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In this work, magnetization dynamics is studied in superconductor-ferromagnet-superconductor threelayered ﬁlms in a wide frequency, ﬁeld, and temperature ranges using the broad-band ferromagnetic
resonance measurement technique. It is shown that in the presence of both superconducting layers and
of superconducting proximity at both superconductor-ferromagnet interfaces a massive shift of the ferromagnetic resonance to higher frequencies emerges. The phenomenon is robust and essentially long-range:
it has been observed for a set of samples with the thickness of ferromagnetic layer in the range from tens up
to hundreds of nanometers. The resonance frequency shift is characterized by proximity-induced magnetic
anisotropies: by the positive in-plane uniaxial anisotropy and by the drop of magnetization. The shift and
the corresponding uniaxial anisotropy grow with the thickness of the ferromagnetic layer. For instance,
the anisotropy reaches 0.27 T in experiment for a sample with a 350-nm-thick ferromagnetic layer, and
about 0.4 T in predictions, which makes it a ferromagnetic ﬁlm structure with the highest anisotropy
and the highest natural resonance frequency ever reported. Various scenarios for the superconductivityinduced magnetic anisotropy are discussed. As a result, the origin of the phenomenon remains unclear.
Application of the proximity-induced anisotropies in superconducting magnonics is proposed as a way for
manipulations with a spin-wave spectrum.
DOI: 10.1103/PhysRevApplied.14.024086

I. INTRODUCTION
The last two decades can be associated with a
remarkable progress in areas of spin condensed-matter
physics, namely, in spintronics [1,2] and magnonics [3,
4]. Developments in spin physics have also advanced
research in superconducting systems: by hybridizing
superconducting and ferromagnetic orders intriguing
physics emerges and new device functionality can be
achieved, which is inaccessible in conventional systems. Thus, superconducting spintronics [5] can be
*
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viewed as a way for manipulation with spin states
employing an interplay between ferromagnetic and
superconducting spin orders. A long list of examples
includes superconductor-ferromagnet-superconductor (SF-S) Josephson junctions [6] that can be employed
as phase π shifters [7] and memory elements [8,9],
F-S-F–based spin valves [10], and more complex
long-range spin-triplet superconducting systems [11–
14]. Superconducting spintronics necessarily involves the
superconducting proximity [15] between ferromagnetic
and superconducting subsystems. On the other hand,
superconducting magnonics can be viewed as manipulation with eigenstates of collective spin excitations via their
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interaction with a superconducting subsystem [16–18]. In
contrast to superconducting spintronics, in superconducting magnonics the proximity eﬀect appears to be undesirable due to a possible suppression of fundamental characteristics of superconducting subsystem and consequently,
degradation of the magnonic spectrum [19].
Recently, a qualitatively new manifestation of superconductor-ferromagnet hybridization has been reported,
which in a way merges both areas the superconducting spintronics and the superconducting magnonics. In
Refs. [20] and [21] a drastic increase of the ferromagnetic resonance frequency has been observed in
superconductor-ferromagnet-superconductor three layers
in the presence of superconducting proximity between
superconducting and ferromagnetic layers. The origin of
the phenomenon remains unclear. Possible explanations
that have been proposed so far are attributed to incorporation of the spin-triplet superconducting pairing mechanism
[20] or to an interplay of magnetization dynamics with
the vortex and Meissner state of superconducting layers [21]. No convincing explanation has been provided
so far.
In this paper, we report a detailed experimental study
of the eﬀect of superconducting proximity in S-F-S heterostructures on magnetization dynamics in the F layer.
Experiments are performed using a broad-band ferromagnetic resonance (FMR) measurement technique in magnetic ﬁeld, frequency, and temperature domains. This
work is organized as follows. Section II gives experimental details. Section III provides experimental results:
microwave ferromagnetic resonance absorption spectra at
ﬁeld-frequency domain at diﬀerent temperatures and their
quantitative analysis. For a complete picture, we also suggest to review previous research studies on similar systems
(see Refs. [20–22]). Section IV is devoted to discussion
of experimental results where we state that the eﬀect
of superconducting proximity in S-F-S systems can not
be explained employing concepts of the superconducting
Meissner screening or of the vortex phase. While the origin of the phenomena remains unclear at this stage, the
authors suspect a contribution of spin-triplet superconductivity. Section V demonstrates capabilities of the eﬀect for
manipulation of the spin-wave spectrum in S-F-S–based
continuous ﬁlms and magnonic crystals.

FIG. 1. Schematic illustration of the investigated chip sample.
A series of S-F-S ﬁlm rectangles is placed directly on top of the
central transmission line of the coplanar waveguide. Magnetic
ﬁeld H is applied in-plane along the x axis.

Si/SiOx substrate using magnetron sputtering of Nb, optical lithography, and plasma-chemical etching techniques.
A series of niobium-permalloy(Py = Fe20 Ni80 )-niobium
(Nb-Py-Nb) ﬁlm structures with lateral dimensions X ×
Y = 50 × 140 μm and spacing of 25 μm along the x axis
is placed directly on top of the central transmission line
of the waveguide using optical lithography, magnetron
sputtering, and the lift-oﬀ technique. Importantly, deposition of Nb-Py-Nb three layers is performed in a single
vacuum cycle ensuring an electron-transparent metallic
Nb/Py interface. A 20-nm-thick Si spacing is deposited
between Nb coplanar and Nb-Py-Nb three layers in order
to ensure electrical insulation of the studied samples from
the waveguide. Five diﬀerent samples are fabricated and
measured with diﬀerent thicknesses of superconducting (S)
and ferromagnetic (F) layers (see Table I). One of samples
is fabricated with an additional insulating (I ) layer at one
of S-F interfaces.
The experimental chip is installed in a copper sample
holder and wire bonded to printed circuit board with sub
miniature push-on rf connectors. A thermometer and a
heater are attached directly to the holder for precise temperature control. The holder is placed in a superconducting
solenoid inside a closed-cycle cryostat (Oxford Instruments Triton, base temperature 1.2 K). Magnetic ﬁeld is
applied in plane along the direction of the waveguide. The
response of experimental samples is studied by analyzing the transmitted microwave signal S21 ( f , H ) with the

II. EXPERIMENTAL DETAILS
Magnetization dynamics is studied by measuring the
ferromagnetic resonance absorption spectrum using the
vector network analyzer (VNA) FMR approach [23–25].
A schematic illustration of the investigated chip sample
is shown in Fig. 1. The chip consists of 150-nm-thick
superconducting niobium (Nb) coplanar waveguide with
50-Ohm impedance and 82-150-82 μm center-gap-center
dimensions. The waveguide is fabricated on top of the

TABLE I.
Sample ID
S1
S2
S3
S4
S5
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Layer thicknesses (nm) of studied samples.
S(Nb)

F(Py)

I (AlOx )

S(Nb)

