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In this work, we study magnetization dynamics in superconductor-ferromagnet-superconductor thin-
film structures. Results of the broad-band ferromagnetic resonance spectroscopy are reported for a large
set of samples with varied thickness of both superconducting and ferromagnetic layers in a wide frequency,
field, and temperature ranges. Experimentally the one-dimensional anisotropic action of superconducting
torque on magnetization dynamics is established; its dependence on thickness of layers is revealed. It is
demonstrated that experimental findings support the recently proposed mechanism of the superconducting
torque formation via the interplay between the superconducting imaginary conductance and magnetization
precession at superconductor-ferromagnet interfaces. Microwave spectroscopy studies in this work are
supplemented by investigations of the crystal structure and the microstructure of studied multilayers.
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I. INTRODUCTION

Advantages from hybridization of antagonistic super-
conducting and ferromagnetic orders in electronics and
spintronics have been repeatedly demonstrated in past
decades [1]. The interplay between ferromagnetic and
superconducting spin orders enables manipulation with
spin states and leads to the development of various elec-
tronic and spintronic elements, including superconductor-
ferromagnet-superconductor (S-F-S) Josephson junctions
[1-3], superconducting phase shifters [4,5], memory ele-
ments [6-8], F-S-F—based spin valves [9,10], Josephson
diodes [11], and more complex long-range spin-triplet
superconducting systems [12—16].

Recently, the application capabilities of S-F hybridiza-
tion have been expanded by demonstrations of its
prospects in magnonics. Magnonics is a growing field
of research, which offers approaches for the trans-
fer and processing of information via spin waves. For
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instance, conventional magnonics is progressed towards
the development of magnon logic devices and circuit ele-
ments, such as waveguides [17], transistors [18], majority
gates [19,20], and other elements. As an alternative, cav-
ity magnonics [21] considers hybridization of magnons
with photons and aims at the single quantum operations
[22,23]. A good overview of various potential applica-
tions and recent advances in magnonics can be found in
Refs. [24-31] and references therein. In the development
of magnonic systems one of the principle requirements is
engineering of appropriate spin-wave dispersion and its
tunability.

Various wide-range manipulations with the spin-wave
dispersion have been demonstrated at cryogenic tempera-
tures when coupling magnonic systems with superconduc-
tors. For instance, interaction of a magnonic media with the
superconducting vortex matter allows the formation and
tuning of forbidden bands at submicrometer wavelength,
which matches the parameter of the vortex lattice [32], or
excitation of exchange spin waves via driving the vortex
lattice with the electric current [33]. Also, magnetostatic

© 2023 American Physical Society


https://orcid.org/0000-0001-9469-037X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.034025&domain=pdf&date_stamp=2023-03-08
http://dx.doi.org/10.1103/PhysRevApplied.19.034025

I. A. GOLOVCHANSKIY et al.

PHYS. REV. APPLIED 19, 034025 (2023)

interaction of spin waves with superconducting Meissner
currents in thin-film hybrid structures modifies substan-
tially the spin-wave dispersion [34,35] and can be used to
form magnonic crystals [36] or to gate the magnon current
[37]. Remarkably, low speed of electromagnetic prop-
agation in superconductor-insulator-superconductor thin-
film structures facilitates achievement of the ultrastrong
photon-to-magnon coupling in on-chip hybrid devices
[38,39].

A striking phenomenon in S-F hybrid structures was
discovered recently in Ref. [40] using three-dimensional
(3D) cavity resonance spectroscopy, confirmed in Ref. [41]
using the same technique, and studied experimentally in
more details in Ref. [42] using the broad-band ferromag-
netic resonance (FMR) spectroscopy. In superconductor-
ferromagnet-superconductor trilayer thin-film structures
a radical increase in the FMR frequency occurs in the
presence of electronic interaction between superconduct-
ing and ferromagnetic layers. The phenomenon is strong:
in some S-F-S structures the highest natural FMR fre-
quencies are reached among in-plane magnetized ferro-
magnetic systems [42]. In addition, the broad-band FMR
[42] reveals nontrivial effect of the electronic interac-
tion between superconducting and ferromagnetic layers on
magnetic anisotropies.

