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Dissipative Spin-Wave Diode and Nonreciprocal Magnonic Amplifier
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We propose an experimentally feasible dissipative spin-wave diode comprising two magnetic layers
coupled via a nonmagnetic spacer. We theoretically demonstrate that the spacer mediates not only coherent
interactions but also dissipative coupling. Interestingly, an appropriately engineered dissipation engenders
a nonreciprocal device response, facilitating the realization of a spin-wave diode. This diode permits wave
propagation in one direction alone, given that the coherent Dzyaloshinskii-Moriya (DM) interaction is
balanced with the dissipative coupling. The polarity of the diode is determined by the sign of the DM
interaction. Furthermore, we show that when the magnetic layers undergo incoherent pumping, the device
operates as a unidirectional spin-wave amplifier. The amplifier gain is augmented by cascading multiple
magnetic bilayers. By extending our model to a one-dimensional ring structure, we establish a connection
between the physics of spin-wave amplification and non-Hermitian topology. Our proposal opens up a new
avenue for harnessing inherent dissipation in spintronic applications.
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Introduction.—A main theme of magnonics is the uti-
lization of spin waves, or their quanta magnons, for infor-
mation processing and transmission, to develop innovative
computing and communication technologies [1-7]. The
ability to directionally control information transmission is
a cornerstone in both classical and quantum information
processing systems [8—10]. This control is facilitated through
the employment of essential components such as diodes. In
magnonics, a spin-wave diode, which permits the unidirec-
tional transmission of spin waves, holds critical importance.
Such a device can function as a spin-wave rectifier and foster
the development of more efficient and adaptable spintronic
devices, such as memory devices, sensors, and spin-wave-
based logic circuits. It stimulated numerous recent studies on
nonreciprocal couplings and chiral spin waves, both theo-
retically [11-14] and experimentally [15-18]. Several pro-
posals for spin-wave diodes have emerged [19-24], relying
on anisotropic exchange, dipolar or Dzyaloshinskii-Moriya
interactions (DMI). These proposals share one common
feature—they build upon purely coherent interactions in the
system, requiring low levels of damping for high diode
efficiency.

In this Letter, we provide a different paradigm for
realizing a spin-wave diode at low temperatures that
leverages dissipative couplings in the system, which allows
us to achieve a perfect spin-wave diode even when the
damping is comparable to the coherence interactions [25].
We consider an experimentally feasible ferromagnetic
bilayer structure separated by a nonmagnetic spacer layer
as depicted in Fig. 1(a). We demonstrate that this spacer not
only mediates coherent couplings such as the interlayer
DMI but also gives rise to a dissipative coupling and
local damping. Interestingly, we find that an ideal diode,
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facilitating unidirectional transmission while completely
blocking the opposite direction, can be achieved in the
presence of significant dissipative coupling at low temper-
atures compared to the magnon resonance frequency, when
it is balanced with the DMI. We thus refer to such a system
as a dissipative spin-wave diode.

We further demonstrate that when the magnetic layers
are incoherently pumped, nonreciprocal amplification of
spin waves can occur. In this scenario, the unidirectional
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FIG. 1. (a) Schematic diagram of the dissipative spin-wave
diode realized by a magnetic bilayer coupled through a non-
magnetic spacer. (b) Generalization to many magnetic layers
coupled to their neighboring sites via both coherent and
dissipative couplings, J and G. When these couplings are
balanced, the launched spin wave in the system can only travel
unidirectionally.
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spin-wave signal is enhanced. This type of amplifier has the
potential for broad applications in magnonics. It is capable
of effectively filtering out thermal noise and also enables
the detection of weak signals while simultaneously protect-
ing them from unwanted backaction caused by the readout
devices [26—29]. The gain of the amplifier can be enhanced
through the cascading arrangement of several magnetic
bilayers. We thus extend our study to an array of magnetic
layers, where neighboring sites are coupled through both
coherent and dissipative couplings. When these couplings
are balanced, the spin waves launched in the system can
only propagate unidirectionally, as depicted in Fig. 1(b).
We further establish a connection between amplification
and the non-Hermitian topology of the dissipative magnetic
system [30-34].