110
110
85
140
110

19
19
22
45
350

0
0
10
0
0

110
7
115
140
110
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VNA Rohde & Schwarz ZVB20. For exclusion of parasitic background resonance modes from consideration,
all measured spectra S21 ( f , H ) are ﬁrst normalized with
S21 (f ) at μ0 H = 0.3 T, and then diﬀerentiated numerically
in respect to H . The response of experimental samples is
studied in the ﬁeld range from −0.22 to 0.22 T, in the frequency range from 0 up to 18 GHz, and in the temperature
range from 1.7 to 11 K. In this work, the dependence of
the FMR frequency on magnetic ﬁeld is addressed; insufﬁcient signal-to-noise ratio and the presence of parasitic
background resonance modes do not allow implementation
of the FMR linewidth analysis.
III. EXPERIMENTAL RESULTS:
FERROMAGNETIC RESONANCE IN
PROXIMITY-COUPLED S-F-S SYSTEMS
Figure 2 illustrates the studied phenomenon using the
S(Nb)-F(Py)-S(Nb) sample with 110-nm-thick Nb layers
and 19-nm-thick Py layer. This sample is referred to as S1.
Thickness of the Py layer is selected for a direct comparison of the obtained results with previous research studies
[20,21]. Figures 2(a) and 2(b) show FMR absorption spectra dS21 ( f , H )/dH at T = 2 K (a), which is far below
the superconducting critical temperature Tc of Nb, and at
T = 9 K (b), which corresponds to Tc . Both spectra contain
a single ﬁeld-dependent spectral line, i.e., the FMR absorption line. FMR absorption spectra at diﬀerent temperatures
have been ﬁtted with the Lorentz curve and the dependencies of the resonance frequency on magnetic ﬁeld fr (H )
have been extracted. Figure 2(c) collects resonance curves
fr (H ) that are measured at diﬀerent temperatures. Basically, Fig. 2 demonstrates the essence of the phenomenon:
it shows that upon decreasing the temperature below Tc the
resonance curve fr (H ) shifts gradually to higher frequencies. For instance, upon decreasing the temperature the
(a)
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frequency of the natural FMR fr (H = 0) increases from
about 0.5 GHz at T ≥ 9 K to about 8.5 GHz at T = 1.7 K.
FMR curves fr (H ) in Fig. 2(c) follow the typical Kittel dependence for thin in-plane-magnetized ferromagnetic
ﬁlms at in-plane magnetic ﬁeld:
(2π fr /μ0 γ )2 = (H + Ha ) (H + Ha + Meﬀ ) ,

(1)

where μ0 is the vacuum permeability, γ = 1.856 × 1011
Hz/T is the gyromagnetic ratio for permalloy, Ha is the uniaxial anisotropy ﬁeld that is aligned with the external ﬁeld,
and Meﬀ = Ms + Ma is the eﬀective saturation magnetization, which includes the saturation magnetization Ms and
the out-of-plane anisotropy ﬁeld Ma . The ﬁt of FMR curves
in Fig. 2(c) with Eq. (1) yields the dependence of superconducting proximity-induced anisotropy ﬁeld Ha and of
eﬀective magnetization Meﬀ on temperature given in Fig.
3 with black squares.Any changes in anisotropies Ha and
Ma = Meﬀ − Ms at T < Tc can be attributed to the eﬀect of
superconductivity on magnetization dynamics.
Figure 3 shows that at T > Tc the anisotropy ﬁeld is
negligible μ0 Ha ∼ −2 × 10−4 T and the eﬀective magnetization is μ0 Meﬀ ≈ 1.1 T. These parameters are typical for
permalloy thin ﬁlms. Also, at T > Tc no dependence of Ha
and Meﬀ on temperature is observed. At T < Tc upon cooling the anisotropy ﬁeld Ha increases gradually and reaches
μ0 Ha ≈ 78 mT at T = 2 K. This value is well consistent
with previous studies on samples with the same thickness of Py layer [20,21]. The dependence Ha (T) can be
characterized by ﬁtting it with the following expression:
Ha = Ha0 [1 − (T/Tc )p ] ,

(2)

where Ha0 is the eﬀective anisotropy ﬁeld at zero temperature, Tc is the critical temperature, and p is a free exponent
parameter. The ﬁt of Ha (T) with Eq. (2) is shown in

(b)

(c)

FIG. 2. (a),(b) FMR absorption spectra dS21 ( f , H )/dH for S1 sample measured at T = 2 K < Tc (a) and T = 9 K ≈ Tc (b). The
grayscale is coded in absolute units. (c) Dependencies of the FMR frequency on magnetic ﬁeld fr (H ) at diﬀerent temperatures for S1
sample.
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FIG. 3. Dependence
of
the
anisotropy ﬁeld Ha (a) and eﬀective
magnetization Meﬀ (b) on temperature. Black square dots correspond to
the S1 S-F-S sample, red circular dots
correspond to the S2 S-F-s sample,
and blue diamond dots correspond to
the S3 S-F-I -S sample. Green curve
in (a) is the ﬁt of Ha (T) with Eq. (2),
which yields the following parameters: μ0 Ha0 = 77 mT, Tc = 9.0 K,
p = 3.7.

(b)

Fig. 3(a) with green curve and yields the zero-temperature
anisotropy μ0 Ha0 = 77 mT.
Importantly, the eﬀective magnetization also demonstrates a temperature dependence: upon cooling μ0 Meﬀ
drops by about 70 mT. Such an eﬀect was has not been
obtained in previous studies [20,21] due to instrumental
limitations. The drop −Meﬀ and the uniaxial anisotropy
ﬁeld Ha at 2 K are roughly equal. Thus, we state that superconductivity in S-F-S structure aﬀects the magnetization
dynamics by inducing positive in-plane anisotropy and by
the drop of eﬀective magnetization.
As the next step, following Ref. [20], we conﬁrm that
both superconducting layers are required for development
of the eﬀect of superconducting proximity on magnetization dynamics, and that electrical conductivity, i.e.,
the proximity, also is required to take place at both S-F
interfaces. The following S(Nb)-F(Py)-s (Nb ) sample is
studied with 110-nm-thick S(Nb) layer, 19-nm-thick Py
layer, which are similar to the S1 sample, and the thin 7nm-thick s (Nb ) layer. This sample is referred to as S2
(see Table I). The upper s (Nb ) layer of the S2 sample is
argued to be nonsuperconducting due to its small thickness, below the superconducting coherence length and the
London penetration depth, and due to the action of the
inverse proximity eﬀect. Yet, the upper layer is expected to
reproduce the microstructure of the upper Nb-Py interface.
Basically, the S2 sample represents the S1 S-F-S sample
with a removed superconducting layer. FMR absorption
spectra of the S2 sample show no noticeable temperature dependence, which is consistent with previous studies
[20], and practically match with the spectrum of the S1
sample at T  Tc [Fig. 2(b)]. Fitting procedures of FMR
spectra and of resonance curves for the S2 sample yield
Ha (T) and Meﬀ (T) dependencies that are shown in Fig. 3
with red circular dots. The anisotropy ﬁeld Ha (T) in Fig.
3(a) is negligible, it varies in the range from −5 × 10−4
T to −3 × 10−4 T and shows no dependence on temperature. The eﬀective magnetization curve Meﬀ (T), being at

