] considered
an in-plane geometry by depositing two Pt strips, a few
millimeters apart, on a YIG surface. When the electric current
applied in one Pt bar reaches a critical value, the spin transfer
torque [32,33] overcomes the magnetic damping force such
that the magnetization of the YIG begins to precess. The
precessing YIG then generates spin and charge currents
in the second HM layer due to spin pumping. Since a
large critical current is required to induce YIG precession,
the observed voltage signal is abruptly turned on and then
gradually increases with the applied current. Most recently,
Cornelissen et al. reexamined the above experiment and found
a linear relation between the induced voltage and the applied
current [34]. This finding indicates that spin transfer torque
induced YIG precession might not be the mechanism for their
observed effect.

To directly prove that magnon-mediated spin angular
momentum flow is responsible for the coupling of the spin
currents between two Pt layers, we construct a spin-valve-like
trilayer structure where the two Pt layers are sandwiched by a
YIG layer. We report below a series of experiments including
the structure characterization, and magnetic and spin transport
measurements.

Pt(10)/YIG(40,60,80,100)/Pt(10) (thickness in nanome-
ters) as well as reference samples Cu(10)/YIG(60)/Pt(10) and
Pt(10)/YIG(60)/Cu(10) were prepared on Si-SiO2 substrates
by an ultrahigh vacuum magnetron sputtering system (ULVAC,
MPS-4000). The reference samples were used for accessing
possible Joule heating and the resulting spin Seebeck effect.
Details of the growth conditions, annealing treatment and
patterning, and the methods of magnetic characterization are
given in the Supplemental Material [35].

Figure 1(a) shows the schematic illustration of the sample
structure. An electric current Ib was applied (Keithley, 2440)
along the x axis in the bottom Pt layer, the magnetic field
H was applied along the y axis, and the voltage Vt was
measured (Keithley, 2182A) along the x axis in the top
Pt layer. Figure 1(b) shows the schematic illustration of
the spin transport process in the Pt/YIG/Pt structure. The
cross-sectional transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) of the Pt(10)/YIG(100)/Pt(10)
sample were observed by Tecnai G2 F20 S-TWIN (200 kV).
There are no pinholes and element diffusion in YIG [see
Fig. S1(a) in the Supplemental Material], confirming the
insulating properties of YIG. The multilayer is continuous
and flat, and each interface (bottom Pt/YIG and top YIG/Pt) is
clear and sharp [Fig. 1(c)]. A high quality YIG crystal structure
is formed on Pt after high temperature annealing, as shown in
Fig. 1(d). The ferromagnetic resonance linewidth of the 60 nm
YIG in the Si-SiO2/Pt(10)/YIG(60)/Pt(10) structure is 358 Oe,
which is much larger than that deposited on a Gd3Ga5O12

(GGG) (111) single crystal (16.4 Oe) [Fig. S1(b)]. This is
expected because the crystal quality of the YIG epitaxially
grown on the GGG (111) single crystal is usually much
better.

Figure 2(a) shows the induced signal Vt/Rt in the top Pt
layer as a function of the applied current Ib in the bottom
Pt layer, while Rt is the resistance of the top Pt layer. A
1 kOe magnetic field which completely saturates the magnetic
moment M of YIG was applied along the y direction. An

FIG. 1. (a) A schematic illustration of the sample structure and
the measurement method. An electric current Ib is applied along the x

axis in the bottom Pt layer, the magnetic field H is applied along the y

axis, and the voltage Vt is measured along the x axis in the top Pt layer.
(b) The proposed spin transport processes in the Pt/YIG/Pt structure.
The spin current is generated by the charge current in the bottom Pt
layer via the spin Hall effect (SHE), resulting in a spin accumulation
at the bottom Pt/YIG interface. Subsequently, the magnon current
excited by the spin accumulation diffuses from the bottom to the
top interface, and then converts back to the electron spin current in
the top Pt layer. Finally, the spin current in the top Pt is detected
by the voltage via the inverse spin Hall effect (ISHE). (c) and (d)
The cross-sectional transmission electron microscopy (TEM) image
of the Pt(10)/YIG(100)/Pt(10) (thickness in nanometers) multilayer
and the cross-sectional high resolution TEM (HRTEM) image of the
Pt/YIG interface, respectively.