Model and mean-field dynamics.—We model the mag-
netic bilayer system sketched in Fig. 1(a) with Hamiltonian

FI:I,:IM+HE+I:\IME, (1)

where H,, = —b(83 + §3) governs the dynamics of the two
magnetic layers described by macroscopic spins S‘i in an
applied magnetic field b2 whereas Hj stands for the
Hamiltonian of the spacer. The coupling between the
magnetic and spacer layers is captured by Hyp =
/IZ,-:LZ(S‘{E{ + H.c.), with §F = §° + i§” and coupling
strength 4. Here E,i are operators representing degrees of
freedom in the spacer layer. For the realization of such a
heterostructure, one may use an insulating spacer such as
doped gallium-gadolinium garnet, with the magnetic layer
being yttrium iron garnet (YIG). In this case, E,i represents
phonon fields [35-37]. We note that time-reversal symmetry
is broken, allowing for the linear coupling in H,z [38].
Another promising platform is to use a magnetic material
like cobalt (Co) or a Co,Fe;_, alloy and employ a metal
spacer such as iridium (Ir) or ruthenium (Ru). Here, the
macroscopic spins couple to the spin of itinerant electrons.
After performing the Holstein-Primakoff transforma-
tion [39] and keeping leading terms, we arrive at H,, ~
AQ Y, iy and Hyp = 3, (M} E7 + H.c.). Here,
m;, i = 1, 2 are magnon operators for two magnetic layers,
obeying [if;, rhj] = 6;j. The ferromagnetic resonance fre-
quency, denoted as Q and typically residing within the
gigahertz regime, is proportional to the applied magnetic
field. We have absorbed constant prefactors into the defi-
nition of Eli

To examine the dynamics of the two magnetic layers, we
trace out the spacer [40] and obtain the following master
equation for the (reduced) density matrix p for two magnon
modes at zero temperature [41]:

d . i N .
—p=——[Hy+Hcpl+ > Lip. (2)
dr h k,j=12

where the spacer-mediated coherent interaction reads:

N . R(Q A (Q
chjmimz-ﬁ-j*m;ﬁ% with jz—lz( );lgu( )

(3)

Here, the retarded and advanced Green’s functions follow
their standard definitions [49], G (1) = i® (1) ([ET (1),
E7]) 141,501, and we use G(w) = [ dre*G(z). The co-
herent coupling J is complex valued in general. Its real
part stands for the symmetric exchange between the two
magnetic layers, while the imaginary component represents
the DMI, which is nonvanishing only when the spatial
inversion symmetry of the spacer is broken [41]. Above, we
neglect the dipolar interaction, which would only renorm-
alize the coherent coupling. We eventually have an effective
coupling strength (typically on the scale of megahertz in
experiments) [51-53], which can be balanced by the
dissipative coupling we introduce below. Thus, the dipolar
coupling will not change our conclusion.

The second term in the master equation (2) accounts for
the nonunitary (dissipative) evolution of the magnetization
due to the spacer layer, with the following Lindblad form:
E,ijf) = y,ij [ ;pinf, — L {#jin;, p}]. The dissipative param-

eters are given by y,%j: ig,?j(Q)/hz, where Gy;(1) =

—i <E;(l)E;r> is the greater Green’s function [49]. Here y =

y}j is real valued by its definition [41] and represents the

local magnon decay, leading to the Gilbert damping. It falls
within the megahertz regime when the induced Gilbert
damping is 1072-107. Further, G = y}, represents non-
local damping of magnons in the two magnetic layers, and
we refer to it as the dissipative coupling [54]. This nonlocal
damping can be comparable in magnitude to the local
damping in experiments [55,56]. It is in principle also
tunable, as it is governed by the response function in the
spacer, similar to the coherent coupling. Such dissipative
coupling is a key ingredient in recent proposals for non-
Hermitian topological magnonic phases [31-34] and has
also been investigated in cavity magnonic [57-59] and
photonic [25,60,61] systems. Its real and imaginary com-
ponents correspond to the dissipative symmetric and
DM-like interactions, respectively. The latter emerges
only when the inversion symmetry is broken [41]. In the
absence of spin pumping, the system is in its natural
thermodynamic equilibrium and the dissipative coupling is
constrained by the local damping |G| <y [54], which
ensures the complete positivity of the system dynamics.
While we have assumed zero temperature for simplicity, a
general discussion of finite temperature is provided in the
Supplemental Material [41], where the dissipative coupling
is reduced: G — (1 — e™")G. Therefore, as long as the
temperature is not higher than the resonance frequency €2,
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we still have a substantial dissipative coupling, and the
presence of finite temperature does not alter our conclusion.