μ0 Meﬀ ≈ 1.072 T at T > Tc , shows a minor increase by
μ0 Meﬀ ≈ 3 mT upon decreasing temperature and crossing Tc . Note that variation of Meﬀ with temperature for the
S2 sample is opposite to one for the S1 sample.
Next, the following S(Nb)-F(Py)-I (AlOx )-S(Nb) sample is studied with thicknesses of Nb and Py layers similar
to S1 and S2 samples, and additional insulating layer at
one of the S-F interfaces. The sample is refereed to as
S3 (see Table I). Basically, the S3 sample represents the
S1 S-F-S sample with suppressed conductivity at one of
the S-F interfaces. FMR absorption spectra of the S3 sample shows no noticeable temperature dependence, which is
consistent with previous studies [20]. Blue diamond dots
in Fig. 3 show Ha (T) and Meﬀ (T) dependencies for the S3
sample. The anisotropy ﬁeld Ha (T) in Fig. 3(a) is negligible, though it is slightly higher than the one for S1 and
S2 samples. It varies in the range from 3 to 5 mT and
shows insigniﬁcant dependence on temperature. The eﬀective magnetization curve Meﬀ (T), varies in the range from
1.1 up to 1.2 T and shows a minor drop by μ0 Meﬀ ≈ 10
mT in the vicinity to Tc . Therefore, with S2 and S3 samples
we conﬁrm that both superconducting layers are required
for development of the eﬀect of superconducting proximity on magnetization dynamics and that superconducting
proximity is required to take place at both S-F interfaces.
As a crucial step, the dependence of the phenomenon
on the thickness of the F layer is revealed. Figure
4 demonstrates this dependence with adiﬀerent S(Nb)F(Py)-S(Nb) sample with 140-nm-thick Nb layers and
45-nm-thick Py layer. This sample is referred to as S4
(see Table I). It should be admitted that nonstrict adherence to technological routine during fabrication of the
waveguide for the S4 sample leads to reduced signalto-noise ratio for the S21 signal, which does not allow
the FMR line to be resolved at the temperature range
from about 8.5 to 9 K in the vicinity to Tc of Nb
CPW. Figure 4(a) collects resonance curves fr (H ) that are
measured at diﬀerent temperatures. It shows that upon
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FIG. 4. (a) Dependencies of the FMR frequency on magnetic ﬁeld fr (H ) at diﬀerent temperatures for the S4 sample. (b),(c) Dependence of the anisotropy ﬁeld Ha (b) and eﬀective magnetization (c) on temperature. The data in (b),(c) that is shown with black square
dots is obtained by ﬁtting fr (H ) in the entire ﬁeld range from 0 up to 200 mT. The data in (b),(c) that is shown with red circular dots
is obtained by ﬁtting fr (H ) in the cutoﬀ ﬁeld range from 0 up to 90 mT. Error bars in (c) show the 95% conﬁdence interval of the
optimized parameter Meﬀ in Eq. (1). Green curve in (b) shows the ﬁt of Ha (T), which is obtained using the cutoﬀ ﬁeld range, with Eq.
(2), which yields the following parameters: μ0 Ha0 = 196 mT, Tc = 9.0 K, p = 7.7.

decreasing the temperature below Tc the resonance curve
fr (H ) shifts gradually to higher frequencies following
the same trend as for the S1 sample. Comparison of
Fig. 4(a) with Fig. 2(a) immediately indicates that the
eﬀect of the superconducting proximity in S-F-S systems
on magnetization dynamics is substantially stronger for
the thicker S4 sample: upon decreasing the temperature
the frequency of the natural FMR increases from about
1 GHz at T = 10 K up to about 14.5 GHz at T = 3 K. In
other terms, by increasing the thickness of the F layer by
a factor of 2.3 the enhancement of the natural FMR frequency of the S-F-S sample in superconducting state at
T  Tc increases by a factor of 1.6.
The ﬁt of FMR curves in Fig. 4(a) with Eq. (1) yields
the dependence of superconducting proximity-induced
anisotropy ﬁelds Ha and Meﬀ on temperature that are given
in Figs. 4(b) and 4(c) with black squares. Figure 4(b) shows
that at T > Tc the anisotropy ﬁeld is negligible as in the
case of S1, S2, and S3 samples. At T < Tc upon cooling the anisotropy ﬁeld Ha increases gradually and reaches
μ0 Ha ≈ 200 mT at T = 2 K.
The temperature dependence of the eﬀective magnetization Meﬀ (T) given in Fig. 4(c) is more complex and is qualitatively diﬀerent from the one for the S1 sample. Upon
cooling μ0 Meﬀ ﬁrst drops from 1.2 T at T > Tc to about
0.6 T at T  Tc and then increases gradually up to about
1.03 T at T = 2 K. We suggest that such a temperature
dependence can be partially explained by ﬁeld-frequency
dependence of proximity-induced parameters. Indeed, in
general, superconductivity can be suppressed by enhanced
ﬁeld, frequency of microwave radiation, or temperature.
Such a suppression is expected to reduce the eﬀect of the

superconducting proximity eﬀect on FMR, which implies
smaller changes in Ha and Meﬀ as compared to ideal superconductivity. At ﬁxed T < Tc superconductivity can be
suppressed are at the upper ﬁeld-frequency section of a resonance absorption spectrum S21 ( f , H ). This phenomenon
can be illustrated by ﬁtting of FMR curves in Fig. 4(a) with
Eq. (1) in the limited ﬁeld range. Red circular dots in Figs.
4(b) and 4(c) show temperature dependencies of Ha and
Meﬀ obtained by ﬁtting only part of the FMR curves at
μ0 H < 90 mT. Figure 4(c) shows that the drop of Meﬀ at
T  Tc is signiﬁcantly reduced: upon cooling μ0 Meﬀ ﬁrst
drops from 1.2 T at T > Tc to about 0.8 T at T  Tc and
then increases gradually up to about 1.03 T at T = 2 K.
Green curve in Fig. 4(b) shows the ﬁt of Ha (T), which
is obtained using the cutoﬀ ﬁeld range, with Eq. (2). The
ﬁt yields the zero-temperature anisotropy μ0 Ha0 = 196
mT. Overall, the drop −Meﬀ and the induced Ha at 2
K are roughly equal as in the case of the S1 sample: the
anisotropy ﬁeld μ0 Ha0 = 196 mT while the drop of the
eﬀective magnetization μ0 Meﬀ ≈ −170 mT.
Importantly, FMR parameters of the S1 sample, Ha (T)
and Meﬀ (T) in Fig. 3, are mostly unchanged when obtained
using the same limited range of magnetic ﬁelds μ0 H < 90
mT. This fact can be explained by frequency dependence
of proximity-induced anisotropy ﬁelds. Indeed, resonance
frequencies for the S1 sample are typically by a factor of
2 lower than for the S4 sample. Therefore, the superconducting state of S layers in the S1 sample is less aﬀected
by microwave radiation than in the S4 sample.
Figure 5 demonstrates the eﬀect of the superconducting
proximity in S-F-S systems on magnetization dynamics
for a diﬀerent S(Nb)-F(Py)-S(Nb) sample with a radically
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FIG. 5. (a) Dependencies of the FMR
frequency on magnetic ﬁeld fr (H ) at different temperatures for the S5 sample. (b)
Dependence of the anisotropy ﬁeld Ha on
temperature. Green curve in (b) shows the
ﬁt of Ha (T) with Eq. (2), which yields the
following parameters: μ0 Ha0 = 375 mT,
Tc = 8.74 K, p = 13.9.