FIG. 2. (a) Vt/Rt-Ib characteristics measured in Pt/YIG/Pt,
Cu/YIG/Pt, and Pt/YIG/Cu samples. A 1 kOe magnetic field is applied
along the y direction during the measurement. (b) Temperature-
dependent Vt/Rt-Ib curves of the Pt/YIG/Pt sample. A 1 kOe magnetic
field is applied along the y direction during the measurement. (c) The
magnetic field dependence of the magnon drag voltage in Pt/YIG/Pt
and the spin Seebeck voltage in Cu/YIG/Pt, which are in accordance
with the magnetic properties of YIG as shown in the M-H loop.
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approximate linear relation between Vt/Rt and Ib is observed
up to a maximum value of Ib = 8 × 105 A/cm2 (10 mA),
which is in accord with the magnon drag theory. A small
quadratic contribution to the voltage Vt/Rt is possibly a
contribution from the spin Seebeck effect, where the Joule
heating may induce a temperature gradient across the YIG
layer, i.e., Vt/Rt = aIb + bI 2

b , where a is the coefficient of
the magnon drag contribution and the small b is from the spin
Seebeck effect. The electrical drag coefficient a estimated from
Fig. 2(b) is 2.13 × 10−6 at room temperature and 3.41 × 10−5

at 400 K, about two orders of magnitude smaller than the
theoretical estimation (10−4 at room temperature); this is
not surprising since the theoretical estimation was made for
perfect interfaces where the spin convertance between the spin
current of the electrons and the magnon current is maximized.
Magnetic impurity scattering at both the bottom Pt/YIG and
top YIG/Pt interfaces can transfer spin angular momenta to the
lattice, and thus reduce the spin convertance.

It is interesting to note that the induced voltage signal has
the same polarity as the applied current; this can be understood
as follows. The spin Hall effect dictates that the directions
of the spin current flow J s, the charge current flow J e, and
the spin-polarization vector σ of spin current are mutually
perpendicular, i.e., J s = θSHσ × J e, where θSH is the spin Hall
angle. The induced charge current in the top Pt is J t

e ∝ θSHσ ×
J t

s ∝ θSHσ × Jb
s = θ2

SHσ × (σ × Jb
e) = −θ2

SH Jb
e , where we

denote the superscripts t and b as the top and bottom layers and
we use the fact that the spin current and magnon current flow
in the direction perpendicular to the layer plane throughout
the entire trilayer. When one uses a voltmeter to measure
the induced voltage in the top Pt layer, one produces a
polarity that is the same as the current flow in the bottom Pt
layer.

To access the possible contribution from the Joule heating
related spin Seebeck effect, we replaced one of the HM layers
with Cu, which is known to have a negligibly small spin Hall
angle [36]. As expected, Vt/Rt is greatly reduced, indicating
no magnon-mediated electric drag. A small value of Vt/Rt =
bI 2

b remains present when the Cu is at the bottom, but not
at the top. The single Pt layer in contact with YIG would
yield a spin Seebeck signal as long as the temperature gradient
exists. These results are consistent with the notion that the
small induced nonlinear signal in the Cu/YIG/Pt and Pt/YIG/Pt
samples is from the spin Seebeck effect. Also, the magnetic
field and magnetization direction dependences of the spin Hall
magnetoresistance [37,38] in the top and bottom Pt layers of
Pt/YIG/Pt were also measured respectively, which confirms
the spin conversion between spins in Pt and magnons in YIG
(see Figs. S4 and S5 for details).

One of the characteristics in the magnon-mediated electric
drag effect is that the electron-magnon conversion efficiency at
the interface increases with temperature because the magnon
emission and absorption rates scale with the equilibrium
number of magnons. For an ideal interface with a simple
quadratic magnon dispersion, the drag signal increases with
a power of 5/2 of temperature [18,19]. In Fig. 2(b), we show
the temperature-dependent magnon drag signal of Pt/YIG/Pt.
The electrical drag coefficient a increases sharply with
increasing temperature, consistent with the theory. However,
the experimental data cannot be fitted by a simple power law.

Clearly, a theoretical model, beyond ideal interfaces and a
simple magnon dispersion, is needed to thoroughly understand
the temperature dependence. We make a further analysis on
the data in the Supplemental Material for future theoretical
considerations.

The magnetic field dependence of the voltage signal of the
Pt/YIG/Pt and Cu/YIG/Pt samples is shown in Fig. 2(c). A
10 mA (20 mA) electric current was applied in the bottom Pt
(Cu) layer, and the magnetic field H (±1 kOe) was scanned
along the y axis. For Pt/YIG/Pt samples, the Vt-H curves are
symmetric with respect to ±H . The magnon drag voltage is
largest when the magnetic moment M of YIG is saturated by
the magnetic field along the y axis, and is minimum at the
coercive field where the y component of the magnetization
is zero. When we reversed the polarity of the electric current
in the bottom Pt, the polarity of the measured voltage in the
top Pt is also reversed. In contrast, the magnon drag voltage
in Cu/YIG/Pt samples is much smaller at any magnetic field.
More importantly, the symmetry with respect to the direction
of the applied magnetic field and the polarity of the applied
current is different: Vt-H curves are asymmetric with ±H ,
and Vt-H curves are independent of the polarity of the current.
These results confirm that the observed voltage signals are
dominated by magnon-mediated drag for Pt/YIG/Pt samples,
but not for Cu/YIG/Pt samples. Both samples have a small
contribution for the spin Seebeck effect.

