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Chiral-damping-enhanced magnon transmission
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The inevitable Gilbert damping in magnetization dynamics is usually regarded as detrimental to
spin transport. Here we apply a general feature of chiral non-Hermitian dynamics to a ferromagnetic-
insulator–normal-metal heterostructure to show that the strong momentum dependence and chirality of the
eddy-current-induced damping also causes beneficial scattering properties: a potential barrier that reflects
magnon wave packets becomes unidirectionally transparent in the presence of a metallic cap layer. Pas-
sive magnon gates that turn presumably harmful dissipation into useful functionalities should be useful
for future quantum magnonic devices.
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a. Introduction. Magnonic devices save power by exploit-
ing the collective excitations of the magnetic order, i.e.,
spin waves or their quanta, magnons, for nonreciprocal
communication, reprogrammable logics, and nonvolatile
memory functionalities [1–10]. The possibility to modu-
late magnon states and their transport in ferromagnets by
normal metals or superconductors brings functionalities
to spintronics [11–14], quantum information [15–21], and
topological materials [22–27]. The prediction of induc-
tive magnon frequency shifts by superconducting gates
on magnetic insulators [28–34] have been experimentally
confirmed [35]. Normal metals are not equally efficient in
gating magnons [36–39], but the stray fields of magnet-
ically driven “eddy currents” [40–54] significantly brake
the magnetization dynamics [40].

The intrinsic Gilbert damping seems to be detrimen-
tal to transport since it suppresses the magnon prop-
agation length. However, in high-quality magnets such
as yttrium iron garnet (YIG) films, this is not such an
issue since the magnon mobility is often limited by other
scattering processes such as two-magnon scattering by
disorder, and measurements can be carried out in far
smaller length scales. Natural and artificial potential bar-
riers are useful instruments in electronics and magnonics
by confining and controlling the information carriers. They
may guide magnon transport [35,55], act as a magnonic
logic gate [56], induce magnon entanglement [18,57], and
help to detect exotic magnon properties [58–61]. In the
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linear transport regime, the transmission of electrons and
magnons through an obstacle has always been assumed to
be symmetric, i.e., the same for a wave or particle coming
from either side.

In this letter, we address the counterintuitive effect that
the strong momentum-dependent eddy-current-induced
damping by a normal-metal overlayer, as shown in Fig. 1,
may help surmount obstacles such as magnetic inho-
mogeneities [62], artificial potential barriers formed by
surface scratches [63], or dc-current carrying wires [57].
Here we focus on the band edges of magnetic films
that are much thinner than the extinction length of the
Damon-Eshbach (DE) surface states in thick slabs and
are therefore not chiral. Instead, the effect therefore orig-
inates from the Oersted fields generated by the eddy
currents in the overlayer that act in only half of the
reciprocal space [7–9]. The transmission through a bar-
rier that is small and symmetric for magnons with oppo-
site wave numbers in an uncovered sample becomes
unidirectional with the assistance of dissipative eddy
currents.

b. Chiral-damping-enhanced wave transmission. As a sim-
ple illustration of general physics, we consider a one-
dimensional wave field with a single short-range scattering
potential Vδ (x). The dimensionless wave or Schrödinger
equation for the scattering states with kinetic energy
E = k2 > 0 reads

(−∂2 + Vδ(x)− k2
)
ψ(x) = 0. Next, we

assume a chiral damping that affects only the right-moving
waves. We use a Gilbert type of viscous damping propor-
tional to the velocity with the parameter η. The solutions
to this problem are linear combinations of plane waves.
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FIG. 1. Ferromagnetic-insulator–normal-metal heterostruc-
ture. An in-plane external magnetic field H0 orients the
magnetization at an angle θ with the ẑ direction. The yellow
sheet between the normal metal and ferromagnetic insulator
indicates suppression of exchange interaction and spin pumping.