(b)

Fit

thicker 350-nm-thick Py layer. This sample is referred
to as S5 (see Table I). Figure 5(a) collects resonance
curves fr (H ) that are measured at diﬀerent temperatures; it
shows that upon decreasing the temperature below Tc the
resonance curve fr (H ) shifts gradually to higher frequencies following the same trend as for S1 and S4 samples.
However, the enhancement of the FMR frequency upon
decreasing temperature at T < Tc is so intense that the
FMR curve approaches the instrumental frequency band
limit already at T ∼ 8 K [note the temperature range in
the legend of Fig. 5(a)]. Comparison of Fig. 5(a) with
Figs. 2(a) and 4(a) conﬁrms that the eﬀect of the superconducting proximity in S-F-S systems on magnetization
dynamics enhances with growing thickness of the F layer.
Upon decreasing the temperature the frequency of the natural FMR of the S5 sample increases from about 1 GHz at
T > Tc up to about 17 GHz already at T = 8 K. Proximity to the superconducting critical temperature, insuﬃcient
signal-to-noise ratio, parasitic box modes, did not allow
to ﬁt resonance curves considering both Ha and Meﬀ in
Eq. (1) as ﬁtting parameters. Therefore, the ﬁtting routine is modiﬁed for the S5 sample as follows. First, fr (H )
curves are ﬁtted at T > Tc with Eq. (1). The ﬁt yields
μ0 Meﬀ ≈ 1.076 T and μ0 Ha ∼ 1 mT. Next, fr (H ) curves
at T < Tc are ﬁtted with Eq. (1) considering magnetization ﬁxed at μ0 Meﬀ = 1.076 T and considering Ha as the
only ﬁtting parameter. The dependence Ha (T) is given
in Fig. 5(b) with black squares. It shows that the eﬀective anisotropy ﬁeld reaches μ0 Ha ≈ 0.27 T at 8 K. Note
that by ﬁxing Meﬀ the so-obtained anisotropy ﬁeld Ha is
expected to be underestimated since according to Meﬀ (T)
dependencies for S1 and S4 samples Meﬀ should actually
drop at T < Tc . Green curve in Fig. 5(b) shows the ﬁt of
Ha (T) with Eq. (2). The ﬁt yields the extrapolated zerotemperature anisotropy μ0 Ha0 = 375 mT, which is also
expected to be underestimated.
Summarizing experiential ﬁndings, superconductivity
in S-F-S three layers shifts the FMR to higher frequencies. The shift can be quantiﬁed by the proximity-induced