To establish a definite relation between the magnon drag
voltage signal and the direction of the magnetization, we
rotate the magnetization direction of YIG in three orthogonal
planes by applying a 3 kOe magnetic field which is larger
than the saturation field. In magnon drag theory, the electron-
magnon current conversion depends on the relative orientation
between the magnetization of the FI and the applied electric
current. For an electric current along the x direction, the
spin current would flow in the z direction (perpendicular
to the layer) with its spin polarization in the y direction.
Angular momentum conservation demands that the induced
magnons have their angular momenta in the y direction as well.
Therefore, the voltage signal always scales with the square of
the y component of the magnetization, i.e., Vt ∝ m2

y . Such a
magnetization orientation dependence is one of the signatures
of the magnon drag effect [18,19]. We show in Fig. 3 the
voltage signal variation as a function of the magnetization
angles α, β, and γ . For Pt/YIG/Pt samples, the angular
dependence of Vt ∝ m2

y fits excellently with the data [see the
dashed lines in Fig. 3(b)], while for Cu/YIG/Pt samples, the
much smaller signal comes from the spin Seebeck voltage
which could be well fitted by Vt ∝ my , as shown by the dashed
lines in Fig. 3(c). The difference in the magnetization direction
dependence between the Pt/YIG/Pt and Cu/YIG/Pt samples
can clearly distinguish the magnon drag voltage from the spin
Seebeck voltage.

Finally, we investigate the decay length of the magnon
current in YIG by varying the YIG thickness of the similarly
grown Pt/YIG/Pt trilayers from 40 to 100 nm. We attribute
the reduction of the signal for the thicker trilayers seen in
Fig. 4(a) to a magnon current loss due to magnetic damping
in the YIG layer. If we simply fit the thickness dependence
by an exponential decay function a = a0e

−t/ lm , we find the
magnon decay length lm is about 38 nm, as shown in Fig. 4(b).
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FIG. 3. Top: The definition of the angular α, β, and γ in this
figure. A 3 kOe constant magnitude of the magnetic field is applied to
saturate the magnetic moment M during the sample rotation. (a) The
magnetization direction dependence of the magnon drag voltage in
Pt/YIG/Pt. A 10 mA electric current is applied in the bottom Pt layer,
and the voltage is measured in the top Pt layer. (b) The magnetization
direction dependence of the spin Seebeck voltage in Cu/YIG/Pt. The
electric current applied in the bottom Cu is 20 mA, and the voltage is
measured in the top Pt layer.

We note that the magnon decay length obtained here is
considerably smaller than the conventional one determined
from ferromagnetic resonance for single crystalline YIG
samples [39]; this discrepancy is expected, considering that
our YIG layer is deposited on polycrystalline Pt and thus
the spin-dependent scattering from the defects and the grain
boundaries are likely much stronger than those in single
crystal YIG. A comparable magnon decay length of about
70 nm has been found in YIG/Pt by other groups [40,41].
The magnetization direction dependences for the samples with
different thicknesses of YIG are similar, as shown in Fig. 4(c).

In conclusion, we have experimentally observed magnon-
mediated electric current drag at room temperature in a
Pt/YIG/Pt structure. The dependences of the drag voltage
signal on temperature, the polarity of the current, and the

FIG. 4. (a) Vt/Rt-Ib curves of Pt(10)/YIG(t)/Pt(10) samples with
different thicknesses (t = 40, 60, 80, 100 nm) of YIG. A 1 kOe mag-
netic field is applied along the y direction during the measurement.
(b) The YIG thickness dependence of the electrical drag coefficient
a, while the open squares show the measured data, and the red line
shows the fitting curve a = a0e

−t/ lm . (c) The magnetization direction
dependence of the magnon drag voltage in Pt/YIG/Pt samples with
different thicknesses of YIG. A 10 mA electric current is applied in
the bottom Pt layer, and the voltage is measured in the top Pt layer. A
3 kOe constant magnitude of the magnetic field is applied to saturate
the magnetic moment M during the sample rotation.

direction of magnetization are consistent with the earlier
theoretical prediction of magnon current propagation through
a ferrimagnetic insulator. Our observed results differ from
spin pumping and spin Seebeck induced voltage signals. This
work provides a direct and clear observation that quasiparticle
magnons can efficiently serve as spin information carriers for
spin-based storage and processing applications.
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