States coming from the right then read

ψ
(c)
R =

{
e−ikx + r(c)eikxe−ηkx

t(c)e−ikx for x > 0
x < 0 , (1)

where r and t are the reflection and transmission coef-
ficients that solve the scattering problem. The trans-
mission and reflection probabilities |t(c)|2 = [(ηk)2 +
4k2]/[(V + ηk)2 + 4k2] and |r(c)|2 = V2/[(V + ηk)2 +
4k2]. When the damping is sufficiently large (ηk � |V|),
the transmission probability becomes unity and reflection
vanishes, irrespective of the scattering potential, i.e., which
in essence is the anomalous transmission reported below
for a magnetic device. On the other hand, for nonchi-
ral damping, e.g., ψ(0)

L = eikxe−ηkx and ψ
(0)
R = e−ikxeηkx,

the transmission and reflection probabilities for the states
coming from the right

|t(nc)|2 = 4k2

(2ηk + V)2 + 4k2

η�1→ 0, (2a)

|r(nc)|2 = (V + 2ηk)2

(2ηk + V)2 + 4k2

η�1→ 1. (2b)

Therefore, conventional nonchiral damping suppresses the
transmission. The enhanced transmission is caused by
reducing the energy cost of an asymmetric wave-function
curvature at the scatterer. The principle should hold for
wave propagation in arbitrary systems with nonreciprocal
damping.

c. Model. To be specific, we consider the ferromagnetic-
insulator (FI)–normal-metal (NM) heterostructure with
thickness 2dF and dM and an in-plane magnetic field H0
in Fig. 1. The saturated equilibrium magnetization Ms =
(0, 0, Ms) is along the ẑ direction such that the torques
exerted by the external and anisotropy fields cancel. We
defer results for other directions of Ms to the Supple-
mental Material [64]. We generalize a previous adiabatic

theory [7,40] to the full electrodynamics of the system by
self-consistently solving the Maxwell equations coupled
with the linearized Landau-Lifshitz (LL) equations and
Ohm’s law.

The driving force is an externally generated spatiotem-
poral magnetization dynamics M(r, t) = M(r,ω)e−iωt at
frequency ω. The transverse M(r,ω) = (Mx(k,ω), My
(k,ω), 0)eik·r with in-plane wave vectors k = (0, ky , kz) are
small precessions with iMx(k,ω) = akMy(k,ω), where the
complex ellipticity ak becomes unity for circular motion.
According to Maxwell’s theory, the electric field E obeys
the wave equation ∇2E(r,ω)+ k2

0E(r,ω) = −iωμ0JM ,
where the wave number k0 = ω

√
μ0ε0, μ0 (ε0) is the

vacuum permeability (permittivity), and JM = ∇ × M is
the “magnetization current” [65]. Disregarding the intrin-
sic Gilbert damping, the LL equation iωM = −μ0γM ×
Heff[M] governs the magnetization dynamics in the FI,
where γ is the gyromagnetic ratio. The effective magnetic
field Heff[M] includes the static field H0, the dipolar field
Hd, and (in the FI) the exchange field Hex = αex∇2M that
depends on the spin-wave stiffness αex. In the presence of
the NM layer, Heff[M] also contains the Oersted magnetic
fields generated by the “eddy” currents J = σE, where
the electrical conductivity σ is real. This defines a closed
self-consistency problem that we solve numerically.

The electric field modes outside the magnet are
plane waves with wave numbers km =

√
ω2μ0ε0 + iωμ0σ ,

where σ = 0 in the absence of an NM layer. The field in the
FI Eη={x,y,z}(−dF � x � dF) = E(0)η (−dF � x � dF)+
RkE(0)η (x = dF)e−iAk(x−dF ) is now modified by the reflec-
tion coefficient

Rk =
(
A2

k − B2
k

)
eiBkdM − (

A2
k − B2

k

)
e−iBkdM

(Ak − Bk)2eiBkdM − (Ak + Bk)2e−iBkdM
, (3)

where E(0) is the solution inside the FI without the NM
cap [64], Ak =

√
k2

0 − k2, and Bk = √
k2

m − k2. The reflec-
tion is isotropic and strongly depends on the wave vector.
Naturally, Rk = 0 when dM = 0. On the other hand, when
|k| = 0, the electric field cannot escape the FI, since the
reflection is total with Rk = −1.

