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In this work, magnetization dynamics is studied in superconductor-ferromagnet-superconductor three-
layered 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 ferro-
magnetic 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 superconductivity-
induced 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.
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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 sys-
tems. 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 (S-
F-S) Josephson junctions [6] that can be employed
as phase m 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 manipula-
tion 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 superconduct-
ing magnonics the proximity effect appears to be undesir-
able due to a possible suppression of fundamental charac-
teristics of superconducting subsystem and consequently,
degradation of the magnonic spectrum [19].

Recently, a qualitatively new manifestation of super-
conductor-ferromagnet hybridization has been reported,
which in a way merges both areas the superconduct-
ing spintronics and the superconducting magnonics. In
Refs. [20] and [21] a drastic increase of the ferro-
magnetic 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 incorpora-
tion of the spin-triplet superconducting pairing mechanism
[20] or to an interplay of magnetization dynamics with
the vortex and Meissner state of superconducting lay-
ers [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 het-
erostructures on magnetization dynamics in the F layer.
Experiments are performed using a broad-band ferromag-
netic resonance (FMR) measurement technique in mag-
netic field, frequency, and temperature domains. This
work is organized as follows. Section II gives experi-
mental 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 sug-
gest 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 ori-
gin of the phenomena remains unclear at this stage, the
authors suspect a contribution of spin-triplet superconduc-
tivity. Section V demonstrates capabilities of the effect for
manipulation of the spin-wave spectrum in S-F-S—based
continuous films and magnonic crystals.

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 pum center-gap-center
dimensions. The waveguide is fabricated on top of the

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/Si0, substrate using magnetron sputtering of Nb, opti-
cal lithography, and plasma-chemical etching techniques.
A series of niobium-permalloy(Py = Fe,oNigg)-niobium
(Nb-Py-Nb) film structures with lateral dimensions X x
Y =50 x 140 um and spacing of 25 um 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, depo-
sition 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 (/) 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 tem-
perature control. The holder is placed in a superconducting
solenoid inside a closed-cycle cryostat (Oxford Instru-
ments 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 analyz-
ing the transmitted microwave signal Sy;(f, H) with the

TABLE I. Layer thicknesses (nm) of studied samples.
Sample ID S(Nb) F(Py) I1(AlO,) S(Nb)
S1 110 19 0 110
S2 110 19 0 7
S3 85 22 10 115
S4 140 45 0 140
S5 110 350 0 110
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VNA Rohde & Schwarz ZVB20. For exclusion of par-
asitic background resonance modes from consideration,
all measured spectra S,;(f, H) are first normalized with
S$71(f) at woH = 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 fre-
quency 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; insuf-
ficient 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(NDb)-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 compar-
ison of the obtained results with previous research studies
[20,21]. Figures 2(a) and 2(b) show FMR absorption spec-
tra dSy (f,H)/dH at T=2 K (a), which is far below
the superconducting critical temperature 7. of Nb, and at
T = 9 K (b), which corresponds to 7. Both spectra contain
a single field-dependent spectral line, i.e., the FMR absorp-
tion line. FMR absorption spectra at different temperatures
have been fitted with the Lorentz curve and the dependen-
cies of the resonance frequency on magnetic field f.(H)
have been extracted. Figure 2(c) collects resonance curves
f-(H) that are measured at different temperatures. Basi-
cally, Fig. 2 demonstrates the essence of the phenomenon:
it shows that upon decreasing the temperature below 7. the
resonance curve f,.(H) shifts gradually to higher frequen-
cies. For instance, upon decreasing the temperature the
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frequency of the natural FMR f,.(H = 0) increases from
about 0.5 GHz at 7 > 9 K to about 8.5 GHz at T = 1.7 K.

FMR curves f.(H) in Fig. 2(c) follow the typical Kit-
tel dependence for thin in-plane-magnetized ferromagnetic
films at in-plane magnetic field:

Qnf/moy)* = (H+H,) (H+H, + Meg), (1)

where 1o is the vacuum permeability, y = 1.856 x 10!!
Hz/T is the gyromagnetic ratio for permalloy, H, is the uni-
axial anisotropy field that is aligned with the external field,
and M.y = M, 4+ M, is the effective saturation magnetiza-
tion, which includes the saturation magnetization M; and
the out-of-plane anisotropy field M,,. The fit of FMR curves
in Fig. 2(c) with Eq. (1) yields the dependence of super-
conducting proximity-induced anisotropy field H, and of
effective magnetization M. on temperature given in Fig.
3 with black squares.Any changes in anisotropies H, and
M, = Mg — M, at T < T, can be attributed to the effect of
superconductivity on magnetization dynamics.