We stress that the master equation approach employed
above relies on two crucial approximations [41,62]. The
first Born approximation is justified when the frequency
scales associated with the spacer-induced magnon dynam-
ics are smaller than the resonance frequency (gigahertz).
This requires the spacer-induced magnon damping rate and
the interlayer coupling to be in the megahertz regime,
which is typically the scale observed in experiments
[51-53]. The Markov approximation applies when the
environmental correlation time (lifetime of particles in
the spacer) is shorter than the spacer-induced dynamics
(which is microseconds if the induced dynamics is about
megahertz). Note that the relaxation time of electron spin in
metal is typically less than nanoseconds. For insulating
spacers, the phonon lifetime usually varies from pico-
seconds to nanoseconds [63,64]. Another Markov approxi-
mation requirement is a frequency-independent coupling,
justified by the large magnon frequency relative to magnon
damping [65].

We obtain the mean-field dynamics of two magnetic
layers from the master equation (2) by evaluating

d . I, . = N . R
&<mi> = —£<[mi,HM +Hc]) +tr [mizﬁlijp:|v 4)
k.j

which yields idy/dt = Hy with y = ((fir;), (fi1,))7 and
an effective non-Hermitian Hamiltonian [41]:

Q—iy/2

= J*/h—iG/2

h—iG/2
J/ / } (5)

Q—iy/2

The non-Hermitian character reflects the dissipative nature
of the magnetic dynamics. Here, (f;) = tr[f;p] o (87) +
i(8)) is the in-plane spin component. We note that the
phase of the dissipative coupling G can be gauged away
and absorbed into the definition of the coherent coupling [
[only the relative phase ® = arg(.J/G™*) matters]. For this
reason, we assume that G is positive valued and
J = ¢'®|J|, henceforth.

Dissipative spin-wave diode.—To investigate the unidi-
rectional transmission of spin waves, we couple magnon
waveguides to the bilayer system, as depicted in Fig. 1(a),
with a coupling rate of x. The response of the system is
described by the Green’s function [49]:

1

Glo) =

(6)
where we replace the local damping y withI" = y 4 « in the
Hamiltonian (5) to account for the additional channel for
magnon leakage provided by the magnon waveguide.
The magnitudes of the off-diagonal elements of H are
different when the DMI and the dissipative coupling are

nonvanishing. This signals the emergence of a nonrecip-
rocal phenomenon in the bilayer structure. Of particular
interest is the scenario where |H1,| = 0 but |Hy;| > 0. This
is achieved when the following condition is fulfilled:

J/h=iG)2. (7)

Here, the dissipative coupling G is balanced with the
coherent coupling ||, which is purely DMI (® = 7/2).
The scattering matrix, related to the Green’s function via
S(w) = 1 — ixG(w) as dictated by the input-output theory
[66-68], at resonance frequency reads:

=%

A y+K

S(Q) = Lo ﬂ] (8)
(rx) vt

It relates the incoming and outgoing waves as shown in
Fig. 1(a), y*" = S(w)y™, with y'™ = ((ml), (mir))7. The
nonunitarity observed in this scattering matrix arises from
dissipation, while its asymmetry leads to the nonreciprocal
behavior. Here the input-output theory is justified as the
magnon couples to the magnon waveguide linearly with a
constant coupling strength around the magnon resonance
frequency.

We observe that left-propagating spin waves are entirely
blocked, with a vanishing transmission coefficient |S,|2=0.
In contrast, waves traveling in the opposite direction maintain
a finite transmission coefficient, realizing a perfect diode.

Note that there is no amplification as |S,;|? < 1 without spin
pumping. Reflected spin waves are generally observed, with
3‘11 # 0. However, when the two magnon-decay channels
(the magnon waveguide and the spacer) are matched y = «,
the reflection coefficient vanishes, and the transmission
coefficient reaches its maximal value [3,;> = (G/y)? (a
perfect transmission of spin wave is achieved when G = y).