positive in-plane anisotropy Ha and by a drop of eﬀective magnetization Meﬀ . Both Ha and the drop of Meﬀ are
roughly equal and are ﬁeld, frequency, and temperature
dependent. The phenomenon requires both superconducting layers of S-F-S and the presence of superconducting
proximity at both S-F interfaces. The phenomenon shows
a dependence on the thickness of the F layer: for thicker
F layer the shift of the FMR frequency is substantially
stronger.
In addition, it should be noted that (i) no dependence
of the FMR spectrum on the input power is observed
in the range of input power from −15 to 0 dB; (ii) all
measured spectra for all samples are ﬁeld reversible; and
(iii) no dependence of the FMR linewidth on experimental parameters can be noted owing partially to insuﬃcient
signal-to-noise ratio. As a ﬁnal remark it should be noted
that, technically, samples S4 and S5 demonstrate the highest natural FMR frequencies and corresponding in-plane
anisotropies for in-plane magnetized ferromagnetic ﬁlm
systems ever reported (see, for instance, Ref. [26] for
comparison).
IV. DISCUSSIONS: POSSIBLE ORIGIN OF
PROXIMITY-INDUCED ANISOTROPIES IN S-F-S
SYSTEMS
A natural initial guess for the origin of the eﬀect of
superconducting proximity in S-F-S systems on magnetization dynamics is the Meissner screening of external
ﬁeld, the so-called lensing eﬀect [18,27]. For instance, one
could employ ﬂuxometric or magnetometric demagnetizing factors [28,29] of the system for estimation of a hypothetical diamagnetic moment in Nb layers that induces
magnetostatic ﬁeld Ha . However, this estimation is not
required since the following set of unfulﬁlled conditions
points towards irrelevance of the lensing eﬀect in discussed
experiments. (i) In the case of the lensing eﬀect the induced
Ha is not a constant but a ﬁeld-dependent quantity [18].
(ii) In the case of the lensing eﬀect the induced Ha should
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decrease with increasing thickness of the F layer. (iii)
The lensing eﬀect should hold for S-F-I -S structure (S3
sample) and should be only halved for S-F structure (S2
sample). (iv) The ﬁeld that is induced by the lensing eﬀect
can not exceed the ﬁrst critical ﬁeld, which in Nb is about
100 mT [see values of Ha in Figs. 4(b) and 5(b)]. None
of the above hypothetical eﬀects takes place. In addition,
consideration of the lensing eﬀect does not clarify the possible origin of the drop of magnetization Meﬀ at T < Tc
in Figs. 3(b) and 4(c).
In fact, S-F (S2) and S-F-I -S (S3) structures may
evidence the eﬀect of Meissner screening on precessing
magnetization in thin-ﬁlm geometry. Meissner screening
is expected to show itself in the absence of the in-plane
anisotropy and in the presence of small negative out-ofplane uniaxial anisotropy. The later might be indicated by
a small variation of Meﬀ at T ∼ Tc in Figs. 3(c) and 4(c).
The next hypothetical candidate for impact on the magnetostatic state of the F layer is the vortex phase. The
following set of unfulﬁlled conditions evidence that the
vortex phase can not have any eﬀect on magnetization
dynamics. (i) The eﬀect of the vortex phase should hold for
S-F-I -S structure (S3 sample). (ii) Presence of the vortex
phase that is induced by the external magnetic ﬁeld should,
in the ﬁrst place, lead to hysteresis in the absorption spectrum due to pinning [30]. (ii) The density of a vortex
phase that is induced by the external ﬁeld is expected to be
ﬁeld dependent leading to ﬁeld dependence of hypothetical vortex-phase-induced anisotropies. (iii) Presence of the
vortex phase in superconducting thin ﬁlms induces only
insigniﬁcant total magnetic moments and corresponding
stray ﬁelds. In addition, low expected density and arbitrary
nature of the out-of-plane vortex phase unfavor its possible
contribution.
Mechanisms that are considered above are limited
to magnetostatic interactions between F and S subsystems. Alternative explanations imply electronic correlations between superconducting and ferromagnetic
subsystems. For instance, in Refs. [31–33] the electromagnetic proximity eﬀect and spin polarization in planar
superconductor-ferromagnet structures are discussed. The
electromagnetic proximity eﬀect implies the presence of
the superconducting condensate in the ferromagnetic layer
and induction of screening currents in the S-F system as
a response on magnetic moment [34] rather than on magnetic ﬁeld. While, in general, the electromagnetic proximity eﬀect is diamagnetic and induces magnetic ﬁeld that
counteracts the magnetization, at certain thicknesses of the
F layer the so-called paramagnetic electromagnetic proximity eﬀect can take place, which induces magnetic ﬁeld
along the magnetization [31]. However, large thickness of
F layers in our experiments of 20, 40, and 350 nm in comparison to the typical electron correlation length of singlet
pairs in ferromagnets [35–37] ξF ∼ 1 nm, and predicted
oscillating behavior of the sign of induced ﬁeld with the
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thickness of the F layer rule out contribution of the electromagnetic proximity eﬀect on magnetization dynamics in
considered S-F-S systems.
Also, one can rule out possible contribution of the spininverse proximity eﬀect or the so-called spin screening
[38,39]. The spin screening considers accumulation of
spins with polarization opposite to F magnetization in a
thin layer of the S subsystem of the order of the coherence length in vicinity to the S-F interface. Such a spin
orientation can possibly produce stray ﬁelds of a required
direction along magnetization in the F layer. Yet, owing
to thin-ﬁlm geometry and small demagnetizing factors
[28,29] of the system an implausibly large magnetization
of the spin-polarized area is required for induction of the
observed Ha , which is far above superconducting critical
ﬁelds.
Another possible explanation for the eﬀect of superconducting proximity in S-F-S systems on magnetization
dynamics is provided in the very ﬁrst report of the eﬀect.
In Ref. [20] it is proposed that the eﬀective anisotropy
ﬁeld is produced due to interaction of magnetization with
spin-polarized spin-triplet superconducting electrons via
the spin-transfer-torque mechanism [40–43]. This mechanism requires the presence of spin-triplet superconducting
pairs as a necessary ingredient. In particular, the eﬀect
of spin-triplet superconducting condensate in proximized
ferromagnetic layers on the magnetic anisotropies was
reported in Refs. [44] and [45]. In Ref. [20] it is proposed
that the spin-triplet superconductivity is induced by the
dynamically precessing magnetization in accordance with
the Ref. [46]. However, such a mechanism requires large
frequency of magnetization precession that should be comparable to the depairing frequency and is inconsistent with
the frequency range of reported results.
Thus, we state that at this stage even a qualitative explanation of the eﬀect of superconducting proximity in S-F-S
systems on magnetization dynamics is unavailable. Yet,
the long-range nature of the phenomenon and the mandatory S-F-S symmetry of the phenomenon are signatures for
a role of spin-triplet superconductivity [35].
V. PROSPECTS OF THE PROXIMITY EFFECT
FOR APPLICATION IN MAGNONICS
The eﬀect of the superconducting proximity in S-F-S
systems on magnetization dynamics can be eﬀective in
magnonics for variation of the FMR frequency or for modulation of the spin-wave velocity. In this section, micromagnetic simulations are employed [47] for calculation
of spin-wave spectra for S-F-S–based continuous ﬁlms
and periodic structures in the magnetostatic surface-wave
(MSSW) geometry [48,49], following Refs. [50–52]. The
following micromagnetic parameters of studied F layers
are considered, which correspond to the S1 sample: thickness of F layer d = 20 nm, the saturation magnetization
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FIG. 6. (a) Dispersion curves for MSSW that propagate in continuous F, S-F, and S-F-S ﬁlms. Dispersion curves that are obtained
numerically are shown with solid lines. Dispersion curves that are obtained using analytical expression are shown with dashed lines.
(b),(c) Spin-wave spectra of S-F-S–based magnonic crystals that are formed in MSSW geometry with the lattice parameter a = 1 μm.
Inserts in (b),(c) show schematic illustrations of the considered magnonic crystals.

μ0 Ms = 1 T, the anisotropy ﬁeld Ha = 0, the applied ﬁeld
μ0 H = 0.02 T, the exchange stiﬀness constant A = 1.3 ×
10−11 J/m, and the gyromagnetic ratio μ0 γ = 2.21 × 105
m/A/s. The excitation ﬁeld pulse has the maximum frequency fmax = 30 GHz, the Gaussian spatial proﬁle with
the width at half-maximum of 200 nm, and the amplitude
of 0.001 Ms. In simulations, the diamagnetic (Meissner)
contribution of S subsystem on magnetization dynamics is
accounted via the method of images [17,53] in the case
of continuous S layers and via the diamagnetic representation of superconductors [18,19] in the case of ﬁnite-size
S elements. The eﬀect of the superconducting proximity in
S-F-S is represented by a local uniaxial anisotropy ﬁeld
μ0 Hs = 0.07 T that corresponds to the S1 sample [see Fig.
3(a)].
Figure 6(a) collects simulation results for continuous
thin ﬁlms. Blue solid curves show a typical dispersion
curve for MSSW in the plain F ﬁlm that is obtained with
simulations in the absence of any contribution from S
subsystem. Simulation results are well conﬁrmed by the
analytical dispersion relation [53], shown with blue dashed
curves. Red solid and dashed lines show the dispersion
curve of MSSW in the S-F bilayer in the presence of magnetostatic interaction between the S and F subsystems.
The magnetostatic interaction is accounted for using the
method of images [17,53]. It shows that in the presence
of magnetostatic interaction the dispersion is nonreciprocal: the frequency pass band for positive wave numbers is
approximately doubled as compared to the pass band for
negative wave numbers. The nonreciprocity is a known
property of MSSWs, which emerges due to asymmetry
of the ferromagnetic ﬁlm across its thickness or due to
asymmetry of its surrounding (see Ref. [53] for details).
Purple solid and dashed lines show the dispersion curve