Figure 3 shows that at 7 > T, the anisotropy field is
negligible poH, ~ —2 x 107* T and the effective magne-
tization is oM. &~ 1.1 T. These parameters are typical for
permalloy thin films. Also, at 7 > T, no dependence of H,
and Mg on temperature is observed. At 7 < T, upon cool-
ing the anisotropy field H, increases gradually and reaches
noH, =~ 78 mT at T = 2 K. This value is well consistent
with previous studies on samples with the same thick-
ness of Py layer [20,21]. The dependence H,(T) can be
characterized by fitting it with the following expression:

Ha:HaO[l _(T/TC)P], (2)

where H, is the effective anisotropy field at zero tempera-
ture, T, is the critical temperature, and p is a free exponent
parameter. The fit of H,(7) with Eq. (2) is shown in
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(a),(b) FMR absorption spectra dSy;(f, H)/dH for S1 sample measured at T=2 K < 7, (a) and T=9 K~ T, (b). The

grayscale is coded in absolute units. (¢) Dependencies of the FMR frequency on magnetic field f,(H) at different temperatures for S1

sample.
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FIG. 3. Dependence of the
anisotropy field H, (a) and effective

magnetization Mer (b) on tempera-
ture. Black square dots correspond to
the S1 S-F-S sample, red circular dots
correspond to the S2 S-F-s’ sample,
i and blue diamond dots correspond to
the S3 S-F-I-S sample. Green curve
in (a) is the fit of H,(7) with Eq. (2),
which yields the following param-
eters: woH, =77 mT, T, =9.0 K,
p =37
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Fig. 3(a) with green curve and yields the zero-temperature
anisotropy poHgy = 77 mT.

Importantly, the effective magnetization also demon-
strates a temperature dependence: upon cooling oM.y
drops by about 70 mT. Such an effect was has not been
obtained in previous studies [20,21] due to instrumental
limitations. The drop —A M. and the uniaxial anisotropy
field H, at 2 K are roughly equal. Thus, we state that super-
conductivity 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 magne-
tization 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 7-
nm-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 thick-
ness, 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 tempera-
ture dependence, which is consistent with previous studies
[20], and practically match with the spectrum of the S1
sample at T 2 T, [Fig. 2(b)]. Fitting procedures of FMR
spectra and of resonance curves for the S2 sample yield
H,(T) and M.x(T) dependencies that are shown in Fig. 3
with red circular dots. The anisotropy field H,(T) in Fig.
3(a) is negligible, it varies in the range from —5 x 10~
T to —3 x 107* T and shows no dependence on temper-
ature. The effective magnetization curve M.4(T), being at

5 6 7 8 9 10 11

Temperature 7 (K)

woMeg ~ 1.072 T at T > T,, shows a minor increase by
woAMg ~ 3 mT upon decreasing temperature and cross-
ing T.. Note that variation of Mg with temperature for the
S2 sample is opposite to one for the S1 sample.

Next, the following S(Nb)-F(Py)-I(AlO,)-S(Nb) sam-
ple 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 sam-
ple shows no noticeable temperature dependence, which is
consistent with previous studies [20]. Blue diamond dots
in Fig. 3 show H,(T) and M.x(T) dependencies for the S3
sample. The anisotropy field H,(7) in Fig. 3(a) is negligi-
ble, 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 effec-
tive magnetization curve My(7), varies in the range from
1.1 up to 1.2 T and shows a minor drop by puoAMeg ~ 10
mT in the vicinity to 7. Therefore, with S2 and S3 samples
we confirm that both superconducting layers are required
for development of the effect of superconducting proxim-
ity 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 adher-
ence to technological routine during fabrication of the
waveguide for the S4 sample leads to reduced signal-
to-noise ratio for the S,; 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 7. of Nb
CPW. Figure 4(a) collects resonance curves f,.(H) that are
measured at different temperatures. It shows that upon
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(a) Dependencies of the FMR frequency on magnetic field f,.(H) at different temperatures for the S4 sample. (b),(c) Depen-

dence of the anisotropy field H, (b) and effective magnetization (c) on temperature. The data in (b),(c) that is shown with black square
dots is obtained by fitting f.(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 £, (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 Mg in Eq. (1). Green curve in (b) shows the fit of H,(7), which is obtained using the cutoff field range, with Eq.
(2), which yields the following parameters: poH, = 196 mT, 7. = 9.0K, p = 7.7.

