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ABSTRACT: Unequal transmissions of spin waves along opposite
directions provide useful functions for signal processing. So far, the
realization of such nonreciprocal spin waves has been mostly limited at
a gigahertz frequency in the coherent regime via microwave excitation.
Here we show that, in a magnetic bilayer stack with chiral coupling,
tunable nonreciprocal propagation can be realized in spin Hall effect-
excited incoherent magnons, whose frequencies cover the spectrum
from a few gigahertz up to terahertz. The sign of nonreciprocity is
controlled by the magnetic orientations of the bilayer in a nonvolatile
manner. The nonreciprocity is further verified by measurements of the
magnon diffusion length, which is unequal along opposite transmission
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directions. Our findings enrich the knowledge on magnetic relaxation and diffusive transport and can lead to the design of a passive

directional signal isolation device in the diffusive regime.
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O ne of the important applications of magnetic materials in
information processing and communication is to provide
the function of nonreciprocity. Driven by the need for high-
performance, compact nonreciprocal devices, new mechanisms
that can provide passive, directional isolation of signals are
being pursued at the submicrometer scale, among which spin
waves show unique potentials due to the tunability and the
possibility for on-chip integration." In literature, nonreciprocal
spin waves have been achieved through the magnetostatic
surface mode” ™" or by asymmetrically modifying the spin wave
dispersion under the effect of the Dzyaloshinskii—Moriya
interaction (DMI).”~” Most recently, the dipolar coupling
between different magnetic layers has been studied for
nonreciprocity, where the dispersion relation is shifted
asymmetrically or the spin wave mode is excited direction-
ally.""~"* However, these nonreciprocal effects are limited to
coherent spin waves under single frequencies in the ballistic
regime. It remains elusive whether the nonreciprocity can be
reached for incoherent, diffusive magnons that occupy a
broadband spectrum.

In this work, with a bilayer composed of a ferrimagnetic
insulator Y;Fe;O;, (YIG) and a magnetic alloy NiFe, we find
that the diffusion of the spin Hall effect (SHE)-induced
incoherent magnons has unequal transmission coefficients
along opposite directions. We further verify that the non-
reciprocal transmission is caused by the asymmetric magnon
diffusion length controlled by the magnetic moment
configuration. This work provides an efficient mechanism for
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designing passive devices with directional signal isolation that
works in the diffusive regime.

The device structure in our experiment is shown in Figure
la,b (see Supporting Information Section 1 for materials and
methods). A 50 nm thick YIG film (resistivity > 10> uQ cm,
Gilbert damping ~ 107*) is deposited on Gd;GasO,
substrates. A pair of Pt electrodes are fabricated to inject and
detect magnon flow.””~'" A NiFe strip (40 nm thick) is
deposited on YIG between the two Pt electrodes and is
electrically isolated with other electrodes. During the measure-
ment, a low-frequency (<50 Hz) alternating current is applied
on the Pt injector to excite broadband magnons via the SHE.
The nonequilibrium magnons diffuse toward the Pt detector
and get converted to a charge current via the inverse SHE,
which is probed by the first harmonic voltage using a lock-in
amplifier at room temperature.””'” In a device without the
NiFe strip, the nonlocal voltage V,; exhibits a sin’p
dependence on the angle ¢ of the in-plane applied field H
(Figure 1c), consistent with the previous observations,
confirming the SHE-induced magnon excitation/detection
mechanism.”> In Figure lc, +k, denotes right-/left-going
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Figure 1. Device structure and basic nonlocal transport properties.
(a) Schematic of a nonlocal device consisting of a YIG layer with two
Pt electrodes and a NiFe strip on top. (b) Optical image of a device.
The scale bar is S ym. (c) Angular dependence of V,; in a device
without the NiFe strip under an applied field of 200 Oe. The solid line
is sinusoidal fitting. (d) Magnitude of the nonlocal voltage as a
function of the applied voltage. The solid line is linear fitting.

