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Antiferromagnetic Resonances in Superconductor-Ferromagnet Multilayers
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In this work, we study the magnetization dynamics in a superconductor-ferromagnet (S-F) thin-film
multilayer. Theoretical considerations supported by broadband ferromagnetic resonance spectroscopy
reveal the development of acoustic and optic resonance modes in S-F multilayers at significantly higher
frequencies in comparison to the Kittel mode of individual F layers. These modes are formed due to anti-
ferromagneticlike interactions between F layers via shared circulating superconducting currents in the S
layers. The gap between resonance modes is determined by the thickness and superconducting penetration
depth in the S layers. Overall, the rich spectrum of S-F multilayers and its tunability may open up wide
prospects for application of these multilayers in magnonics as well as in various superconducting hybrid
systems.
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Introduction.—The hybridization of antagonistic super-
conducting (S) and ferromagnetic (F) orders provides var-
ious opportunities in electronics and spintronics, which
have been repeatedly demonstrated in past decades [1].
Recently, the interest in S-F hybridization has been rein-
forced by demonstrations of its prospects in relation to
the phenomena of magnetization dynamics. In particular,
interactions between the magnetization dynamics and the
superconducting vortex lattice allow to form and guide
the tunable magnonic band structure [2], as well as to
induce exchange spin waves by means of the dc electric
current [3]. Also, interactions between the magnetization
dynamics and superconducting Meissner currents in hybrid
structures modify the spin-wave dispersion [4,5], which
can be used for the creation of magnonic crystals [6] or for
the gating of magnon currents [7]. Remarkably, the low
speed of electromagnetic propagation in superconductor-
insulator-superconductor thin-film structures facilitates the
achievement of ultrastrong photon-to-magnon coupling in
on-chip hybrid devices [8,9], with the aim of achieving
photon-to-magnon entanglement [10].

A new strong phenomenon in S-F hybrid structures has
been reported recently in Refs. [11–13] and investigated
further in Refs. [14,15]. In superconductor-ferromagnet-
superconductor (S-F-S) thin-film structures, in the pres-
ence of electronic interaction between superconducting
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and ferromagnetic layers, a radical increase in the ferro-
magnetic resonance (FMR) frequency occurs. The mech-
anism behind the phenomenon can be viewed qualita-
tively as the coupling of magnetization precession in the
ferromagnetic layer to the kinetic inductance (i.e., the
imaginary conductance) of the superconducting layer at
the interface and the formation of macroscopic alternat-
ing circulating superconducting currents in the opposite
phase to the magnetization precession, which acts as addi-
tional magnetic anisotropy and enhances the resonance
frequency.

In this work, we generalize the problem and consider
the magnetization dynamics in arbitrary S-F multilay-
ers. Coupling between ferromagnetic layers via super-
conducting currents induces antiferromagneticlike inter-
actions between the F layers, which result in acoustic
and optical resonance modes. Theoretical considerations
supported by broadband ferromagnetic resonance spec-
troscopy demonstrate that the spectrum is determined by
the geometrical characteristics of a multilayer as well
as by the superconducting penetration depth in the S
layers.

Theory.—Following Refs. [15–17], the electrodynamics
and magnetization dynamics in S-F multilayers obeys the
conventional Maxwell equations supplemented by Ohm’s
law with imaginary conductance in superconducting layers
and by the Polder susceptibility in ferromagnetic layers.
By neglecting edge effects, the y component of the mag-
netic field as well as the x components of electric field and
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of the current are functions of the transverse coordinate z
only (see Fig. 1). Derivation of the magnetic field in the S
and F layers from the initial Maxwell equations yields the
following general expressions:

H S
y (z) = Ai exp

z
λS

+ Bi exp − z
λS

,

H F
y (z) = Ci exp

z
λF

+ Di exp − z
λF

,
(1)

where the subscript of coefficients, i, specifies the super-
conducting layer or the ferromagnetic layer in the stack,
λS is the superconducting penetration depth, λF = δF�

is the renormalized electromagnetic penetration depth
for the ferromagnetic metal at resonance [15–17], and
δF = √

i/μ0ωσF is the conventional electromagnetic pen-
etration depth into a metal with conductivity σF . For
instance, the conductivity in our permalloy thin films,
estimated at a temperature of about 5 K, σF ≈ 1.5 ×
106 Ohm−1 m−1, corresponds to an electromagnetic pen-
etration depth of δF ≈ 3 µm at a frequency of 10
GHz. The renormalization coefficient � is given by the
expression

