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Giant enhancement of magnon transport by superconductor Meissner screening
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Recent experiments observe the

spin-wave-Meissner-current modes

in ferromagnetic insulator-

superconductor heterostructures, in which the coherently excited spin waves seemingly do not decay as
usual beneath the superconductor strip [Borst et al., Science 382, 430 (2023)]. We interpret this phenomenon
by demonstrating that the stray magnetic field emitted by the magnetization dynamics is reflected, focused, and
enhanced inside the ferromagnet by the supercurrent induced in the superconductor, such that the group velocity
of spin waves is strongly enhanced. Analytical and numerical calculations based on this model predict that the
coherent transport of magnons is enhanced by close to 500% for yttrium iron garnet capped by superconducting
NbN with a decay length exceeding millimeters. Our finding may augment the performance of magnons in

quantum information and quantum transport processing.

DOL: 10.1103/PhysRevB.110.L.020404

Introduction. Spin waves or their quanta, magnons, are col-
lective excitations of ordered magnetic moments, which can
strongly hybridize with other degrees of freedom for classical
information transduction, quantum information processing,
and long-range pure-spin transport [1-9]. In various magnonic
devices, the intrinsic damping of spin waves is detrimental
to their transport since it limits their possible propagation
length, usually much smaller than photons and phonons. Fer-
rimagnetic insulator yttrium iron garnet (YIG) is currently
the best material for magnon transport due to its record low
damping [10-13], long characteristic decay length of tens
of micrometers [11,13,14], and narrowest known linewidth
of ferromagnetic resonance, resulting in a lifetime of a few
hundred nanoseconds [15,16]. The coherence time must be
pushed to its limits to realize, implement, and assess the quan-
tum states of magnons [8,9,17-22]. Despite these merits, their
dissipation parameters severely limit the appeal of employing
magnons in quantum transport, which appears challenging to
improve further via optimizing crystal quality.

Superconducting devices are instruments implemented
to avoid Ohmic dissipation and employed on purpose in
superconducting spintronics [23-27], quantum information
[17,18,20-22,28-30], and topological computation [31]. Use-
ful ferromagnet and superconductor heterostructures are
pursued to transport spin information without dissipation and
realize new functionalities [23-27,32,33]. Superconductors
with thicknesses comparable to London’s penetration depth
allow penetration of stray field emitted by spin waves, pro-
viding the electromotive force that drives the supercurrent
and, in turn, causes the Ostered field that shifts the spin-
wave frequency by many gigahertz [34—47]. However, the role
of dissipationless supercurrent on magnon transport via this
“gating” effect has not yet been explored in previous theories
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[34—47], raising the question that whether the supercurrent can
“shortcut” the magnon energy flow as in electronics.

Borst et al. recently observed hybridized spin-wave-
Meissner-current modes showing a modulated spin wave-
length in the ferromagnetic insulator (FI)-superconductor
(SC) heterostructures [45]. This experiment also finds that the
coherently excited spin waves seemingly do not decay as usual
beneath the superconductor strip with a significant enhance-
ment of propagation length. It was speculated to be an artifact
that an additional current may be induced in the SC strip when
excited by the nearby microwave antenna [45]. Less attention
was, however, paid to the possible role of the supercurrent on
the magnon transport in the FI-SC heterostructures.

In this Letter, we propose to use SCs for a local and uni-
directional enhancement of magnon transport in thin FI by
its inductive coupling to the Cooper-pair supercurrent as in
Fig. 1. We find that the electromotive force and supercurrent
induced by the stray magnetic fields emitted by the magne-
tization dynamics can reflect, focus, and enhance the stray
field inside the FI, such that the group velocity of spin waves
is significantly enhanced while the net damping is not sup-
pressed. We predict that by changing the temperature across
the superconducting transition temperature (e.g., 5-10 K for
NbN [48-50]), the magnon transport can be unidirectionally
enhanced by up to 450% for YIG film capped by super-
conducting NbN film, rendering a decay length exceeding
millimeters, well beyond the present records [10-14]. Since
quantum transport and quantum information are performed at
cryogenic temperatures, our findings may augment the perfor-
mance of magnons in these fields.

Reflection of magnetization radiation by proximity super-
conductors. Here we analytically calculate the electric and
magnetic fields radiated by the magnetization fluctuation in
the FI-SC heterostructure by solving Maxwell’s equations and
matching the boundary conditions at interfaces between the
FI, SC, and vacuum. The exchange proximity effect between

©2024 American Physical Society
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FIG. 1. Inductive coupling between magnetization dynamics and
Cooper-pair supercurrent in FI-SC heterostructure. An in-plane ex-
ternal magnetic field H, biases My to the Z-direction. Spin waves
propagating normally to the saturated magnetization M, radiate the
electric fields along M.