Intriguingly, while a few different mechanisms have
been proposed for explanation of the phenomenon [40,41,
43], these proposals lack consistency with experimental
results. In particular, the originally proposed mechanism
[40] suggests involvement of spin-triplet superconducting
correlations, which is inconsistent with typical frequencies
of the phenomena as well as with rather large thicknesses
of ferromagnetic layers [42]. Another proposed mecha-
nism suggests involvement of the superconducting vortex
phase [41] and disagrees with the thickness dependence
of the phenomenon as well as with several other circum-
stantial factors [42]. At last, a magnetostatic mechanism
proposed in Ref. [43], as it appears, predicts different from
the experiment dependence of the phenomenon on thick-
ness of ferromagnetic layer. Thus, the mechanism behind
the phenomenon remains unestablished.

In this work, we report a comprehensive experimen-
tal study of the phenomenon. We report results of
FMR spectroscopy for a large set of samples with var-
ied thickness of both superconducting and ferromag-
netic layers in a wide frequency, field, and temperature
ranges. We establish an anisotropic one-dimensional action
of hybridization-induced torque acting on magnetization
dynamics and the dependence of this superconducting
torque on the magnetic field. Experimental results sup-
port the recently proposed model by Silaev [44], which
explains the phenomenon in S-F-S structures as the out-
come of the coupling between magnetization dynam-
ics and superconducting imaginary conductance at S-F
interfaces.
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FIG. 1. Schematic illustration of the investigated chip-sample
(adopted from Ref. [42]). A series of S-F-S film rectangles is
placed directly on top of the central transmission line of niobium
co-planar waveguide. Magnetic field H is applied in-plane along
the x-axis.

II. EXPERIMENTAL DETAILS

Magnetization dynamics in S-F-S structures is stud-
ied by measuring the ferromagnetic resonance absorption
spectrum using the so-called VNA-FMR approach [45—
48], where VNA stands for the vector network analyzer.
A schematic illustration of investigated samples is shown
in Fig. 1. The chip consists of a thin-film supercon-
ducting niobium (Nb) co-planar waveguide with 50-Ohm
impedance and 82-150-82 pwm gap-center-gap dimensions
and a series of niobium-permalloy(Py=Fe,Nig)-niobium
(Nb-Py-Nb) film structures with lateral dimensions X x
Y =50 x 140 pm and spacing of 25 wm along the x axis
that are placed directly on top of the central transmission
line of the waveguide. Deposition of Nb-Py-Nb trilayers is
performed in a single vacuum cycle ensuring the electron
transparency at Nb-Py interfaces. Thin Si or AlO, spacing
layer is deposited between Nb co-planar waveguide and
the trilayers in order to ensure electrical insulation of the
studied samples from the waveguide. As a result, a series
of samples has been fabricated and measured with differ-
ent thickness of superconducting (S) and ferromagnetic (F')
layers (see Table I).

General crystal structure of as-fabricated samples is
studied with the x-ray diffraction (XRD) using Rigaku
Ultima IV diffractometer equipped with Cu-Ka-source and
graphite monochromator. Local crystal microstructure and
elemental composition are studied via TEM. Cross-section
lamellas from chip samples for TEM investigations are
prepared by focused ion-beam system integrated in dual
beam scanning electron microscope Helios G4 Plasma
FIB Uxe. Bright-field (BF) images, selected-area electron-
diffraction (SAED) patterns, high-angle annular dark-
field scanning transmission electron microscopy (HAADF
STEM) images and energy dispersive x-ray (STEM EDX)
compositional maps are collected on a probe aberration-
corrected FEI Titan Themis Z electron microscope at
200 kV equipped with a Super-X system for EDX analysis.
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TABLE L.

Parameters of studied samples. The d; and dr denote thickness of superconducting and ferromagnetic layers, respectively.