A corollary of Maxwell’s equation—Faraday’s law—
reads in frequency space iωμ0[Hd(r,ω)+ M(r,ω)] =
∇ × E(r,ω). When the magnetization of sufficiently thin
magnetic films is uniform, the Zeeman interaction is pro-
portional to the spatial average Hd over the film thickness.
Referring to the Supplementary Material for details [64],
we find Hd,x = ζx(k)Mx and Hd,y = ζy(k)My . By substitu-
tion into the LL equation, the spin-wave eigenfrequencies
and ellipticities become

ω(k) = μ0γ

√
(H̃0 − ζx(k)Ms)(H̃0 − ζy(k)Ms), (4a)

ak =
√
(H̃0 − ζy(k)Ms)/(H̃0 − ζx(k)Ms), (4b)
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where H̃0 = H0 + αexk2Ms. Imω(k) �= 0 because of the
Joule heating due to the eddy currents in the cap layer.

d. Chiral damping and frequency shifts. The stray electric
fields of spin waves propagating perpendicular to the mag-
netization are chiral, i.e., they depend on their propagation
direction by a hand rule due to interference of surface
and bulk magnetization currents (see the Supplemental
Material [64]), making analogy to the Halbach array [66].
We illustrate the results of self-consistent calculations
for dF = 100 nm, dM = 500 nm, conductivity σ = 6.0 ×
107 (
 m)−1 for copper at room temperature [67], applied
magnetic field μ0H0 = 0.02 T, μ0Ms = 0.178 T, and the
exchange stiffness αex = 3 × 10−16 m2 for YIG [68]. The
presence of the NM cap layers shifts the relative phases
between the stray electric fields and that of the gener-
ating spin waves. We focus here on the wave numbers
ky = ±1 µm−1 in Fig. 2(a) [Fig. 2(b)] at which the electric
field is in phase (out of phase) with the transverse magne-
tization My ŷ. The response to an in-phase (out-of-phase)
electric field is dissipative (reactive). Both components
decay in the FI and the vacuum as ∝ 1/|k|. In the NM, the
in-phase component is screened only in the metal region
on the scale of a skin depth λ = √

2/(ωμ0σ) ∼ 1.5 µm at
ω = 11 GHz. The out-of-phase electric field, on the other
hand, creates only a reactive response. Also in this case the
damping is modulated for constant Gilbert damping by the
associated spin-wave frequency shift in Fig. 2(b), an effect
that cannot be captured by adiabatic approximation [7,40].

The chirality of the radiated electric field controls the
backaction of the NM layer that modifies the magnon
dispersion in a chiral fashion. Figure 2(c) illustrates
the strong wave vector-dependent damping coefficient
αeff(k) = |Imωk|/Reωk. Spin waves propagating in the
positive ŷ direction decay much faster than those along
the negative direction, while the damping for positive and
negative kz is the same. According to Fig. 2(d), the cal-
culated damping for kz = 0 in Fig. 2(c) increases with
the thickness of the Cu (YIG) film [64]. The enhance-
ment of the damping saturates for NM thicknesses dN >

1/
√

k2 + 1/λ2, depending on the skin depth (λ ∼ 1.5 μm)
and the wave number 1/k of the electric field. Moreover,
the Kittel mode at k = 0 in Fig. 2(e) is not affected by
the metal at all because the reflection coefficient Rk = −1,
which implies that the dynamics of the FI and metal fully
decouple. Indeed, recent experiments do not find a fre-
quency shift of the FMR by a superconducting overlayer
[69,70]. The additional damping by eddy currents reported
by Ref. [43] is caused by the width of the exciting coplanar
waveguide, a finite-size effect that we do not address here.
The chiral damping of DE modes in Ref. [53] arises from
their mode chirality.

