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Abstract: Broadband ferromagnetic resonance measurements were performed on NbRe/Py and
Nb/Py bilayers of nm thickness to characterize magnetic damping and interfacial spin transport. The
extracted Gilbert damping values show no significant dependence on stacking order or on the choice
of normal-state superconductor. A thickness-dependent analysis of the NbRe/Py bilayer reveals a
clear increase in o with the non-magnetic layer thickness, consistent with spin-pumping-induced
dissipation. These results provide a concise experimental picture of damping and spin transport in
FM/NM systems involving superconducting materials in their normal state.
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I. INTRODUCTION

Under the influence of a magnetic field, ferromag-
netic materials are known to align their moment with
it.  When the external field oscillates, a dissipative
precession of the magnetic moment around the field
takes place. This dynamic behavior is described by
the Landau-Lifshitz—Gilbert equation [1] and studied
using ferromagnetic resonance (FMR). [2] This method
consists of a microwave magnetic field, generated by a
coplanar waveguide (CPW), which resonantly excites
the magnetic sample. The magnetic moment of the
sample will then precess around a static field and, at
this specific resonance condition, absorb energy from
the CPW. The study of this absorbed energy provides
information on the magnetic properties of the sample,
such as damping («), saturation magnetization (uoMsg),
gyromagnetic ratio (y) or inhomogeneous broadening

(oA Ho). [3] [4]

Using this method, we measured the magnetic proper-
ties of a bilayered system consisting of Permalloy (Py),
a nickel-iron ferromagnetic alloy with about 80% nickel
and 20% iron content [5], and a type-II superconductor
material, either Nb (7. = 9.2 K [6]) or NbRe as a thin
film (T, = 5.3 K. [7]). To this end, we prepared four
kinds of nm-thick bilayers: NbRe/Py, Nb/Py, Py/NbRe
and Py/Nb.

Considering these bilayers, a diffusive flow of spin will
be detected from the ferromagnetic (FM) layer to the
non-magnetic (NM) one, due to exchange interaction.
This is a phenomenon known as spin pumping [8]. This
loss of angular momentum on the ferromagnetic layers
acts as an additional damping mechanism, which appears
experimentally as an increase in the Gilbert damping pa-
rameter . This experimental variation of o depends on
the NM layer, which becomes a spin sink of the diffusive
flow of spin.
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Focusing on NbRe/Py bilayers, we measured spin
pumping by studying the variation of the damping pa-
rameter (o) with the thickness of the NbRe layer, quan-
tifying this phenomenon with the spin mixing conduc-
tance (g™), which reflects the efficiency of spin transport
across the interface, and the spin diffusion length within
the absorbing non-magnetic layer (Asq).[8]

II. THEORETICAL BACKGROUND
A. Magnetization dynamics

Microwave magnetization dynamics is described by the
Landau-Lifshitz—Gilbert equation [1]

am
dt

= —yin X poHeg + aim x %’ (1)
where m is the magnetization vector, v is the gyromag-
netic ratio, ug is the permeability of free space, ﬁeff is
the effective magnetic field and « is the Gilbert damp-
ing coefficient. The first term reflects the steady-state
precession of the magnetization vector, while the second
one describes the dissipative behavior of this precession,
spiraling inwards until it points collinear with He.g (see
Figure 1).

FIG. 1: Magnetization dynamics described by the
Landau-Lifshitz—Gilbert equation.
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The Gilbert parameter quantifies this phenomenolog-
ical dissipative precession known as damping, which re-
flects a loss of magnetic energy through other channels.
This loss of energy is due to the fact that the system
is not isolated, the magnetization interacts with the en-
vironment, what is known as an open quantum system.
Some of the main mechanisms through which energy is
lost are: spin-lattice interaction (magnetic moment in-
teractions with lattice vibrations), spin-orbit interaction
with the conduction electrons, intrinsic spin-orbit inter-
action and magnonic excitations and exchange with a
thermal bath.