Parameters H, and M.y are obtained by fitting resonance lines at 7 > 7. with Eq. (1) and are temperature independent. Parameters
Hy, T,, and p are obtained first by fitting resonance lines at 7' < T, with Eq. (2) using fixed parameters H, and Mg, and next by fitting

H,(T) in Fig. 7 with Eq. (3).

Sample ID ds; (Nb), nm dr (Py), nm ds; (Nb), nm noH,, mT oMo, T JoHg, mT T.,K p

S1 110 10 110 1.5 1.051 31.8 8.74 3.79
S2 120 11 120 -33 1.029 39.1 8.56 3.70
S3 110 19 110 —0.15 1.100 78.8 8.90 348
S4 100 35 100 -0.2 1.132 163.6 8.92 3.80
S5 140 45 174 —-04 1.18 193.7 9.08 4.90
S6 110 120 110 —0.1 1.123 352.6 8.82 4.56
S7 110 350 110 1.6 1.076 617.2 8.74 8.89
S8 41 24 41 -0.2 1.131 37.8 7.51 3.07
S9 200 30 50 —1 1.146 96.8 8.74 4.38

Microwave spectroscopy of samples is performed by
measuring the transmission characteristics Sy (f, H) in
the closed-cycle cryostat Oxford Instruments Triton (base
temperature 1.2 K) equipped with the home-made super-
conducting solenoid. Spectroscopy is 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. Magnetic field is applied in plane along the direc-
tion of the waveguide in Fig. 1. FMR spectra at different
temperatures are analyzed by fitting S, (f') characteristics
at specified H and T with the Lorentz curve and, thus,
obtaining the dependencies of the resonance frequency on
magnetic field f,.(H).

1. STRUCTURE CHARACTERIZATION

Microstructure and the crystal structure of fabricated
samples is characterized using the S6 sample as the rep-
resentative example. Figure 2 shows the x-ray diffraction
pattern of the S6 sample. Apart from the(001)-type lines
of the Si substrate the pattern contains only rather wide
(110)-type reflexes of niobium and (111)-type reflexes of

111 FeNi
220 Nb

222 FeNi

70 80 90 100

20 30 . 40 . 50 60
20 (deg)

FIG. 2. XRD spectrum of the S6 sample with identified lines.

permalloy. Such an XRD pattern indicates a highly tex-
tured crystal structure of deposited films with the growth
direction being the crystal dense packing direction.

The typical BF TEM image and SAED diffraction
patterns for a cross-section chip sample are given in
Figs. 3(a)-3(c), respectively, and demonstrate the over-
all morphological characteristics of the multilayered chip
sample. BF TEM image [Fig. 3(a)] indicates rather sharp
Nb-Py interfaces with the peak-to-peak roughness not
exceeding about 4 nm. Also, polycrystalline columnar
grain structure is clearly visible in Nb and Py layers. The
major part of grain boundaries is found to be perpendicular
to the film surfaces and interfaces. The grain size is equal to
the film thickness in growth direction while it varies from
10 to 40 nm in lateral direction. The SAED patterns of Nb
and Py [Figs. 3(b) and 3(c)] are composed of a series of
Debye-Scherrer rings and lines of strong diffraction spots
(marked by arrows) parallel to the film growth directions.
The absence of diffuse intensity rings (halo type) in SAED
patterns confirms the crystalline nature of Nb and Py lay-
ers. Lines of diffraction spots correspond to (110) and
(111) crystallographic planes of Nb and permalloy layers,

FIG. 3. (a) BF TEM image of the cross section of multilayered
chip sample. (b),(c) Typical SAED patterns of niobium (b) and
permalloy (c) layers.
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Substrate (a)

FIG. 4. (a) HAADF STEM image of the area used for the
elemental mapping. (b) Color-coded STEM EDX elemental map.

respectively, in consistency with XRD studies (Fig. 2).
Obtained SAED patterns indicate that both layers consist
of strongly textured crystalline grain ensembles with the
random out-of-plane orientation and in-plane orientation
(110)-Nb and (111)-Py growth direction.