The real part of Rk in Fig. 2(e) causes an in-phase
Oersted magnetic field that chirally shifts the spin-wave
frequencies by as much as approximately 1 GHz, see

(a) (b)

(c) (d)

(e) (f)

FIG. 2. The system responds strongly to a phase difference
between the spin waves and their wave vector-dependent ac elec-
tric stray fields E. ReE causes damping (a) and ImE a frequency
shift (b). Re Ez governs the spin-wave vector dependence of the
chiral damping (c). (d) illustrates the strong ky dependence of
the damping of the lowest standing spin wave for Cu thicknesses
dM = {50, 100, 200, 500} nm. (e) shows the real and imaginary
parts of the reflection coefficient Rk that causes the frequency
shifts plotted in (f).

Fig. 2(f). Reference [71] indeed reports a frequency shift of
perpendicular standing spin-wave modes in Bi-YIG films
in the presence of thin metallic overlayers. The chiral shift
of DE modes by perfect electric conducting metals [52] is
free of damping, different from the NMs discussed here.

The predicted effects differ strongly from those caused
by spin pumping due to the interface exchange coupling
αsp = (�γ /MsdF)Re g↑↓, where g↑↓ is the interfacial spin
mixing conductance [72]. αsp does not depend on the
metal thickness and vanishes like 1/dF . The frequency
shift scales like Im g↑↓/dF and is very small even for
ultrathin magnetic layers. In contrast, the eddy current-
induced damping is nonmonotonic, scaling like ∝ dF when
2kdF � 1, vanishing for much thicker magnetic layers,
and reaching a maximum at dF ∼ 2λ.

e. Unidirectional transmission of wave packets through
a potential barrier. The transmission of a wave packet
impinging from the left or right at a conventional
potential barrier is the same [73]. In the presence of a metal
cap, this does not hold for magnons in thin magnetic films.
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A quantum mechanical formalism is en vogue when
describing non-Hermitian systems since it is conve-
nient to keep track of phases. The equations hold
for classical systems when replacing the operators
by field amplitudes. We illustrate the effect of a
square potential barrier of width d and height u0,
V̂(y) = u0[�(y + d/2)−�(y − d/2)] where �(x) is the
Heaviside step function, on the magnon transmission
along ŷ(⊥ Ms). With incoming 〈y|k0〉 = eik0y , the scat-
tered states |ψs〉 obey the Lippmann-Schwinger formula
|ψs〉 = |k0〉 + (1/i�∂t − Ĥ0 + i0+)V̂|ψs〉 [74], where Ĥ0 =∑

k �ωkm̂†
km̂k is the magnon Hamiltonian and m̂k is the

annihilation operator of magnons with frequency ωk from
Eq. (4a). The transmitted waves read

〈y|ψs〉 =
{

T+(k0)eik0y , {y, k0} > 0
T−(k0)eik0y , {y, k0} < 0

. (5)

In the weak scattering limit |u0d| � |�vk0 |,

T±(k0) = 1 ±
(

i�vk0

u0d
− vk0

2|vk0 |
)−1

≈ 1 ∓ i
u0d
�vk0

, (6)

where vk0 = ∂ωk/∂k|k=k0ŷ is a generalized group velocity
that dissipation renders complex. The imaginary part of the
group velocity and transmission amplitudes depend on the
direction of the incoming wave:

D±(k0) = |T±(k0)|2 ≈ 1 ± 2Im
(
u0d/�vk0

)
. (7)

For example, with u0/� = 30.5 GHz, d = 0.1 µm,
k0 = ±0.8 µm−1, vk0>0 = (2.32 + 0.52i), and vk0<0 =
−(2.64 + 0.16i) km/s lead to D+(k0 > 0) ≈ 0.6 while
D−(k0 < 0) ≈ 0.9, so the NM cap layer asymmetrically
affects the transmission probability.