of MSSW in the S-F-S three layer in the presence of the
proximity-induced uniaxial anisotropy Hs but the absence
of magnetostatic interaction between the S and F subsystems. It shows that at zero wave number the diﬀerence
in frequencies between the plain ﬁlm and the ﬁlm with
uniaxial anisotropy is maximum and corresponds to the
diﬀerence in FMR frequencies. Upon increasing the wave
number the diﬀerence in frequencies reduces. Black solid
and dashed lines show the dispersion curve of MSSW in
the S-F-S three layer in the presence of both the proximityinduced uniaxial anisotropy Hs and of the magnetostatic
interaction between the S and F subsystems. Comparison of these curves with dispersions in plain F ﬁlm, in
S-F bilayer and in F ﬁlm with proximity-induced uniaxial anisotropy Hs indicates that both the proximity-induced
anisotropy and the magnetostatic screening aﬀect the kinetics of spin waves. The magnetostatic screening is the dominating eﬀect on spin-wave velocity at the range of higher
wave numbers, while the proximity-induced anisotropy is
dominating in the vicinity to 0 wave numbers.
Figures 6(b) and 6(c) show the spin-wave spectrum
of S-F-S–based magnonic crystals where periodicity of
the dispersion is reached by periodic location of S-F-S
three-layered areas. Figure 6(b) shows the spectrum of
the hybrid magnonic crystal that consists of alternating F
and S-F-S sections (see the inset) with the lattice period
a = 1 μm, the width of F section 0.5 μm, and the thickness of S layers 120 nm. Calculating this spectrum both
the diamagnetic representation of S stripes [18,19] and
local S-F-S–induced anisotropy are considered. The spectrum can be characterized as a conventional one: it consist
of allowed and forbidden bands, the forbidden bands are
opened at Brillouin wave numbers 1/2a. The width of band
gaps reduces at higher frequencies. For instance, the ﬁrst
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(lower-frequency) band gap is of width about 1.8 GHz, and
the second band gap is of width 1 GHz.
Figure 6(c) shows the spectrum for an alternative realization of the hybrid magnonic crystal, which consists
of alternating F-S and S-F-S sections (see the inset). A
lower S subsystem forms a continuous layer, so the structure is spatially asymmetric in respect to the z axis. For
this structure similar geometrical parameters are considered: the lattice period a = 1 μm, the width of F-S section
0.5 μm, and the thickness of the upper S layers 120 nm.
Calculating this spectrum the diamagnetic representation
of S stripes [18,19], the image method [17,53] is used
for ﬁnite-size and continuous superconducting elements,
respectively. The eﬀect of the proximity in S-F-S sections
is represented by the same local anisotropy Hs . The spectrum for this spatially asymmetric structure is diﬀerent.
The spectrum consists of allowed and forbidden bands.
The forbidden bands are of similar width as in Fig. 6(b): the
ﬁrst (lower-frequency) band gap is of width about 1.7 GHz,
and the second band gap is of width 0.9 GHz. However,
spatial asymmetry induces nonreciprocity of the spectrum
and indirect location of band gaps away from Brillouin
wave numbers.
It should be noted that in both cases the eﬀect of the
proximity in S-F-S sections is dominating for formation
of band gaps: in the absence of this eﬀect forbidden bands
are not obtained. This can be explained by a rather weak
diamagnetic response of S subsystems on spin waves with
considered wavelength. However, diamagnetic response
of S subsystems does aﬀect frequency and wave number
position of allowed and forbidden bands.
As a ﬁnal remark we should note that for magnonic crystals with thicker F layers the bandwidth of the forbidden
bands is expected to increase correlating with the zerotemperature anisotropy ﬁeld. In particular, the bandwidth
of the forbidden bands for a S-F-S–based magnonic crystal with F layer of thickness of a few hundreds of nm is
expected to be comparable with values for bicomponental
magnonic crystals [54,55].
VI. CONCLUSION
Summarizing, magnetization dynamics is studied in
superconductor-ferromagnet-superconductor multilayers
in the presence of superconducting proximity. It is shown
that superconductivity in S-F-S three layers shifts the
FMR to higher frequencies. Presence of both S layers
and proximity at both S-F interfaces are mandatory for
the phenomenon. The frequency shift is quantiﬁed by the
proximity-induced positive in-plane anisotropy Ha and by
a drop of eﬀective magnetization Meﬀ . Both Ha and the
drop of Meﬀ are comparable. The phenomenon shows a
dependence on the thickness of the F layer: for thicker
F layer the shift of the FMR frequency is substantially
stronger. For two studied samples with thickness of the
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F layer 45 and 350 nm the highest natural FMR frequencies and corresponding anisotropies are reached among
in-plane magnetized ferromagnetic systems. At the current
stage even a qualitative explanation of the eﬀect of superconducting proximity in S-F-S systems on magnetization
dynamics is unavailable.
Application of the proximity-induced anisotropies for
manipulation with the spin-wave spectrum is demonstrated
for continuous ﬁlms and periodic magnonic crystals. In
general, the presence of proximity-induced anisotropies
in continuous ﬁlms increases the phase velocity of spin
waves especially at low wave numbers. In the case of
periodic structures, the presence of alternating proximityinduced anisotropies ensure formation of forbidden bands
for spin-wave propagation of width in the GHz frequency
range.

ACKNOWLEDGMENTS
The authors acknowledge Professor V. M. Krasnov
for fruitful discussions and for critical reading of the
manuscript. The authors acknowledge the Ministry of Science and Higher Education of the Russian Federation in the
framework of the State Program (Project No. 0718-20200025) for support in microwave experiments, the Russian
Science Foundation (Project No. 20-69-47013) for support in theoretical studies, and the Russian Foundation for
Basic Research (Projects No. 19-02-00316 and No. 19-0200981) for support in technology and preliminary sample
characterization.

[1] I. Zutic, J. Fabian, and S. Das Sarma, Spintronics: Fundamentals and applications, Rev. Mod. Phys. 76, 323 (2004).
[2] J. W. Lu, E. Chen, M. Kabir, M. R. Stan, and S. A. Wolf,
Spintronics technology: Past, present and future, Int. Mater.
Rev. 61, 456 (2016).
[3] V. V. Kruglyak, S. O. Demokritov, and D. Grundler,
Magnonics, J. Phys. D: Appl. Phys. 43, 264001 (2010).
[4] B. Lenk, H. Ulrichs, F. Garbs, and M. Munzenberg, The
building blocks of magnonics, Phys. Rep. 507, 107 (2011).
[5] J. Linder and J. W. A. Robinson, Superconducting spintronics, Nat. Phys. 11, 307 (2015).
[6] V. V. Ryazanov, V. A. Oboznov, A. Y. Rusanov, A. V.
Veretennikov, A. A. Golubov, and J. Aarts, Coupling of
Two Superconductors through a Ferromagnet: Evidence for
a π Junction, Phys. Rev. Lett. 86, 2427 (2001).
[7] A. K. Feofanov, V. A. Oboznov, V. V. Bolginov, J.
Lisenfeld, S. Poletto, V. V. Ryazanov, A. N. Rossolenko,
M. Khabipov, D. Balashov, A. B. Zorin, P. N. Dmitriev,
V. P. Koshelets, and A. V. Ustinov, Implementation of
superconductor/ferromagnet/superconductor pi-shifters in
superconducting digital and quantum circuits, Nat. Phys. 6,
593 (2010).
[8] I. V. Vernik, V. V. Bol’ginov, S. V. Bakurskiy, A. A.
Golubov, M. Y. Kupriyanov, V. V. Ryazanov, and O.