While condition (7) enables an ideal dissipative spin-
wave diode, it is worth noting that a well-performing diode,
with |Sy 2~ 1 and [S},]> <1, can be attained without
requiring fine-tuning of the parameters. We depict the
transmission coefficients for the two opposite directions as
functions of the ratio of the two couplings |7|/AG and the
ratio of the two dampings x/y in Figs. 2(a) and 2(b). We
observe that a large transmission coefficient in one direc-
tion and a small one in the opposite direction can be
obtained over a wide range of parameter values. Besides, a
perfect unidirectional spin-wave blockade, transmitting
sizable signals in the opposite direction, can be accom-
plished over a bandwidth set by local damping y (mega-
hertz regime), as depicted in Fig. 2(d).

We emphasize that the directionality of the spin-wave
diode is determined by the sign of the DML, D = | 7| sin ®.
Specifically, when ® = x/2, spin waves propagating from
right to left are blocked, while opposite traveling waves
are blocked when the sign of D is flipped; see Fig. 2(c).
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FIG. 2. Performance of a dissipative spin-wave diode. (a) The
transmission coefficient |S;,(Q)[? is plotted as a function of the
coupling ratio |7 |/AG and the damping ratio x/y with ® = /2.
An ideal diode is attained when the coherent and dissipative
couplings are balanced (depicted by the dashed line),
|J| = hG/2, independent of the ratio x/y. (b) The transmission
coefficient |S,, (Q)|? is shown as a function of |7|/AG and k/y
with @ = z/2. The dashed red line indicates the condition for
perfect transmission, |S,;(Q)|? = 1, which is achieved when
k = 2|J|/#. (c) Transmission coefficients as a function of ®. At
@ = 7/2,37/2, where the coherent coupling is purely DMI, we
observe a perfect dissipative diode. (d) Transmission and re-
flection coefficients as a function of spin-wave frequency with
® = 7/2. In (c) and (d), we set |J|/h = G/2 and k = y. In all
plots, we use y = G [41].

Pure DMI may be achieved in structures such as
Co/Pt/Ir/Pt/Co, where it has been experimentally
observed that both the DMI and the symmetric exchange
coupling oscillate with the thickness of the spacer but have
their peaks and valleys at different thicknesses [53]. This
allows for the selection of certain thicknesses where the
symmetric interaction is nearly zero, but the DMI remains
substantial. One can further tune this interlayer DMI with
symmetry-breaking fields, such as strain gradient [69-71],
electric fields [72-75], or currents [76].

To measure the diode performance with finite symmetric
coupling J = | 7| cos @, we introduce the diode efficiency:

_ |3‘12|2 - |S2] |2

| Pl = bal) )
1S12* + 8212

It is one when the system is a perfect diode (one direction is
completely blocked). Assuming the DMI equals the dissi-
pative coupling, we obtain the efficiency n = 1/(r*/2 + 1),
where r=J/D =cot® [41]. Note that this efficiency

depends only on @, independent of the incoming wave
frequency and the local damping. Thus we can obtain a
decent magnon diode, as long as D > J.

We point out that the intrinsic Gilbert damping in the two
magnetic layers, which we neglected, does not impact the
diode efficiency [41]. It only reduces the unidirectional
transmission amplitude since it provides another channel
for magnons to decay. Sizable transmitted spin waves can
be obtained with small damping magnets such as YIG or
Co,Fe,_, [77].

Unidirectional amplification of spin wave.—Applying
spin-transfer [78,79] or spin Seebeck [80] torques allows
for the local pumping of magnetic layers out of their natural
thermodynamic equilibrium. We leverage this to explore a
broader range of experimentally tunable parameters. The
spin pumping can be modeled as an addltlonal terrn in
Eq. (2) [81]: £P™p =yt 3™ o[l piiy = S {ra], p}],
with pumping rate y' > 0. This leads to a reductlon of
the local damping in the effective Hamiltonian (5) [41],
where we now replace y with 7 = y — y'. We point out that
our system overall is still damped with effective damping
parameter 7 > 0.