magnon flow, which is experimentally realized by swapping the
role of injection/detection Pt electrodes. The magnitude of V
scales linearly with the applied voltage (Figure 1d), suggesting
that the magnon excitation is in the linear response regime.
Because of the long strip shape, the NiFe layer has an in-
plane uniaxial anisotropy with an easy axis along the y
direction, as is verified by the measurement on the anisotropic
magnetoresistance (AMR) of the NiFe strip (Supporting

Information Section 2). This shape anisotropy tends to tilt the
magnetic moment my;, away from the applied field toward the
easy axis. In contrast, the YIG moment my;g more closely
follows the field orientation due to the negligible anisotropy.
Consequently, my;g and myg, generally have a misalignment
angle under a finite applied field, which is critical for causing
nonreciprocal magnon transmission in the considered system
(discussed later).

We now study the angular dependence of magnon
transmission under the influence of NiFe. We measure V;
by rotating a field of 200 Oe within the film plane (Figure 2a).
We notice that compared with the sin’p dependence shown in
the single-layer YIG sample of Figure lc, the existence of NiFe
significantly distorts the line shape. Moreover, a nonreciprocity
emerges in the magnon transmission, i.e., under the same field
condition, the magnitude of transmission coeflicient changes
when one switches the magnon flowing direction. This
nonreciprocity is most significant for ¢ around 90° and
270°. By comparing with the AMR data of NiFe, we can
correlate the sudden jump of V; at ~100° and ~280° with the
flipping of the y component of myg.. It can be seen that the
nonreciprocity ratio £ = [Vy(+k) — V, (—k))]/max(V,)
changes sign when my;g, switches, with £ being negative for ¢
< 100° or >280° (regions I and IV) and positive otherwise
(regions II and III). Here max(Vy,) is the higher value between
V,u(+k;) and V,(—k;) for normalization purposes. For a better
comparison, we schematically illustrate in Figure 2b the
orientations of myg, and myg for the four different regions of
@ = 0—360°. The magnon transmission is also studied under a
larger rotating field of 800 Oe, which aligns my;g, closer to the
field direction and reduces the misalignment between myg,
and my;g. As plotted in Figure 2c¢, despite the absence of
abrupt jump and a smaller overall magnitude, V; exhibits
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Figure 2. Nonlocal voltage in YIG gated by a 1 ym wide NiFe strip. (a) Angular dependence of V, for +k; magnon flows under an applied field of
200 Oe. (b) Schematic of my, and my; orientations for different regions labeled in panel a. (c) Angular dependence of V,; under an applied field

of 800 Oe. (d) Top and middle panels: V,; as a function of H, for +k; magnon flows. A fixed field of H, =

—200 Oe is applied. Bottom panel:

nonreciprocity ratio £ as a function of H,. The schematics illustrate the directions of my, and myg under positive and negative values of H,.
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Figure 3. Magnon transmission with asymmetric diffusion lengths. (a, b) Measured V,; as a function of field angle ¢ for +k; magnon flows with
different NiFe widths d. The curves from top to bottom correspond to d = 0.5, 0.7, 1.0, 1.3, 1.5, 1.8, 2.0. 2.2 um. (¢, d) Fitting of V, as a function d
at ¢ = 80° and 100°. The lines are exponential fittings. (e) Magnon diffusion length Ly, for +k; magnon flows as a function of the field angle. The
dots represent the result from experiments shown in panels a and b, with error bars representing the standard error of the mean (S.E.M.) from the
fitting. The lines are calculated from the analytical modeling. (f) Calculated angular dependence of V,; in a device with a 1 ym wide NiFe strip.
Both experiment and modeling of this figure are carried out under H = 800 Oe.