The STEM EDX compositional map of the chip sample
is shown in Fig. 4. It demonstrates a homogeneous distri-
bution of Ni and Fe within the permalloy layer as well as no
interdiffusion, impurity segregation or visible precipitates.

In order to confirm the absence of noticeable intermix-
ing between layers an elemental distribution profile across
the Nb-permalloy interface is provided in Fig. 5. Elemental
profile confirms the homogeneity of elemental distribu-
tion within the individual layers. The elemental content of
the permalloy layer corresponds to the nominal composi-
tion. The transient layer with the thickness of 7.6 nm can
be distinguished at the Nb-permalloy interface, which is
attributed to unsharp morphology of the interface.

IV. MICROWAVE SPECTROSCOPY RESULTS

Figure 6 demonstrates the essence of the studied phe-
nomenon for the S4 sample (see Table 1), which is used

B D [ee]
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FIG. 5. STEM EDX elemental distribution profile across the
Nb-permalloy interface extracted along the arrow overplayed on
the HAADF STEM image in the inset.

as the representative example. The S4 sample consists
of 100-nm-thick Nb layers and 35-nm-thick Py layer.
Figures 6(a) and 6(b) show, correspondingly, transmis-
sion spectra at temperatures well below the superconduct-
ing critical temperature of Nb (7, ~ 9 K) and above 7.
Both spectra contain a single-resonance absorption line
and demonstrate that at temperatures below 7. the res-
onance line is observed at radically higher frequencies.
Some interruptions of resonance lines in Figs. 6(a) and 6(b)
appear due to the parasitic box mode resonances in the
sample holder. Figure 6(c) illustrates cross sections of
transmission spectra at woHd = 20 mT and selected tem-
peratures. Figure 6(d) collects dependencies of the FMR
frequency on magnetic field f,(H) and shows that upon
decreasing the temperature below 7, the resonance curve
f-(H) shifts gradually to higher frequencies. For instance,
upon decreasing the temperature the frequency of the nat-
ural FMR f,.(H = 0) increases from about 0.5 GHz at
T >9Ktoabout 13 GHzat T =2 K.

At T > T, FMR curves f.(H) in Figs. 6(b) and 6(d)
follow the typical Kittel dependence for thin in-plane-
magnetized ferromagnetic films at in-plane magnetic field:

Qrfi/moy)? = (H+H,) (H + H, + M), (1)

where o is the vacuum permeability, y = 1.856 x
10'! Hz/T is the gyromagnetic ratio for permalloy, H, is
the uniaxial anisotropy field that is aligned with the exter-
nal field, and Mg is the effective magnetization, which
includes the saturation magnetization M, and the out-of-
plane anisotropy field. For all studied samples the fit of
FMR curves obtained in the temperature range 7= 9 —
11 K > T, with Eq. (1) yields negligible anisotropy field
H,, the effective magnetization My ~ 1.0 — 1.2 T, which
is close to typical values of the saturation magnetization
of permalloy uoM; ~ 1 T, and no dependence of H, and
M.g on temperature. Magnetic parameters H, and Mg for
all studied samples are provided in Table I. The fit of
f-(H) curves for the S4 sample with Eq. (1) at tempera-
ture 7= 9.5 K > T, is shown in Fig. 6(d) with the yellow
solid line.

At T < T, FMR curves obey a different expression. In
Refs. [38,42] it was shown that technically by fitting f,.(H)
at T <« T, with Eq. (1) the action of superconductivity
results in equal but different in sign uniaxial anisotropy
field H, and changes of the effective magnetization AM.g:
H, =~ —AM_.g. Following the basics of derivation of the
Kittel formula [49], this equality indicates that supercon-
ductivity acts on magnetization as the one-dimensional
restoring torque along the y axis in Fig. 1, and the fitting
function should take the form f,2 ~ (H + Hy)(H + Mey),
where H; is the field of the superconducting torque. A sat-
isfactory fit with such an expression can be obtained for all
samples in Table I at temperatures 7' < T, while for the
sample S8, which is based on thin superconducting layers
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(a),(b) Differentiated transmission spectra dS,; /dH (f , H) at temperatures 2 K (a) and 9.5 K (b). Color codes are provided