decreasing the temperature below 7. 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 fre-
quency of the S-F-S sample in superconducting state at
T « T, 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 H, and M ¢ on temperature that are given
in Figs. 4(b) and 4(c) with black squares. Figure 4(b) shows
that at 7 > T, the anisotropy field is negligible as in the
case of S1, S2, and S3 samples. At T < T. upon cool-
ing the anisotropy field H, increases gradually and reaches
woH, =200 mT at T = 2 K.

The temperature dependence of the effective magnetiza-
tion Mx(T) given in Fig. 4(c) is more complex and is qual-
itatively different from the one for the S1 sample. Upon
cooling oM. first drops from 1.2 T at T > T, to about
0.6 T at T < T, 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 H, and M.¢ as compared to ideal super-
conductivity. At fixed T < T, superconductivity can be
suppressed are at the upper field-frequency section of a res-
onance absorption spectrum Sy (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 H, and
M.g obtained by fitting only part of the FMR curves at
woH < 90 mT. Figure 4(c) shows that the drop of Mg at
T < T, is significantly reduced: upon cooling poMeg first
drops from 1.2 T at T > T, to about 0.8 T at 7 < T, and
then increases gradually up to about 1.03 T at T=2 K.
Green curve in Fig. 4(b) shows the fit of H,(T), which
is obtained using the cutoff field range, with Eq. (2). The
fit yields the zero-temperature anisotropy poH, = 196
mT. Overall, the drop —AM.x and the induced H, at 2
K are roughly equal as in the case of the S1 sample: the
anisotropy field woH,o = 196 mT while the drop of the
effective magnetization g AMeg ~ —170 mT.

Importantly, FMR parameters of the S1 sample, H,(7)
and M(T) in Fig. 3, are mostly unchanged when obtained
using the same limited range of magnetic fields uoH < 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 supercon-
ducting 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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thicker 350-nm-thick Py layer. This sample is referred
to as S5 (see Table I). Figure 5(a) collects resonance
curves f,(H) that are measured at different temperatures; it
shows that upon decreasing the temperature below 7, the
resonance curve f.(H) shifts gradually to higher frequen-
cies following the same trend as for S1 and S4 samples.
However, the enhancement of the FMR frequency upon
decreasing temperature at 7 < 7, is so intense that the
FMR curve approaches the instrumental frequency band
limit already at 7 ~ 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 super-
conducting 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 nat-
ural FMR of the S5 sample increases from about 1 GHz at
T > T, up to about 17 GHz already at 7 = 8 K. Proxim-
ity to the superconducting critical temperature, insufficient
signal-to-noise ratio, parasitic box modes, did not allow
to fit resonance curves considering both H, and Mg in
Eq. (1) as fitting parameters. Therefore, the fitting rou-
tine is modified for the S5 sample as follows. First, f.(H)
curves are fitted at 7 > T, with Eq. (1). The fit yields
woMeg ~ 1.076 T and puoH, ~ 1 mT. Next, f,.(H) curves
at T < T, are fitted with Eq. (1) considering magnetiza-
tion fixed at woMeg = 1.076 T and considering H, as the
only fitting parameter. The dependence H,(7) is given
in Fig. 5(b) with black squares. It shows that the effec-
tive anisotropy field reaches uoH, ~ 0.27 T at 8§ K. Note
that by fixing Mg the so-obtained anisotropy field H, is
expected to be underestimated since according to Meg(T)
dependencies for S1 and S4 samples M.g should actually
drop at T < T,. Green curve in Fig. 5(b) shows the fit of
H,(T) with Eq. (2). The fit yields the extrapolated zero-
temperature anisotropy poH,o = 375 mT, which is also
expected to be underestimated.