�2 = γ 2(H + Ha)(H + Ha + Meff) − ω2

γ 2(H + Ha + Meff)2 − ω2 , (2)

where γ is the gyromagnetic ratio in permalloy, ω is the
microwave frequency, H is the external field (aligned with
the x axis in Fig. 1), Ha is the effective field of the uniaxial
anisotropy aligned with the external field, and Meff = Ms −
2Ku/μ0Ms is the effective magnetization, which accounts
for the out-of-plane uniaxial anisotropy with constant Ku.
Note that in this notation, the conventional Kittel formula
for the ferromagnetic resonance in thin films is provided by
� = 0. Below, the coefficient � will be employed for the
implicit derivation of ferromagnetic resonance frequencies
in S-F multilayers.

At every S-F interface the following boundary condi-
tions are fulfilled:

H S
y = H F

y ,

1
σS

dH S
y

dz
= 1

σF

dH F
y

dz
,

(3)

where σS = i/μ0ωλ2
S is the imaginary conductance in

superconducting layers.
For the S-F-S trilayer, depicted schematically in Fig. 1,

the solution of Eq. (3) together with the natural boundary
conditions at the outer surfaces of the S layers, namely,
H S

y = 0, and in the limit dF � λF , yields the following

FIG. 1. A schematic illustration of the interplay between the ac
magnetic field, the magnetization precession, and the supercon-
ducting currents in an S-F-S trilayer. The ferromagnetic film is
magnetized along the x axis. The magnetization precession ( �M ,
black arrow) at S-F interfaces induces macroscopic supercon-
ducting currents alternating in S layers along the x direction (J S

x ,
blue arrows). These currents form the magnetic field H S

y in the
F layer along the y direction, in opposite phase to the precession
of �M .

expression for ferromagnetic resonance frequency:

�2 = −dF

λS

tanh dS1/λS tanh dS2/λS

tanh dS1/λS + tanh dS2/λS
. (4)

As an example, the black and red curves in Fig. 2 compare
the dependence of the resonance frequency on the mag-
netic field fr(H) in a single F layer and in an S-F-S trilayer,
respectively, with the following thicknesses: dF1 = 50 nm,
dS1 = 150 nm, dS2 = 100 nm, and λS = 100 nm. These
thicknesses correspond to �2 = −0.2 and to the renormal-
ized penetration depth λF ≈ 1.3 µm at 10 GHz, which is
consistent with the presumed limit of dF � λF .

The application of the same derivation approach for the
symmetric S-F-S-F-S multilayer, depicted schematically
in Fig. 3, yields two resonance modes with the in-phase
(acoustic mode) and the antiphase (optic mode) precession
of ferromagnetic layers, respectively,

�2
a = −dF

λS

tanh dSi/λS coth dSe/2λS

tanh dSi/λS + coth dSe/2λS
,

�2
o = −dF

λS

tanh dSi/λS tanh dSe/2λS

tanh dSi/λS + tanh dSe/2λS
,

(5)

where Se denotes external superconducting layers (S1 and
S3 in Fig. 3), Si corresponds to the internal supercon-
ducting layer (S2 in Fig. 3), and the thicknesses of both
ferromagnetic layers are considered equal: dF1 = dF2 =
dF . The blue curves in Fig. 2 show acoustic and optical
resonance curves fr(H) in the multilayer with the same
thicknesses as in a single F layer and in an S-F-S tri-
layer: dF1 = dF2 = dF = 50 nm, dS1 = dS3 = dSe = 150
nm, dSi = 100 nm, and λS = 100 nm.