SCs and FIs can be intentionally suppressed by inserting an
insulator spacer such as Al,O3; [51], leaving the long-range
dipolar interaction unaffected. As shown in Fig. 1, a static
in-plane magnetic field Hy orients the saturated magnetization
M to the Z-direction and the thickness of FI and SC are 2dr
and ds, respectively. For the transverse magnetization fluc-
tuation M, ,(r, 1) = M, ,(x)e®*Pe™ of frequency w with
amplitudes M, , and wave vector k = (0, k,, k;) propagating
in the film plane p = yy + z2Z, M, , is nearly uniform across
the film normal direction (i.e., the X-direction) when the film
is sufficiently thin and the wavelength of spin waves (>>2dF)
is long [10-14,45]. Such magnetic fluctuation radiates the
electric field E(r, ) via the magnetization current Jy(r, ) =
V x M(r, t). According to Maxwell’s equations [52], the ra-
diation obeys dZE(r, 1) + (ki — k*)E(r, t) = —iwpodu(r, 1),
where ko = w. /1080, with o, €0, and &, being the vacuum
permeability, permittivity, and relative dielectric constant, re-
spectively. ko ~ 0.01 um~! is tiny even for large &, ~ 10 for
YIG and w ~ 100 GHz.

The amplitudes iM, = ax M, describe the ellipticity of
spin waves in terms of agx. ax = 1 indicates the circular
polarization, while the magnetic stray field renders ax # 1.
Analyzing the radiated electric fields by a single FI helps to
understand the role of the capped SCs. We find the electric
fields emitted by a single ferromagnetic film

E(O)(l‘, t) = S(O)(x)eik'p_iwt, (1

governed by the amplitudes

M,k a(x), x> dp,
EN = + (T 2 ks k). x| < dr
24 —o (%), x < —dp,

M (Bk — Da(x), x > dp,
£0 = PEOT 1 (5, (k, x) — 2)By + 8k, x), ¥l < dr,
L B 4 Do (x), X < —dp,

where Ay = ,/kG — k2 — ik, ag(x) = " ACHdr) — ol Ac—dr)

Sy(k,x) = e~ A —dr) 4 eiAk(X+dF)’ and By = _iakky/-Ak —
—agky/k. When spin waves propagate normally to Moy,
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FIG. 2. Snapshot of electric-field distribution radiated by the vol-
ume magnetization current when (a) k, > 0, when (b) k, < 0, and
that by the (c) surface magnetization current.

the electric field is linearly polarized along the saturated
magnetization Z-direction since Sf/); vanishes when k, = 0.
Particularly, for circularly polarized spin waves with ax = 1,
Bk ~ —axk,/k = —sgn(k,) depends on the propagation direc-
tion: above (below) the ferromagnetic film, the electric field
exists only when k, > 0 (k, < 0), governed by the attenuation
length |k,|~"!, but vanishes when k, < 0 (k, > 0).

This chiral electric field arises from the interfer-
ence of surface and bulk contributions in the magneti-
zation current Jy(x) =V xM = [6(x +dr) — 6§(x —dr) —
kyIM,z. The volume current —k,M,Z is proportional to the
propagation direction k,, which radiates the electric field E;
decaying away from the surface. The direction k, determines
the direction of E,, as illustrated in Figs. 2(a) and 2(b) for
ky > 0 and k, < 0. On the other hand, the surface current
8(x + dp)M, — 5(x — dr )M, is located at the upper and lower
surfaces flowing in opposite directions, which radiates the
electric field polarized in opposite directions above and below
the magnetic film, as shown in Fig. 2(c). Thereby, the net
electric field, contributed by both the volume and surface
magnetization currents, is suppressed (enhanced) below the
film but is enhanced (suppressed) above the film when &k, > 0
(ky < 0), exhibiting the unidirectionality.