024086-9

I. A. GOLOVCHANSKIY et al.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

PHYS. REV. APPLIED 14, 024086 (2020)

Mukhanov, Magnetic Josephson junctions with superconducting interlayer for cryogenic memory, IEEE Trans.
Appl. Supercond. 23, 1701208 (2013).
I. A. Golovchanskiy, V. V. Bolginov, V. S. Stolyarov,
N. N. Abramov, A. B. Hamida, O. V. Emelyanova, B.
S. Stolyarov, M. Y. Kupriyanov, A. A. Golubov, and V.
V. Ryazanov, Micromagnetic modeling of critical current
oscillations in magnetic Josephson junctions, Phys. Rev. B
94, 214514 (2016).
D. Lenk, R. Morari, V. I. Zdravkov, A. Ullrich, Yu. Khaydukov, G. Obermeier, C. Muller, A. S. Sidorenko, H.-A.
Krug von Nidda, S. Horn, L. R. Tagirov, and R. Tidecks,
Full-switching fsf-type superconducting spin-triplet magnetic random access memory element, Phys. Rev. B 96,
184521 (2017).
J. W. A. Robinson, J. D. S. Witt, and M. G. Blamire, Controlled injection of spin-triplet supercurrents into a strong
ferromagnet, Science 329, 59 (2010).
N. Banerjee, J. W. A. Robinson, and M. G. Blamire,
Reversible control of spin-polarized supercurrents in ferromagnetic Josephson junctions, Nat. Commun. 5, 4771
(2014).
J. Wang, M. Singh, M. Tian, N. Kumar, B. Liu, C. Shi, J.
K. Jain, N. Samarth, T. E. Mallouk, and M. H. W. Chan,
Interplay between superconductivity and ferromagnetism in
crystalline nanowires, Nat. Phys. 6, 389 (2010).
O. M. Kapran, A. Iovan, T. Golod, and V. M. Krasnov,
Observation of the dominant spin-triplet supercurrent in
Josephson spin valves with strong ni ferromagnets, Phys.
Rev. Res. 2, 013167 (2020).
A. I. Buzdin, Proximity eﬀects in superconductorferromagnet heterostructures, Rev. Mod. Phys. 77, 935
(2005).
O. V. Dobrovolskiy, R. Sachser, T. Bracher, T. Fischer, V.
V. Kruglyak, R. V. Vovk, V. A. Shklovskij, M. Huth, B.
Hillebrands, and A. V. Chumak, Magnon-ﬂuxon interaction
in a ferromagnet/superconductor heterostructure, Nat. Phys.
15, 477 (2019).
I. A. Golovchanskiy, N. N. Abramov, V. S. Stolyarov,
V. V. Bolginov, V. V. Ryazanov, A. A. Golubov, and A.
V. Ustinov, Ferromagnet/superconductor hybridization for
magnonic applications, Adv. Funct. Mater. 28, 1802375
(2018).
I. A. Golovchanskiy, N. N. Abramov, V. S. Stolyarov, P.
S. Dzhumaev, O. V. Emelyanova, A. A. Golubov, V. V.
Ryazanov, and A. V. Ustinov, Ferromagnet/superconductor
hybrid magnonic metamaterials, Adv. Sci. 6, 1900435
(2019).
I. A. Golovchanskiy, N. N. Abramov, V. S. Stolyarov, A.
A. Golubov, V. V. Ryazanov, and A. V. Ustinov, Nonlinear spin waves in ferromagnetic/superconductor hybrids, J.
Appl. Phys. 127, 093903 (2020).
Lai-Lai Li, Yue-Lei Zhao, Xi-Xiang Zhang, and Young
Sun, Possible evidence for spin-transfer torque induced
by spin-triplet supercurrents, Chin. Phys. Lett. 35, 077401
(2018).
Kun-Rok Jeon, Chiara Ciccarelli, Hidekazu Kurebayashi,
Lesley F. Cohen, Xavier Montiel, Matthias Eschrig,
Thomas Wagner, Sachio Komori, Anand Srivastava, Jason
W. A. Robinson, and Mark G. Blamire, Eﬀect of Meissner

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

024086-10

Screening and Trapped Magnetic Flux on Magnetization
Dynamics in Thick Nb/Ni80 Fe20 /Nb Trilayers, Phys. Rev.
Appl. 11, 014061 (2019).
Kun-Rok Jeon, Chiara Ciccarelli, Hidekazu Kurebayashi,
Lesley F. Cohen, Sachio Komori, Jason W. A. Robinson,
and Mark G. Blamire, Abrikosov vortex nucleation and
its detrimental eﬀect on superconducting spin pumping in
Pt/Nb/Ni80 Fe20 /Nb/Pt proximity structures, Phys. Rev. B
99, 144503 (2019).
I. Neudecker, G. Woltersdorf, B. Heinrich, T. Okuno, G.
Gubbiotti, and C. H. Back, Comparison of frequency,
ﬁeld, and time domain ferromagnetic resonance methods,
J. Magn. Magn. Mater. 307, 148 (2006).
S. S. Kalarickal, P. Krivosik, M. Wu, C. E. Patton, M.
L. Schneider, P. Kabos, T. J. Silva, and J. P. Nibarger,
Ferromagnetic resonance linewidth in metallic thin ﬁlms:
Comparison of measurement methods, J. Appl. Phys. 99,
093909 (2006).
Y.-C. Chen, D.-S. Hung, Y.-D. Yao, S.-F. Lee, H.-P. Ji,
and C. Yu, Ferromagnetic resonance study of thicknessdependent magnetization precession in Ni80 Fe20 ﬁlms, J.
Appl. Phys. 101, 09C104 (2007).
Chengyi Li, Guozhi Chai, Chengcheng Yang, Wenfeng
Wang, and Desheng Xue, Tunable zero-ﬁeld ferromagnetic
resonance frequency from S to X band in oblique deposited
CoFeB thin ﬁlms, Sci. Rep. 5, 17023 (2015).
V. V. Schmidt, in The Physics of Superconductors. Introduction to Fundamentals and Applications, edited by Paul
Muller and Alexey V. Ustinov (Springer-Verlag, Berlin,
Heidelberg, 1997).
Amikam Aharoni, Comparing theoretical demagnetizing
factors with the observed saturation process in rectangular
shields, J. Appl. Phys. 87, 6564 (2000).
I. A. Golovchanskiy, N. N. Abramov, V. S. Stolyarov,
I. V. Shchetinin, P. S. Dzhumaev, A. S. Averkin, S. N.
Kozlov, A. A. Golubov, V. V. Ryazanov, and A. V. Ustinov, Probing dynamics of micro-magnets with multi-mode
superconducting resonator, J. Appl. Phys. 123, 173904
(2018).
I. A. Golovchanskiy, N. N. Abramov, M. Pﬁrrmann, T.
Piskor, N. Voss, D. S. Baranov, R. A. Hovhannisyan, V.
S. Stolyarov, C. Dubs, A. A. Golubov, V. V. Ryazanov,
A. V. Ustinov, and M. Weides, Interplay of Magnetization Dynamics with a Microwave Waveguide at Cryogenic
Temperatures, Phys. Rev. Appl. 11, 044076 (2019).
S. Mironov, A. S. Mel’nikov, and A. Buzdin, Electromagnetic proximity eﬀect in planar superconductorferromagnet structures, Appl. Phys. Lett. 113, 022601
(2018).
A. F. Volkov, F. S. Bergeret, and K. B. Efetov, Spin polarization and orbital eﬀects in superconductor-ferromagnet
structures, Phys. Rev. B 99, 144506 (2019).
Zh. Devizorova, S. Mironov, A. S. Mel’nikov, and
A. Buzdin, Electromagnetic proximity eﬀect controlled
by spin-triplet correlations in superconducting spin-valve
structures, Phys. Rev. B 99, 104519 (2019).
Vasily S. Stolyarov, Ivan S. Veshchunov, Sergey Yu
Grebenchuk, Denis S. Baranov, Igor A. Golovchanskiy, Andrey G. Shishkin, Nan Zhou, Zhixiang Shi,
Xiaofeng Xu Sunseng Pyon, Yue Sun, Wenhe Jiao,