qualitatively the same nonreciprocity as Figure 2a. The smaller
V. compared with the 200 Oe case can be explained by the
suppression of magnon excitation under a large field.”” On the
basis of the sign of & and the fact that the nonreciprocity is
stronger when the misalignment between the two moment
vectors is larger, we summarize an empirical relation for
nonreciprocity as £ « 2 + [& X (myp. — my;g)], which shows
that a finite difference between the two magnetic moments
along the y axis is the key to cause and manipulate the
nonreciprocity. This is distinct from the previous studies on
modulating magnon current with magnetic electrodes, where
nonreciprocity is not observed as the field is either purely
applied along the x axis*' or is too large, which aligns the two
magnetic layers almost perfectly parallel with each other.**
The correlation between the nonreciprocity on V,; and my;g,
suggests that one can realize nonreciprocal magnon diffusion in
a tunable, nonvolatile manner. To show this point, besides field
rotation measurements, we also measure the V,; hysteresis
loops by sweeping a field along the y axis for +k; configurations
(top and middle panels of Figure 2d). Limited by the sin’p
dependence from the SHE-induced magnon excitation and
detection, on top of the sweeping field along the y axis, we have
to apply a constant field along the x axis to maintain a finite
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V.. Nevertheless, we note that in the bistable region, by
controlling the field sweeping history, one can reach desired
nonreciprocity with positive or negative £ under the same H,
(bottom panel of Figure 2d), which effectively demonstrates
the function of a nonvolatile, nonreciprocal magnon transistor.

A more detailed study shows that the observed non-
reciprocal transmission is related to the asymmetric magnon
diffusion length along opposite directions under specific
magnetic moment configurations. To show this, we vary the
NiFe strip width d between 0.5 and 2.2 pm, and measure V;
under each applied field angle (Figure 3ab for =k,
respectively). In this measurement, we use a high magnetic
field of 800 Oe to minimize the influence from the shape
anisotropy and magnetic domain switching of the NiFe strip.
From Figure 3ab, we can see that, for all of the studied
samples, the angle dependence of V, shows the same
asymmetry as that in Figure 2, suggesting that the non-
reciprocity is qualitatively consistent regardless of the strip
widths. We summarize V,j(+k;) as a function of the gate width
d under each fixed applied field. As an example, in Figure 3c,d
for ¢ = 80° and 100°, the gate width dependence of V; can be
fitted with an exponential relationship of V,(d) o exp(—d/
Ly,),'® where Ly, denotes the magnon diffusion length. As d
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Figure 4. Angular dependence of the nonlocal voltage in devices with different gates: (a) NiFe (40)/MgO (3), (b) NiFe (40)/Cu (8), and (c) Pt
(10) (unit in nm). The gate widths are kept at 1 ym. The applied field is 200 Oe.
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Figure S. Magnetic bilayer with antiparallel equilibrium magnetic moments m, and m, and damping coefficients (@; > a,). (a) For the right-going
(+k;) spin wave, the dynamic dipolar field (h%) generated from the magnetic oscillation of the bottom layer appears at its upper side. The two layers
are coupled through dynamic dipolar interactions, resulting in a modulation of damping coefficients. (b) For the left-going (—k;) spin wave, h? from
the magnetic oscillation of the bottom layer appears at its lower side, which does not induce the dynamic interlayer dipolar coupling. The damping
factors of the two layers remain unchanged. (c) Calculated magnon attenuation rates of NiFe and YIG as a function of frequency for +k;
configurations when an 800 Oe field is applied along ¢ = 80° direction.

varies, the magnetic shape anisotropy of NiFe also changes.
However, in our studied samples, the antiferromagnetic
exchange interaction at NiFe/YIG interface™ > plays an
important role in maintaining the misalignment angle, leading
to the consistent scaling behavior observed here. After
extracting Ly, for different field angles for the two propagation
directions, we summarize Ly(+k;) in Figure 3e (solid dots),
which show a clear difference between +k; directions,
confirming the nonreciprocal magnon diffusion.