We then demonstrate that the radiated electric (and mag-
netic) field by a single FI is strongly reflected, focused, and
enhanced by the adjacent SCs. Inside the SCs, the electric field
generates both normal current J,, and supercurrent J; [53,54].
The temperature 7 affects them via the superfluid density
ps(T) = p.[1 — (T/T.)*] and normal fluid density p,(T) =
p(T/ T.)* when T < T,. ps + p, equals the electron density
pe. Then the conductivity at low frequencies

_ oD)EE  p(T)e
I~ +1
m, mew

6 (w)

on(T) + leOA%(T)’
where 7 is the relaxation time of electrons and m, is the
electron mass, 0,(T) = p,(T)e*t/m, is the conductivity of
normal fluid and A; (T') = /m,/[wops(T)e?] [55] is London’s
penetration depth. The total electric current J = 6E = J,, +
J, screens the electric field via V2E(r, ) —{—kszE(r, t)=0,
where k; = \/@?uoeo — 1/AL(T)? + iwpoo,(T) is the elec-
tromagnetic wave number in the SC, which is complex
governed by A.(T) and o,,(T). Although the normal fluid is
included in the formalism, it plays a minor role when 7' <
0.95T, since 0,(T) o (T/ T.)* rapidly decays when decreas-
ing the temperature, referring to the Supplemental Material
(SM) for details [56].

The boundary condition governs the reflection and trans-
mission of electric fields at interfaces. The in-plane E;(r, )
is continuous at interfaces [52]. For the normal component
E,, there is no charge accumulation inside SCs at microwave
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frequency, such that V - E(r,#) = 0 in it. On the other hand,
0y E(r,t) is continuous, and thereby, combining with V -
E(r,7) =0, 0,E,(r, t) is continuous at interfaces. Finally, the
current J,(r, 1) + 90 E,(r, t) is continuous at interfaces due
to the charge conservation. Carefully matching the bound-
ary conditions go beyond the previous theoretical treatments
[42,45], by which we obtain the magnetization radiation for
all wave vectors k, referring to the SM for details [56].

Here, we focus on the Damon-Eshbach (DE) configura-
tion with k, = O since these spin waves are modulated most
strongly by SCs and were recently measured [45]. In this
case, as that radiated by a single FI (1) only the electric field
E.7 | My exists, as addressed in Fig. 1. The electric field
emitted by a single FI (1) is reflected by the SC according
to the wave-number-dependent reflection coefficient R; =
(Ax — By)/(Ax + By), where By = \/k? — k? and k = |k, in
the DE configuration, such that inside the FI

E.(r,t) = EQ(r, 1) + ReEC(x, )] =g, e 44 (2)

For a large k > A, !, the electric field rapidly decays within
the decay length k~' < A, such that |A;| ~ |Bi|, implying
vanished reflection Ry ~ (Ax — Ax)/(2A;) — 0, i.e., the SC
hardly affects the spin waves. On the other hand, when k = 0,
|Ax| < |Bi] and Ry ~ —By /By = —1, such that the electric
field is totally reflected by the SC with a w phase shift, re-
sulting in no net supercurrents driven inside the SC, i.e., the
magnon and Cooper-pair supercurrent decouples. However,
the SC modulates the spin waves even for small k since Ry
rapidly departs from —1. The spin waves with k ~ Azl are
most strongly modulated by SCs.

The electric field (2) induces the magnetic field H,(r, 7)
according to Faraday’s Law iwuo[Hy(r, 1) + M(r, )] = V x
E(r, t) [52]. Inside the FI, the magnetic stray field H,(r, 1)
decays with the decay length ~1/|k|, while the attenuation
length ~(k* + 1/A7)~'/% in SCs is much shorter when |k| <
AZ‘. Thereby, even for thin SCs of tens of nanometers, the de-
cay is significant, while it is not equally important in the thin
FI of similar thickness. We thereby take the spatial average for
the stray field in the FI along the normal X-direction:

Hyy = My(Pee™r — 1)

1+ akysgn(ky)

+ RkMyPkefde(l — >

872kdp)

= Ky(ky)M\'y
Hyx = —MPe™ "

1+ a; 'sgn(k,)
2
= Kx(ky)M)m (3)

where the form factor P, = sinh(kdr)/(kdF). As in the elec-
tric field (2), the dipolar field is also expressed as the one
radiated by a single FI superposed by that reflected by the SCs.
When k, =0 or Ry — 0, the influence of the SC vanishes,
and the dipolar field recovers to that of a single FI, which,
however, is enhanced when Ry — —1 assuming a;, ~ 1. The
dimensionless factors «,(k,) < 0 and k.(k,) < O are generally
enhanced in magnitude by the SC. The chirality of the dipolar
field is now clear: for circularly polarized spin waves with
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FIG. 3. Selective enhancement of radiated magnetic field by
proximity SCs with (a) k, = 4 um™" and (b) k, = —4 um~". The blue
dotted curve plots the magnetic field of an isolated FI with thickness
2dr = 100 nm. The red curve illustrates the magnetic field of the
FI-SC heterostructure with SC thickness ds = 300 nm and penetra-
tion depth A, = 80 nm. (c¢), (d) show the SC-FI heterostructure with
twofold rotation symmetry breaking and mirror symmetry.

ar, = 1, [1 + ai sgn(k,)]/2 — 0 and [1 + ak_ylsgn(ky)] /2 —
0 when k, < 0, but becomes unity when k, > 0.