It should be noted that the acoustic mode [Fig. 3(a)] can
be thought as being formed by the global superconducting
current, which circulates in external superconducting lay-
ers S1 and S3, while the internal superconducting layer S2
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FIG. 2. The theoretical dependencies of the resonance fre-
quency on the magnetic field fr(H) in a conventional F layer
(solid black curve, Kittel formula), an S-F-S trilayer [solid red
curve, Eq. (4)] and a symmetric S-F-S-F-S multilayer [solid and
dashed blue curves, Eq. (5)]. The following parameters are used
for the calculations: γ /2π = 29.5 GHz/T, dF1 = dF2 = 50 nm,
dS1 = dS3 = dSe = 150 nm, dS2 = dSi = 100 nm, λS = 100 nm,
μ0Meff = 1 T, and Ha = 0.

only screens the induced magnetic field in the conventional
manner. In fact, in the limit dSe → ∞, the expression for
�a in Eq. (5) corresponds to Eq. (4) with the substitution
dF → 2dF . The optical mode [Fig. 3(b)] can be thought
as the resonance in the S-F-S trilayer with a reduced thick-
ness of the internal S layer: the expression for �o in Eq. (5)
corresponds to Eq. (4) with the substitution dS2 = dSi/2.
Qualitatively, it can be concluded that the optical mode is
unaffected by the interaction between the F layers, while
the acoustic mode gains energy due to the coupling. Inter-
estingly, this qualitative picture is in direct contradiction
to the magnetization dynamics in exchange-coupled ferro-
magnetic layers [18–22], where regardless of the details of
the exchange interaction, the acoustic mode corresponds
to the magnetization dynamics in noninteracting magnetic
layers. Also, according to Fig. 2 and Eq. (5), the opti-
cal mode is observed at lower frequencies in comparison
to the acoustic mode, which characterizes the coupling
between the ferromagnetic layers via the superconducting
layers as antiferromagnetic. In a way, such an interaction
between ferromagnetic layers via superconducting currents
in adjacent layers is reminiscent of the interaction of flux-
ons in superconductor-insulator Josephson-junction stacks
[23–25].

In the general case, the resonance modes of an arbitrary
S-F multilayer, which consists of N ferromagnetic layers
and N + 1 superconducting layers, can be derived numer-
ically from the set of equations given in Eq. (3) in matrix
form, [M ] × [An, Bn, Cn, Dn]T = 0, by finding frequencies

(a) (b)

FIG. 3. A schematic illustration of the interplay between the
ac magnetic field, the magnetization precession, and the super-
conducting currents in a symmetric S-F-S-F-S multilayer: (a)
acoustic and (b) optical modes are formed.

ωr that obey the expression

det[M (ωr)] = 0. (6)

Experimental details and results.—Experimentally, the
magnetization dynamics in S-F multilayers are studied by
measuring the ferromagnetic resonance absorption spec-
trum using the vector network analyzer (VNA) – ferroma-
gnetic resonance (FMR) approach [26–28] and the same
chip layout and experimental setup as in Refs [13,14].
A series of niobium–permalloy (Py = Fe20Ni80)–niobium
(Nb-Py) multilayered structures are placed directly on top
of the central transmission line of a superconducting Nb
waveguide. The deposition of Nb-Py multilayers is per-
formed in a single vacuum cycle, ensuring electron trans-
parency at the Nb-Py interfaces. A thin Si or AlOx spacing
layer is deposited between the Nb coplanar waveguide and
the multilayers in order to ensure electrical insulation of
the studied samples from the waveguide. Two test samples
have been studied: a sample with two ferromagnetic layers,
that consists of Nb(101 nm)/Py(11 nm)/Nb(41 nm)/Py(11
nm)/Nb(41 nm), referred to as SF2, and a sample with three
ferromagnetic layers, that consists of Nb(101 nm)/Py(11
nm)/Nb(40 nm)/Py(11 nm)/Nb(40 nm)/Py(12 nm)/Nb(41
nm), referred to as SF3. The SF2 sample is made asym-
metric on purpose in order to provide a finite dynamic
susceptibility for the optical mode, which is otherwise
zero and, thus, does not couple to the uniform microwave
magnetic field of the transmission line.