Summarizing experiential findings, superconductivity
in S-F-S three layers shifts the FMR to higher frequen-
cies. The shift can be quantified by the proximity-induced

Temperature 7 (K)

positive in-plane anisotropy H, and by a drop of effec-
tive magnetization M.g. Both H, and the drop of Mg are
roughly equal and are field, frequency, and temperature
dependent. The phenomenon requires both superconduct-
ing 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 experimen-
tal 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 high-
est 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-§
SYSTEMS

A natural initial guess for the origin of the effect of
superconducting proximity in S-F-S systems on magne-
tization dynamics is the Meissner screening of external
field, the so-called lensing effect [18,27]. For instance, one
could employ fluxometric or magnetometric demagnetiz-
ing factors [28,29] of the system for estimation of a hypo-
thetical diamagnetic moment in Nb layers that induces
magnetostatic field H,. 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
H, is not a constant but a field-dependent quantity [18].
(i1) In the case of the lensing effect the induced H, should
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decrease with increasing thickness of the F layer. (iii)
The lensing effect should hold for S-F-/-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 H, 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 pos-
sible origin of the drop of magnetization AMcgr at T < T,
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-of-
plane uniaxial anisotropy. The later might be indicated by
a small variation of Mg at T ~ T, in Figs. 3(c) and 4(c).

The next hypothetical candidate for impact on the mag-
netostatic 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 spec-
trum 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 hypotheti-
cal 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 sub-
systems. Alternative explanations imply electronic cor-
relations between superconducting and ferromagnetic
subsystems. For instance, in Refs. [31-33] the electro-
magnetic 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 mag-
netic field. While, in general, the electromagnetic proxim-
ity effect is diamagnetic and induces magnetic field that
counteracts the magnetization, at certain thicknesses of the
F layer the so-called paramagnetic electromagnetic prox-
imity 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 com-
parison to the typical electron correlation length of singlet
pairs in ferromagnets [35-37] & ~ 1 nm, and predicted
oscillating behavior of the sign of induced field with the

thickness of the F' layer rule out contribution of the elec-
tromagnetic proximity effect on magnetization dynamics in
considered S-F-S systems.

Also, one can rule out possible contribution of the spin-
inverse 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 coher-
ence 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 H,, which is far above superconducting critical
fields.

Another possible explanation for the effect of super-
conducting 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 mecha-
nism 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 com-
parable to the depairing frequency and is inconsistent with
the frequency range of reported results.

Thus, we state that at this stage even a qualitative expla-
nation 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 manda-
tory 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 mod-
ulation of the spin-wave velocity. In this section, micro-
magnetic 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. [S0-52]. The
following micromagnetic parameters of studied F layers
are considered, which correspond to the S1 sample: thick-
ness of F layer d = 20 nm, the saturation magnetization
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(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 ¢ = 1 um.
Inserts in (b),(c) show schematic illustrations of the considered magnonic crystals.

oM, = 1 T, the anisotropy field H, = 0, the applied field
woH = 0.02 T, the exchange stiffness constant 4 = 1.3 x
107! J/m, and the gyromagnetic ratio oy = 2.21 x 10°
m/A/s. The excitation field pulse has the maximum fre-
quency 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 § layers and via the diamagnetic represen-
tation 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
woHs; = 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 mag-
netostatic 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 nonrecipro-
cal: 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 H, but the absence
of magnetostatic interaction between the S and F subsys-
tems. 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 proximity-
induced uniaxial anisotropy H, and of the magnetostatic
interaction between the S and F' subsystems. Compari-
son of these curves with dispersions in plain £ film, in
S-F bilayer and in F film with proximity-induced uniax-
ial anisotropy H; indicates that both the proximity-induced
anisotropy and the magnetostatic screening affect the kinet-
ics of spin waves. The magnetostatic screening is the dom-
inating 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 um, the width of F section 0.5 um, and the thick-
ness 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 spec-
trum 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 real-
ization 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 struc-
ture is spatially asymmetric in respect to the z axis. For
this structure similar geometrical parameters are consid-
ered: the lattice period @ = 1 um, the width of F-S section
0.5 pum, and the thickness of the upper S layers 120 nm.
Calculating this spectrum the diamagnetic representation
of § 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 H;. The spec-
trum 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 crys-
tals with thicker F' layers the bandwidth of the forbidden
bands is expected to increase correlating with the zero-
temperature anisotropy field. In particular, the bandwidth
of the forbidden bands for a S-F-S—based magnonic crys-
tal 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 H, and by
a drop of effective magnetization M.y Both H, and the
drop of M.y 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

F layer 45 and 350 nm the highest natural FMR frequen-
cies and corresponding anisotropies are reached among
in-plane magnetized ferromagnetic systems. At the current
stage even a qualitative explanation of the effect of super-
conducting 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 proximity-
induced anisotropies ensure formation of forbidden bands
for spin-wave propagation of width in the GHz frequency
range.
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