We now illustrate the effect of SCs on the stray field by
comparing it with that of an isolated FI in Figs. 3(a) and
3(b). We take dr = 50 nm, ds = 300 nm, and London’s pen-
etration depth A, =80 nm at 7 = 1.2K ~ 0.17, for NbN
[48-50]. For the spin wave with k, = 4 um~', without gat-
ing its stray field mainly exists above the ferromagnetic film
x > 0 [Fig. 3(a)]. When in proximity to the SC, the magnetic
field at x > O is reflected and decays faster inside the SC,
which is then enhanced inside the ferromagnetic film. By
contrast, when k, = —4 ptm’l, as shown in Fig. 3(b), the
emitted magnetic field without gating mainly exists below the
ferromagnetic film x < 0, thereby is hardly affected by the SC
fabricated at x > 0.

The selective enhancement of stray field is governed by
the general symmetry principle for the system with translation
invariance: as shown in Figs. 3(c) and 3(d) the capped SC
breaks the twofold-rotation symmetry around the saturated
magnetization but retains the mirror symmetry with the mirror
plane normal to the saturated magnetization.

Modulated dispersion, group velocity, lifetime, and el-
lipticity of spin waves. Such selectively enhanced dipolar
field (3) strongly affect the magnetization dynamics. In the
Landau-Lifshitz-Gilbert (LLG) equation d;M = —uoyM x
He + acM/My x 0:M, y is the gyromagnetic ratio, g is
the Gilbert damping constant, and the effective magnetic
field Hesr includes the static field Hy = HyZ, the dipolar field
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FIG. 4. Enhancement of magnon transport in FI by an adjacent
SC in the DE configuration k 1 My. (a)—(c) plot the frequency
shift, enhanced group velocity, and lifetime of magnons when the
temperature 7 = 0.17, compared with that without SC gating. These
modulations by the adjacent SC lead to a significant enhancement
of magnon transport as demonstrated in (d) the dependencies of the
excited frequency €2, (e) characteristic decay length in the space, and
(f) temperatures.

H, (3), and the exchange field He, = oex VZM with the ex-
change stiffness ax. The damping term contributes to an extra
imaginary component in the eigenfrequency, i.e., @x = wg —
iTk. With {M,, My} o e we find the eigenfrequency, in-
verse lifetime, and ellipticity of the collective modes

wlky) = oy [Hi, — tex(ky)Mo] [Hi, — 16, (k)Mo ] (42)
HoYag

I(k,) = [2Hy, — Molka(ky) + ky(ky)]}.  (4b)

atky) = \/ [He, — (k)Mo /[Hi, — 1y (k)Mo],  (4¢)

where Hy, = Hy + aexkao. Equation (4c) provides the self-
consistent equation for solving the ellipticity, with which we
numerically find the dispersion (4a) and inverse lifetime (4b).
When k, > 0, «(k,) < 0 and «,(k,) < O are both enhanced in
magnitude by the adjacent SC, such that both the frequency
(4a) and the inverse lifetime (4b) are enhanced. It is then
unclear whether the transport can be definitely enhanced.

Enhancement of magnon transport. We then turn to calcu-
late the characteristic decay length of the gated spin waves
when excited by an external Oersted magnetic field h(r, ) of
frequency €2, emitted from a long stripline along the saturated
magnetization Z-direction, similar to the configuration in the
experiments [13,45]. It couples with the transverse magneti-
zation via the Zeeman interaction [58] Hiy = — o f M(r) -
h(r, t)dr. According to the linear response theory, the ex-
cited magnetization by the Fourier components hg(x, ky, 2) =
(1/L) [ dye=™Yhg(y), where L is the sample length, of such
field reads

dr
My (x, ky, Q) = po(yh)* / dx' yap(x, X ky, Q)
—dp

x hg(xX', ky, Q), 5

where the spin susceptibility

2M,

o 5 /7 ka - - Mk Mk* / . 6
Xap(x, X', K, w) e @) ,g(X)Q_G)k (6)
Here the normalized amplitude of the modes [59,60]

1 1 i
M= —— — M=—— /a.
W7 N T Wi v P
After summation over the Fourier components, the excited
magnetization in the real space

Ma(y.1) = ) " Mo(ky, 1) = 4iL oy dr Mo
ky

1, :
X MM — 0= hy ko), (7)
ko

where 12y = kg + ikq is the positive root of @(Ey) =, and
vk = dw(k)/dKk is the group velocity of spin waves. A = 1/kq
governs the decay length of excited magnetization.