In a magnetically gated spin wave channel device, several
factors can potentially influence the magnon transmission,
including the interactions due to the interfacial exchange, spin
transfer across the interface, the DMI, as well as the interlayer
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dipolar coupling. To understand their potential contributions
to the observed nonreciprocal magnon transmission, we carry
out experiments with control samples. First, to study the role
of interfacial exchange, we make samples by inserting a spacer
layer of 3 nm MgO or 8 nm Cu between NiFe and YIG. Both
spacers can eliminate the interlayer exchange interaction, while
the MgO also blocks the spin current from YIG to NiFe.”**°
As shown in Figure 4a,b, a weaker but finite nonreciprocity
with the same sign as the NiFe/YIG device is observed. The
persistence of nonreciprocity suggests that the interlayer
exchange interaction and the possible spin current absorption
at the top surface of YIG cannot be the dominant origin of the
observed nonreciprocity. On the other hand, the non-
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reciprocity ratio of the NiFe/YIG device is more than two
times larger than that of the MgO and Cu control samples.
This is because the antiferromagnetic exchange interaction
between NiFe and YIG increases the misalignment angle of the
equilibrium magnetic moments of the two layers,>™*>*” which
is beneficial for achieving high nonreciprocity in our studied
system, as discussed earlier. Besides the classical exchange
interaction, it is known that the interfacial DMI can lead to
asymmetries in the dispersion relation to cause nonreciprocal
spin wave transmission.” ® To understand the possible role
played by DMI in our system, we replace the center NiFe strip
with nonmagnetic Pt. As plotted in Figure 4c, the difference
between V,(+k;) is far less observable compared with the
NiFe/YIG device, which suggests that the DMI itself cannot
lead to the strong nonreciprocity shown in Figure 2.

The continuing existence of nonreciprocal magnon trans-
mission even in the absence of a direct contact between NiFe
and YIG suggests that the effect comes from certain long-range
interactions. Recently, it was theoretically demonstrated that
the interactions caused by dynamic magnetic dipolar fields in
magnetic multilayers can lead to nonreciprocal excitations of
spin wave modes. This interaction works efficiently both for
coherent and incoherent magnons.'” While ref 10 considers
the interaction between a two-dimensional thin film and a
quasi-one-dimensional nanowire, we can extend the model to
bilayer films with both layers being extended (see Supporting
Information Section 4). As shown in ref 10, due to its chiral
nature, the dynamic dipolar field generated from magnons in a
thin film magnet is single-sided; i.e., it can have finite or zero
magnitude at the neighboring film location, depending on the
magnon propagation direction (Figure Sa,b). Correspondingly,
in a bilayer with antiparallel magnetizations, the magnon
modes of the two layers will have finite interaction for + k
(Figure Sa) but no interaction for — k; (Figure Sb). As a result,
the magnon modes of the two layers, hence their attenuation
rates, are hybridized for + kj, while remaining largely
unchanged from their intrinsic value for — k. Since the
intrinsic damping values of the two layers in our experiment
are very different (in the order of 107* and 107> for YIG and
NiFe, respectively), the resulted magnon attenuation rate
becomes highly asymmetric with respect to the wavevector
direction, i.e, a*®(+k) # a*f(—k;). In our real experiment, the
equilibrium magnetic moments are not perfectly antiparallel,
but the dipolar fields still lead to unequal magnon interactions
and thus unequal magnon attenuation rates for opposite
directions, but with smaller asymmetry. An analytical
evaluation of the magnon attenuation rate is provided in
Supporting Information Section 5, and the calculated results
under a typical magnetic configuration are plotted in Figure Sc.