in spectra. (c¢) Cross section of transmission spectra dS,,/dH (f') at magnetic field uoH =20 mT and corresponding tempera-
tures. (d) Symbols show experimental dependencies of the FMR frequency on magnetic field f.(/) for the S4 sample at different
temperatures. Solid lines show corresponding fit of £,.(H) dependencies with Eq. (1) at 7 > T, and with Eq. 2) at T’ < T..

with d; < Ap, this expression is valid in the entire tem-
perature range. Here A; ~ 80 nm [38,50] is the London
penetration depth in bulk niobium at zero temperature
However, as was also shown in Refs. [38,42] at tem-
peratures T < T, the superconductivity-induced uniaxial
anisotropy field H, in Eq. (1) no longer corresponds to
—AM.g. As it appears, this discrepancy is a rather artificial
effect and can be explained by suppression of the super-
conducting torque upon increasing the magnetic field. In
general, suppression of superconductivity by the applied
field results in reduction of the critical temperature or in
an increase in superconducting penetration depth [S0]. At
higher fields, suppression of the field H; results in reduc-
tion of the derivative from the f.(H) curve. The fit of
such a resonance line with the conventional Kittel formula
[Eq. (1)] results in a larger reduction of the effective mag-
netization in comparison to the induced anisotropy H, <
—AM.gr at temperatures T < T.. We find that at 7 < T,

FMR curves f.(H) for all studied samples in Table I obey
the modified Kittel dependence:

Qnfi/uoy)* = (H + Hy + H(1 — o, H?))

X (H + Hy + Meg) @)
where H, and Mg are constants and are derived at 7 > T,
(see Table I), H, is the field of one-dimensional supercon-
ducting torque at zero applied field, and the parameter o
reflects the dependence of the superconducting torque on
applied magnetic field. We confirm that for all studied sam-
ples, FMR curves at all temperatures 7 < T, can be fitted
with Eq. (2). Examples of such a fit are shown for the S4
sample in Fig. 6(d) with solid lines.

Analysis of resonance lines f,.(H) with Egs. (1) and (2)
yields dependencies of the superconducting torque field
and of the field-dependence coefficient on temperature,
Hy(T) and (7). This data is provided for all studied
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samples in Figs. 7(a)-7(c). Notice that for all samples
except S8 and S7 the parameter o, growth exponentially
fromay,~1T2at T~6Kuptoa,~10> T2 at T~
8.5 K. The range of temperatures where the suppression
of the superconducting torque field by the applied field is
insignificant can be derived from Fig. 7(c) and the con-
dition ayH? <« 1. For instance, for all studied samples in
the studied field range uoH < 0.23 T the suppression is
insignificant at 7 < 5 K.

Temperature dependence of the torque field H (T) can
be characterized by fitting it with the following expres-
sion [42]:

H; = Hy (1 - (T/Tc)p)a

3)

where Hy is the superconducting spin-torque field at zero
field and zero temperature, 7, is the superconducting criti-
cal temperature of S-F-S trilayers, and p is a free exponent
parameter. The fit of H(7T) with Eq. (3) for all samples is
shown in Figs. 7(a) and 7(b) with solid lines and yields
parameters Hyy and p provided in Table 1. Notice that for
all samples, except S7, which contains the the thickest
layer, the exponent p is in the range from about 3 up to 5
with the average value of about 4. Also we notice that due
to technical limitations, resonance curves of the S7 sample
with the thickest /” layer could be measured only above 8§ K
and the value of H; below 8 K is obtained via the extrap-
olation with Eq. (3). This extrapolation yields the natural
FMR frequency in the S7 sample f,(H = 0) = 24.1 GHz
at zero temperature in the case if the value p = 8.89 is
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FIG. 7.