To see how the pumping modifies the behavior of the
spin-wave diode, we consider the scenario where the
condition (7) is satisfied and the local damping is matched
k = 7 for simplicity. The scattering matrix for spin waves at
resonance then reads:

@) :y_GyT [(1) 8} (10)

We observe that spin pumping allows the realization of a
unidirectional amplifier, where the spin-wave propagation
is hindered in one direction, and the signal is enhanced in
the opposite direction, when G >y —y'. Note that the
linear treatment breaks down when G > 27.

We emphasize that the unidirectional amplification is
effective over a wide range of frequencies, as shown in
Fig. 3. The dashed orange curve corresponds to the boundary
that separates the parameter regimes with and without ampli-
fication, which is determined by |w — Q| < \/7(G —7)
Observably, the amplification bandwidth expands as the
system undergoes pumping. At 7 = G/2, the bandwidth is
maximal ~G (megahertz regime).

Cascading multiple magnetic layers.—Employing a
cascade of multiple magnetic bilayers can enhance the
gain of the amplifier. Here we consider a ring structure for
concreteness, as sketched in Fig. 1(b), where adjacent sites
are coupled to each other via both coherent and dissipative
coupling mediated by spacer layers between them. We
describe the system with the following effective non-
Hermitian Hamiltonian [82]:

H = Zh(ﬂ— )il +Z
+Z( — ihG/2)in], ;. (11)

— ihG /2R i,
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FIG. 3. Unidirectional amplification in the presence of spin
pumping. The transmission coefficient |3’21|2 is shown as a
function of frequency @ and the ratio of dissipative coupling
G to effective local damping 7. The dashed orange curve encloses
the region with unidirectional amplification. We have assumed
k =7 and condition (7) to get 3’12 =0.

which in momentum space takes the diagonal form H=
Zkh(k)n%zn%k, where h(k)=n(Q—iy)+ (T —ihG/2)e*+
(J*—ihG/2)e~'*. The central quantity that governs the
response of the system is the Green’s function, which can
be expressed as [41]

dz 77

6@l = § Rt

Z

in real and frequency space. Here, z = ¢* [83] and the
integral can be evaluated by using Cauchy’s residue
theorem [84]. Considering again condition (7) to be
satisfied, the second term in Hamiltonian (11) vanishes,
indicating that magnons cannot travel clockwise. See
Fig. 1(b). This is also reflected in the Green’s function
(jIG(w)|j + I) = 0, which vanishes for / > 0. On the other
hand, we have (j+ [|G(w)|j) ~a for I >0, where a =
G/(w—Q—iy) [41]. In the absence of spin pumping
G <y, the unidirectional spin wave in the system cannot be
amplified for all frequencies since |a| < 1.

When the system is pumped and |a| > 1, the magnetic
ring in Fig. 1(b) experiences an instability, where the spin
wave keeps accumulating energy while circulating in the
system, resulting in an unbounded growth of signal. The
presence or absence of such amplification can be charac-
terized through a topological index associated with the
complex spectrum A (k) [85]. Introducing a planar vector
field n(k) = (—Imh(k)/h, Re[w — h(k)/A]) [41] whose x
and y components govern the dissipative and coherent
dynamics of the system, respectively, the Green’s function
is 1/[n,(k) + in,(k)], which is nonanalytic at the origin
n(k) = 0. We therefore expect that whether n encloses the
origin would lead to distinct physical phenomena. Indeed,
the winding number, 2z = [37 dk 2 - (n x d;n), takes the
value N/ = 0 when |a| < 1 and the spin wave decays, and
N =1 when |a| > 1 and the signal grows exponentially.

The amplification of spin waves thus may serve as an
experimental indicator of a topologically nontrivial mag-
nonic phase [86].

Conclusion.—We investigated a magnetic bilayer system
and showed that the spacer layer can mediate both coherent
and dissipative couplings. When the resulting DM inter-
action is balanced with the dissipative coupling, we obtain a
spin-wave diode. Furthermore, the spin-wave diode can be
promoted to a unidirectional spin-wave amplifier by
pumping. The gain can be improved by cascading several
amplifiers. We also generalized our analysis to a one-
dimensional ring structure and identify a connection
between the physics of spin-wave amplification and non-
Hermitian topology.

This work was supported by the Georg H. Endress
Foundation and by the Swiss National Science Foundation,
NCCR SPIN (Grant No. 5INF40-180604).
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