We numerically address the potential scattering
for a two-dimensional square lattice with m̂i =
(1/

√
N )

∑
k m̂keik·ri , where i labels the sites and N is

the number of sites. The Hamiltonian in the real space
Ĥ0 = ∑

ij tjim̂
†
j m̂i, where tji = (1/N )

∑
k �ωkeik·(rj −ri) is a

hopping amplitude between possibly distant sites i and j
and the summation is over the first Brillouin zone. With
a coarse-grained lattice constant of ay = az = 0.1 µm the
reciprocal lattice vector 2π/ay,z is much larger than the
wave numbers of magnon modes of interest (see the Sup-
plemental Material [64]). When the frequencies ωk are
complex, the Hamiltonian is non-Hermitian, i.e., tji �= t∗ij .
As derived in the Supplemental Material [64], magnons
accumulation at the left boundary of the sample is a
non-Hermitian skin effect [75–78].

For the strong scattering regime with |u0d| � |�vk0 |,
numerical calculations find dramatic effects on the time
evolution of a real-space spin-wave packet as launched,

e.g., by a current pulse in a microwave stripline. We adopt
a Gaussian shape �(r, 0) = e−(r−r0)

2/(2η2)eiq0·r centered at
r0 with a width η � ay,z that envelopes a plane wave
with wave vector q0 and V̂(r) = u0f (r) with either f (|y −
ỹ0| < d) = 1 or f (|z − z̃0| < d) = 1, where ỹ0 and z̃0 are
the center of the barriers, and zero otherwise. According
to Schrödinger’s equation�(r, t) = eiĤ t/��(r, t = 0) with
Ĥ = Ĥ0 + V̂(r). Numerical results in Figs. 3(a) and 3(b)
u0d � |�vk0 | agree with perturbation theory, Eq. (7), in
the weak scattering regime. However, when |�vk0 | � u0d
and |Im(v−k0)| � |Im(vk0)| � |Re(v±k0)| the transmission
and unidirectionality becomes almost perfect. Figures 3(c)
and 3(d) show a nearly unidirectional transmission of
the wave packet through the potential barrier for the DE
configuration q0 ⊥ Ms; it is transparent for spin waves
impinging from the left, but opaque for those from the
right. In the calculations, q0 = q(0)y ŷ with q(0)y = ±5 µm−1

and η = 3 µm � d. The potential barrier is peaked with
d = ay,z = 0.1 µm and its height u0/� = 15 GHz is rel-
atively weak (the regular on-site energy approximately
13 GHz). Also, dM = 100 nm and dF = 100 nm. The
results are insensitive to the detailed parameter values [64].
The red and blue curves are the incident and reflected
wave packets, respectively. When q(0)y < 0, the barrier does
not affect the wave packet that propagates freely through
the potential barrier and accumulates on the left edge
[Fig. 3(c)]. When q(0)y > 0, as shown in Fig. 3(d), the
barrier reflects the wave packet nearly completely, demon-
strating the chiral-damping-enhanced wave transmission.

Since the chiral damping is crucial, its absence in waves
propagating in the ẑ direction must affect the transport over
the barrier. Indeed, our calculations in Figs. 3(e) and 3(f)
find strong reflection for both propagation directions, even
when reducing the barrier height by an order of magnitude
to u0 = 1.5 GHz [64].

f. Discussion and conclusion. We predict anomalous unidi-
rectional spin transport over potential barriers by invoking
the chiral damping. Thereby, chiral damping negates the
conventional wisdom that in the linear transport regime
the transmission of waves (electrons, phonons, photons,
and magnons) through an obstacle is symmetric, i.e., inde-
pendent of the direction of incidence. In this sense, the
damping does not cause harm but has beneficial effects
that improve functionality and enhance mobility. Our pre-
dictions are not limited to magnons, but carry over for
the propagation of all chiral quasiparticles, such as surface
acoustic waves [79,80], microwaves in loaded waveguides
with magnetic insertions [81,82], or chiral waveguides for
light [83,84].
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(a) (b)

(c) (d)

(e) (f)

FIG. 3. Calculated transmissions [(a),(b)] and time evolution
of spin-wave packets in the presence of a potential barrier at the
origin when q0 ⊥ Ms [(c),(d)] and q0 ‖ Ms [(e),(f)], where Ms
and the applied magnetic field are parallel to the sample edge
with θ = 0. The red and blue curves represent, respectively, the
incident and scattered wave packets with propagation directions
indicated by arrows.
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