Thickness d,. of the F layer (nm)

(a) Dependencies of the superconducting torque field on temperature H,(T) at zero external field. (b) Magnification of (a) at

noH; < 0.1 T. Solid lines in (a),(b) show the fit of experimental H,(7) curves with Eq. (3). (c) Dependencies of the field-dependence
coefficient of the superconducting torque field in Eq. (2) on temperature o (7). (d) The dependence of the superconducting torque field

on the thickness of ferromagnetic layer H,(dr) at zero field at 7 =

0 (black symbols) and at 7/T. = 0.85 red symbols. Solid symbols

represent data for samples with both superconducting layers dy > A;. Open symbols represent data for two samples (S8 and S9) with
ds < Ay at least for one superconducting layer. See Table I for details. The inset in (d) magnifies Hy(dr) for dr < 45 nm. Solid lines
in the inset in (d) show the linear fit of H,(dF) at corresponding temperature.
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correct, or f,(H = 0) = 30.0 GHz for p = 4.9 (in the lat-
ter case woHy = 0.96 T), which is the maximum value
observed among the rest of the samples in Table I.

Figure 7(d) shows the dependence of the superconduct-
ing torque field on the thickness of ferromagnetic layer
H(dr) at zero temperature [i.e., parameter Hyo in Eq. (3)]
and at T/T, = 0.85. This is the core result of this work.
Figure 7(d) clearly demonstrates the overall logarithmi-
clike dependence of H; on thickness dp, with the linear
growth of H; at low dr [see the inset in Fig. 7(d)] and retar-
dation of H, growth at higher dr. Also, Fig. 7(d) reveals
the dependence of the superconducting torque field on the
thickness of superconducting layers: in this case the thick-
ness of one of the S layers is reduced and H, is also reduced
[open symbols in Fig. 7(d)]. Notice that while in the case of
the S8 sample this reduction can be partially explained by
suppressed superconductivity and smaller 7, ~ 7.5 K, this
is not the case for the S9 sample where T, is comparable
with values for the rest of the samples.

V. DISCUSSION

The original explanation [40] of the phenomenon
in S-F-S trilayers suggested the role of spin-polarized
spin-triplet Cooper pairs in the formation of the
superconductivity-induced anisotropy via the spin-transfer-
torque mechanism. Yet, this mechanism requires the fre-
quency of magnetization dynamics comparable with the
depairing frequency of the superconducting gap [51],
requires superconducting coherence across the F' layer,
which can hardly be expected for 120-nm or 350-nm-
thick junctions even in the case of spin-triplet pairs, and
does not yield the one-dimensional torque on magnetic
moment. Later the role of superconducting vortices was
suggested [41], which however is inconsistent with exper-
imental results in quite a number of ways [42], including
the fact of the absence of the effect in S-F-/-S structures. It
should be noted that earlier works [40,41] used 3D cav-
ity resonators for spectroscopy, which provide a single
resonance field point at the resonance frequency of the
cavity instead of the entire FMR curve as in broad-band
techniques, and thus, deviation of the FMR line from the
conventional Kittel formula [Eq. (1)] in these works simply
could not be detected.

The first hint on inductive origin of the phenomenon
in S-F-S trilayers was reported in Ref. [43] where the
magnetostatic interaction has been considered between the
screening currents induced by ferromagnetic stray fields in
S layers and the magnetic moment in the F' layer. While
only the static case is considered, it is shown that in the
case where the superconducting currents are allowed to
loop around the ferromagnetic layer, additional dc demag-
netising field is expected with the following dependence

on magnetic and structural characteristics of trilayers:

dpdp 2L

H, & M, In = 4)

where L is the length of the structure. The theory in
Ref. [43] provides an explanation for the one dimen-
sionality of the demagnetizing field along the y axis in
Fig. 1 and predicts the growth of the demagnetizing field
with increasing thickness of the F' layer. Yet, according
to Eq. (4) this theory predicts a parabolic dependence of
H(dr), which is inconsistent with Fig. 7(d), and some
dependence of H, on the length of the structure, which is
not observed experimentally. In fact, this theory leads to
a rather counterintuitive outcome that the effect in S-F-S
structures where superconducting currents are allowed to
loop around the ferromagnetic layer should be measurable
with conventional magnetization measurements.