We find kg, as follows. From the linearized LLG equation

—iwM, + MOVHkyMy = MOVMOKy(ky)My + iaGva’
ioMy + poy Hi, My = oy Mok (ky)My + icgoM,,

the eigenfrequency @(k,) is governed by the characteristic
equation

@*(ky) = [poy (Hy, — Moky(ky)) — id(ky)at ]
x [moy (Hy, — Mok (ky)) — id(k)ag].  (8)
cb(lzy) = Q leads to
@ = [poy (Hy, — Moky(ky)) — iG]
x [0y (Hz, — Mok«(ky)) — iQ06]
= w?(ky) — 2iQT (k) — Q*al
~ w*(ky) — 2iQT(ky), 9)

where the quadratic term Q?ag is disregarded since ag < 1.
The solution k, = kq + ik is a complex number containing
a small imaginary component kq < kg, such that QF(l;y) ~
QI'(kg), and we are allowed to expand w(lEy) to the leading
order as '

w(ky) = w(kq) + vi,ike. (10)
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Substituting Eq. (10) into Eq. (9) and equating the real and
imaginary parts of Eq. (9) lead to Q = w(kq) and ko =
I'(kq)/ vk, So the characteristic decay length

A= 1/kg = vy /T(kq) = vy T (kg) (11)

is simply governed by the group velocity and the magnon
lifetime 7(k) = 1/T'(k).

Figure 4 plots the modulated properties of spin waves by
the adjacent SC in the DE configuration k 1 My. In the
calculation, we take the YIG film of thickness 2dr = 100 nm,
saturated magnetization uoMy = 0.24 T [45,61], exchange
stiffness aex = 3 x 107'°m?, and damping coefficient g =
10~*[15], biased by the in-plane field poHy = 0.05 T. We use
the superconducting NbN of thickness dg = 300 nm and Lon-
don’s penetration depth Ay, = 80 nm at 7T =0.17. = 1.2 K
[48-50]. Comparing the dispersions when 7" = 0.17; and that
in the absence of SCs, Fig. 4(a) shows the magnon dispersion
is strongly shifted upwards only when k, > 0. There is no
frequency shift at the ferromagnetic resonance k, = 0 due to
the total reflection of stray fields by the SC, and the shift
vanishes when the wave vector is large since the exchange
interaction dominates. The frequency shift is then largest
when k, ~ A;!, resulting in the non-monotonic modulation
of the group velocity as in Fig. 4(b): the group velocity is
strongly enhanced (slightly suppressed) when &, € [0, Azl]
(ky 2 AL_I ). Furthermore, the modulation on the magnon life-
time, which is slightly (not) suppressed when k, € [0, Azl]
(ky 2 AZI), is much weaker than that of the group velocity,
as shown in Fig. 4(c).

According to Eq. (11), magnon group velocity and lifetime
jointly govern their characteristic decay length. As plotted in

Fig. 4(e), the decay of the excited magnetization becomes
much slower due to the screening of the stray field by SCs.
Figures 4(d) and 4(f) plot the sharp dependencies of decay
length on excited frequencies 2 and temperatures, in which
we find the SC generally enhances the magnon transport
when the excited wave vector k, < Azl. Particularly, we es-
timate the enhancement for YIG can be as large as 450%,
resulting in the decay length exceeding millimeters at lower
frequencies.

Conclusion and discussion. In conclusion, we develop
the model calculations of the inductive interaction between
magnons and SC supercurrent and predict an efficient ap-
proach to unidirectionally enhance the transport of magnons
in the microwave frequencies even in the best ferrimagnet YIG
via the screening of its dynamical stray field by adjacent SCs.
Such a mechanism is free of charge and spin-orbit-coupling,
which is also suitable for metallic ferromagnets [62] because
of its relatively small conductivity. The frequency of some
antiferromagnets [63,64] also lies in the control window, and
the modulation may be efficient for both two polarized modes.
At room temperature, the associated mechanism relies on the
perfect diamagnetism of conventional SCs for microwaves,
which may be replaceable by other materials with large dia-
magnetic susceptibilities [65,66]. Our finding may stimulate
explorations of magnon on-chip quantum information and
transport in the context of superconducting magnonics.
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