MAGNETIZATION DYNAMICS IN PROXIMITY-COUPLED...

[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

Guang-Han Cao, Lev Ya. Vinnikov, Alexander A. Golubov, Tsuyoshi Tamegai, Alexander I. Buzdin, and Dimitri
Roditchev, Domain Meissner state and spontaneous vortexantivortex generation in the ferromagnetic superconductor
EuFe2(As0.79 P0.21 )2 , Sci. Adv. 4, eaat1061 (2018).
Matthias Eschrig, Spin-polarized supercurrents for spintronics, Phys. Today 64, No. 1, 43 (2011).
Matthias Eschrig, Spin-polarized supercurrents for spintronics: A review of current progress, Rep. Prog. Phys. 78,
104501 (2015).
M. G. Blamire and J. W. A. Robinson, The interface
between superconductivity and magnetism: Understanding
and device prospects, J. Phys.: Condens. Matter 26, 453201
(2014).
F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Spin screening of magnetic moments in superconductors, Europhys.
Lett. 66, 111 (2004).
Samme M. Dahir, Anatoly F. Volkov, and Ilya M. Eremin,
Phase-dependent spin polarization of cooper pairs in magnetic Josephson junctions, Phys. Rev. B 100, 134513
(2019).
Arne Brataas, Andrew D. Kent, and Hideo Ohno, Currentinduced torques in magnetic materials, Nat. Mater. 11, 372
(2012).
Arne Brataas, Yaroslav Tserkovnyak, Gerrit E. W. Bauer,
and Paul J. Kelly, Spin pumping and spin transfer,
arXiv:1108.0385 (2012).
D. C. Ralpha and M. D. Stiles, Spin transfer torques, J.
Magn. Magn. Mater. 320, 1190 (2008).
J. C. Sankey, P. M. Braganca, A. G. F. Garcia, I. N. Krivorotov, R. A. Buhrman, and D. C. Ralph, Spin-TransferDriven Ferromagnetic Resonance of Individual Nanomagnets, Phys. Rev. Lett. 96, 227601 (2006).
Lina G. Johnsen, Niladri Banerjee, and Jacob Linder, Magnetization reorientation due to the superconducting transition in heavy-metal heterostructures, Phys. Rev. B 99,
134516 (2019).
Cezar Gonzalez-Ruano, Lina G. Johnsen, Diego Caso,
Coriolan Tiusan, Michel Hehn, Niladri Banerjee, Jacob

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

024086-11

PHYS. REV. APPLIED 14, 024086 (2020)
Linder, and Farkhad G. Aliev, Superconductivity-induced
change in magnetic anisotropy in epitaxial ferromagnetsuperconductor hybrids with spin-orbit interaction, Phys.
Rev. B 102, 020405(R) (2020).
M. Houzet, Ferromagnetic Josephson Junction with Precessing Magnetization, Phys. Rev. Lett. 101, 057009
(2008).
J. E. Miltat and M. J. Donahue, Handbook of Magnetism
and Advanced Magnetic Materials (John Wiley & Sons,
Ltd., 2007), Numerical Micromagnetics: Finite Diﬀerence
Methods.
P. Deorani, J. H. Kwon, and H. Yang, Nonreciprocity engineering in magnetostatic spin waves, Curr. Appl. Phys. 14,
S129 (2014).
A. A. Serga, A. V. Chumak, and B. Hillebrands, Yig
magnonics, J. Phys. D: Appl. Phys. 43, 264002 (2010).
S.-K. Kim, Micromagnetic computer simulations of spin
waves in nanometre-scale patterned magnetic elements, J.
Phys. D: Appl. Phys. 43, 264004 (2010).
M. Dvornik, Y. Au, and V. V. Kruglyak, Micromagnetic
simulations in magnonics, Top. Appl. Phys. 125, 101
(2013).
G. Venkat, D. Kumar, M. Franchin, O. Dmytriiev, M.
Mruczkiewicz, H. Fangohr, A. Barman, M. Krawczyk, and
A. Prabhakar, Proposal for a standard micromagnetic problem: Spin wave dispersion in a magnonic waveguide, IEEE
Trans. Magn. 49, 524 (2013).
I. A. Golovchanskiy, N. N. Abramov, V. S. Stolyarov, V.
V. Ryazanov, A. A. Golubov, and A. V. Ustinov, Modiﬁed
dispersion law for spin waves coupled to a superconductor,
J. Appl. Phys. 124, 233903 (2018).
F. S. Ma, H. S. Lim, Z. K. Wang, S. N. Piramanayagam, S.
C. Ng, and M. H. Kuok, Micromagnetic study of spin wave
propagation in bicomponent magnonic crystal waveguides,
Appl. Phys. Lett. 98, 153107 (2011).
F. S. Ma, H. S. Lim, V. L. Zhang, Z. K. Wang, S. N. Piramanayagam, S. C. Ng, and M. H. Kuok, Band structures
of exchange spin waves in one-dimensional bi-component
magnonic crystals, J. Appl. Phys. 111, 064326 (2012).