To account for the influence of direction-dependent
attenuation rates on the diffusion of incoherent magnons,
one can solve the Boltzmann transport equation and sum over
all of the thermally populated modes.”® We obtain a diffusion

equation for the quasi-equilibrium magnon chemical potential
28-30

(1)

The first and third terms of eq 1 correspond to the
divergence of magnon current density and the conventional
magnon relaxation, with ¢ and # being proportional to the
magnon conductivity and spin nonconserving scattering rate,
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as in the standard continuity equation for diffusion.”**” The
second term is a new one that accounts for the asymmetric
attenuation, where 6 originates from integrating the direction-
dependent magnon attenuation rate af(k,) of YIG over all
possible directions in the xy plane, weighted by magnons’
distribution function and their corresponding group velocity
(see Supporting Information Section 6 for derivation). The
solution of eq 1 has the form of y, o exp(Fx/Lyy), with

Ly, = [F6 + \J6% + 4n61/2n representing the magnon
diffusion length along the +x axes. Using material parameters
that are consistent with our structure, we calculate Ly, under
an applied field of 800 Oe and plot the result as solid lines in
Figure 3e as a function of the field angle, showing the same
trend as the experimental values. V,;, which is proportional to
u, for a given distance of d = 1 um, is plotted in Figure 3f,
exhibiting similar nonreciprocal behaviors as the experimental
result in Figure 2c.

To further verify the critical role of the interlayer dipolar
coupling-modulated magnon attenuation, we consider two
magnetic layers with identical intrinsic damping in the
modeling, where the resultant asymmetry in the magnon
attenuation rate will be less profound. We obtain a much
weaker nonreciprocity in this case, confirming that the
imaginary part of the hybridized magnon dispersion, i.e., the
magnon attenuation rate, rather than its real part, is the main
source of the observed nonreciprocal phenomena (see
Supporting Information Figure S6). Furthermore, we verify
this asymmetric magnon attenuation with micromagnetic
simulations, where we consider the detailed device geometry
and obtain the same nonreciprocity (Supporting Information
Section 7). We also note that under the mechanism of
interlayer dipolar coupling, the nonreciprocity can benefit from
a relatively thick NiFe because a large number of magnetic
moments couples with YIG, whereas a very thin magnetic gate
can make the nonreciprocity less profound.””

Before ending, we address a seeming paradox associated with
the lock-in measurement of magnon transmission. Under an
alternating driving current, the SHE enhances local magnon
population under the Pt injector for a one-half period while
suppressing it for the other.'> It is tempting to think that
magnons transmit along opposite directions in the two half
periods, and the asymmetric magnon relaxation effect averages
out. The key point for understanding this is that the enhanced
or suppressed magnon population is in reference to their
thermal equilibrium value."*" Since the thermal equilibrium
state corresponds to zero net magnon flow, it is convenient to
treat the suppressed magnons as deficiencies from equilibrium,
which flow away from the injector and experience the same
attenuation rate as the excessive magnons in the other half
period. Mathematically, the modulated magnon population is
reflected in the sign of y in eq 1, with a negative u
corresponding to the case of magnon deficiency. The choice of
Ly, depends on the relative location of the injector and
detector electrodes, rather than the sign of p. Thus, the
observation of a nonreciprocity between +k; is expected for
the lock-in measurement configuration.

In conclusion, we demonstrate the nonreciprocal trans-
mission of the SHE-excited incoherent magnons in a
magnetically gated ferrimagnetic insulator channel through
nonlocal charge-transfer measurements. The sign of non-
reciprocity is switchable by magnetic fields through the control
of the bilayer’s magnetic orientation. The magnon diffusion
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length is asymmetric over the transmission direction. This
nonreciprocal magnon diffusion can be explained by the
asymmetric magnon attenuation rate induced by the interlayer
dipolar coupling. For future applications, one can potentially
utilize magnetic materials with even larger differences in
damping to enlarge the asymmetry in magnon attenuation,
which will enhance the nonreciprocity. For example, YIG films
with an ultralow damping of 5.2 X 10~° have been reported in
recent literature,”” which is ideal for maximizing the hybrid-
ization effect of magnon attenuation rates. An even useful
device with electrically programmable directional signal
isolation can also be achieved by integrating our device with
voltage- or current-induced switching of the magnetic gate.””**
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