Microwave spectroscopy of the samples was performed
by measuring the transmission characteristics S21(f , H) in
the Oxford Instruments Triton closed-cycle cryostat (base
temperature 1.2 K) equipped with a home-made super-
conducting solenoid. The spectroscopy was performed in
the field range from −0.22 T to 0.22 T, in the frequency
range from 0 up to 20 GHz, and in the temperature range
from 2 to 11 K. The magnetic field was applied in plane
along the direction of the waveguide (see Ref. [14]). The
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FIG. 4. (a)–(c) Differentiated transmission spectra dS21/dH(f , H) for samples (a) SF2 and (b) SF3 at a temperature of 2 K and (c)
for sample SF2 at 8 K. Color codes are provided in the insets. (d),(e) Experimental (symbols) and theoretical (solid curves) resonance
lines for samples (d) SF2 and (e) SF3 at temperatures of 2 K.

spectroscopy at various field sweeps showed no magnetic
hysteresis. The FMR spectra at different temperatures were
analyzed by fitting S21(f ) characteristics at specified H
and T values with the Lorentz curve and, thus, obtain-
ing the dependencies of the resonance frequency on the
magnetic field fr(H).

Figures 4(a)–4(c) demonstrate the essence of the studied
phenomenon: at temperatures below the critical tempera-
ture of Nb, T < Tc, the transmission spectrum for sample
SF2 consists of two spectral lines [Fig. 4(a)] and that for
sample SF3 consists of three spectral lines [Fig. 4(b)]. At
T > Tc [Fig. 4(c)], the FMR spectrum for both samples is
reduced to a single spectral line, which obeys the conven-
tional Kittel formula [Eq. (2), � = 0]. For both samples,
the fit of the FMR curves at T > Tc yields a negligible
anisotropy field μ0Ha ≈ 2 mT, an effective magnetization
μ0Meff ≈ 1.108 T, which is close to typical values of the
saturation magnetization of permalloy, μ0Ms ≈ 1 T, and
no noticeable dependence of Ha and Meff on the tempera-
ture. The temperature dependencies of the FMR spectra for
both samples yield superconducting critical temperatures
of Tc = 7.7 K for sample SF2 and Tc = 7.9 K for sample
SF3. The critical temperature of the Nb layers is reduced in
comparison to the bulk critical temperature of Nb, Tc ≈ 9
K, due to the inverse-proximity effect [29].

At T < Tc [Figs. 4(a) and 4(b)], the FMR spectrum
shifts to higher frequencies and splits into spectral lines
in accordance with the number of F layers in the stack.
The strongest line, the acoustic mode, is observed at
the highest frequencies, while the weaker lines at lower

frequencies correspond to optical modes. The resonance
lines were modeled with Eq. (6), using λS as the fitting
parameter [see Figs. 4(d) and 4(e)]. The optimum fit is
obtained with λS = 115 nm for sample SF2 and λS = 98
nm for sample SF3. The obtained λS is slightly higher than
typical values in bulk Nb (about 80 nm) due to the inverse-
proximity effect [15,29]. A better fit could be obtained
by considering a variation of λS in different S layers.
Thus, the provided theoretical description of the magneti-
zation dynamics phenomenon in arbitrary S-F multilayers
is verified.

Conclusions.—To summarize, we report a study of the
magnetization dynamics in S-F multilayers. Theoretical
considerations supported by experiments over wide fre-
quency, field, and temperature ranges show that the cou-
pling between the ferromagnetic layers via the supercon-
ducting layers results in the formation of an antiferromag-
netic interaction between the F layers, with a strength that
depends on the thickness and superconducting properties
of the S layers. This interaction between ferromagnetic
layers is formed via superconducting currents and results
in the formation of acoustic and optical spectral branches.
These results may open up wide prospects for the appli-
cation of S-F multilayers in magnonics and may also
bridge magnetization dynamics phenomena with various
superconducting circuits [30–32], hybrid devices [8,9],
and metamaterials [33]—and, moreover, the resonance
properties of S-F multilayers by changing the
superconducting state of S layers optically [15,34,35] or
via electric currents.
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