The mechanism behind the superconducting torque in
S-F-S trilayers is revealed in Ref. [44]. The mechanism
is purely electromagnetic and implies the coupling of the
superconducting imaginary conductance in the S layer
[52,53] with the precessing magnetization of the F' layer
at S-F interfaces. This electromagnetic interaction results
in formation of macroscopic circulation currents curling
around the y axis in the opposite phase with precessing
magnetization (see Fig. 8). The model in Ref. [44] predicts
exactly the same dependence of the resonance frequency
on the magnetic field as in Eq. (2) in the limit dp < A:

d d
Hy(1 — a,H*) = M,—~ tanh =, )
20 AL

In fact, Eq. (5) demonstrates the linear dependence of the
superconducting torque on thickness dr at small dr, which
is consistent with Fig. 7(d). The reduction of the super-
conducting torque upon increasing the magnetic field in
Eq. (5) appears due to increase of the penetration depth

FIG. 8. Schematic illustration of the mechanism behind the
superconducting torque in S-F-S trilayers [44]. Magnetization
precession (M, black arrow) at the S-F interface induces macro-
scopic superconducting currents circulating in S layers along the
x direction (I3, red arrows). These currents induce magnetic field
H? in y direction in the opposite phase to the precession of M.
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[50]: (1 —agH?) o 1/A;(H)tanhds/A;(H). The depen-
dence of the superconducting torque on the thickness ds of
S layers is also captured in Eq. (5) as o« tanh dg/A. Both
effects are observed in Fig. 7(d). At dr > A the model
in Ref. [44] predicts the saturation of the superconducting
torque to a constant value H; ~ M;, which is also observed
in Fig. 7(d). Thus, the role of superconducting imaginary
conductance behind the dramatic increase of the FMR fre-
quency in S-F'-S trilayers with electronic interaction at S-F
interfaces is confirmed.

As a final remark, it can be expected that supercon-
ductivity in S-F-S structures modifies the dispersion of
perpendicular standing spin waves (PSSWs) [54-58]. In
the case of closed PSSW boundary conditions [54,55,57]
magnetization precession at both S-F interfaces does not
take place and, thus, the superconducting torque is not
formed. In the case of free PSSW boundary conditions
[56,58] magnetization at S-F interfaces precesses at oppo-
site phases for even modes and precesses in phase for odd
modes, which corresponds to cancellation of the super-
conducting torque for even modes and its presence for
odd modes, respectively. In the general case when the F
layers are magnetically nonuniform across its thickness
[58] and the spin boundary conditions are affected by sur-
face anisotropies [59,60], the effect of the superconducting
torque on the dispersion of PSSWs becomes nontrivial.

VI. CONCLUSION

Summarizing, we report a comprehensive experimen-
tal study of magnetization dynamics in S-F-S trilayers.
We report results of FMR spectroscopy for a large set
of samples with varied thicknesses of both supercon-
ducting and ferromagnetic layers in a wide frequency,
field, and temperature ranges. Experimentally we establish
an anisotropic one-dimensional action of hybridization-
induced torque acting on magnetization dynamics and
the dependence of this superconducting torque on the
magnetic field. Experimental results confirm the recently
proposed model by Silaev [44], which explains the phe-
nomenon in S-F-S structures as the outcome of the cou-
pling between magnetization dynamics and superconduct-
ing imaginary conductance at S-F interfaces. Our results
open wide prospects for application of the supercon-
ductivity in magnonics. In addition, as was suggested
in Ref. [44], S-F-S systems provide the playground for
Anderson-Higgs mass generation of boson quasiparticles
in high-energy Standard Model and in condensed-matter
systems.
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