B. VNA Broadband FMR

Ferromagnetic resonance (FMR) spectroscopy is mea-
sured using a Vector Network Analyzer (VNA), which
sends a microwave signal through a coplanar waveguide
(CPW). The CPW efficiently transmits the signal over
a broad range of frequencies and is coupled to a sample
with a ferromagnetic material. When the resonance con-
dition is given, a magnon (collective excitation of the
magnetic material) with a frequency w,, is produced.
This magnon evolves through the material, acting like
a cavity, following the Hamiltonian

H = W(wi + i7m/2) 1 (2)

with 7 (') being the annihilation (creation) operator.
Ym 1S a parameter that quantifies the energy losses of
the magnon, except for the loss due to coupling with the
CPW.

From the magnon dynamics we can extract the scat-
tering parameter (see Appendix A), which follows the
expression

4 HOAH €03+ 20 H — poHin) it 0
(o H — proHpmin)? + (#)2

S (3)

where poH;, is the magnetic static field in resonance
condition, A is a parameter which measures the peak
depth and poAH is the peak linewidth, which is a con-
sequence of 7, and k, the two energy loss channels, ex-
trinsic and intrinsic.

This is the profile of the spectra we obtain in our mea-
surements. This profile reflects that when an absorption
of energy is produced, the scattering parameter shows a
prominent concave peak.

With a collection of S(uoHmin) spectra for different
frequencies we should expect a tendency of the position of
the minimum of the peak following the resonance Kittel
formula [9]

As mentioned before, the linewidth of the peak reflects
the energy losses due to extrinsic broadening and intrinsic
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damping. In Permalloy and other metallic ferromagnetic
films, the type of linewidth versus frequency response
is often interpreted in terms of a combined inhomoge-
neous broadening and Landau Lifshitz or Gilbert damp-
ing model in the form

draf

poAH = pgAHy + (5)

where pgAHj is a measure of the inhomogeneous broad-
ening and « is the Landau Lifshitz or Gilbert damping
parameter in a dimensionless form. [10]

C. Spin pumping

A consequence of the precession of the magnetic
moment in the FM layer is a non equilibrium spin
accumulation at the interface. As the NM layer cannot
maintain this excess of spin, the spins diffuse away,
forming a diffusive flow of angular moment from the
FM layer to the NM layer. The NM layer now plays
a very important role as it acts as a spin sink. As the
spin is diffused to the NM layer interface, it diffuses also
through the layer and, at a certain point, relaxes. That
is because the spin can only travel a typical distance
known as the spin diffusion length Agq. If the NM
layer is thinner than Mgy, the spin reaches the opposite
side and is reflected. This reflected spin returns to the
interface and reduces the efficiency of spin pumping.

If the NM is thicker than Agq, the spin fully relaxes
before reaching the other side. There is no significant
reflection, and the NM acts as a perfect spin sink. So, as
long as the NM thickness does not reach the diffusion spin
length, an increase of the NM layer thickness increases
the efficiency of the spin diffusion, following the relation
1]

T 2d
guBY NM
Aa= ——"7"="—|1— — 6
@ 47TM5'dFM l: eXP( )\sd >:| ’ ( )
where Aa = ann/rv—aFu, g is the Landé factor, pp is
the Bohr magneton, g™ is the spin mixing conductance,

and dpps and dyjps are respectively the thickness of the
FM and NM layer.

III. EXPERIMENTAL SETUP

NbRe/Py bilayers were deposited on Si(100) substrates
by UHV dc diode magnetron sputtering. The deposi-
tion system operates at room temperature with a base
pressure of about 2 x 10~%mbar. The NbRe (Py) layer
was deposited at a sputtering power of Wypre=350 W
(Wpy = 150 W) and Ar pressure of Pxpre=5.0 x 1073
mbar (Ppy=6.5 x 1073 mbar). The typical deposition
rates were about rxpre= 0.37 nm s~! and rpy= 0.14 nm
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s~! for NbRe and Py, respectively. Similar parameters
were used for the preparation of the Nb/Py bilayers.

Different series of bilayers with variable thickness of the
superconducting, dnpre, and ferromagnetic, dpy, layers
with NbRe of Py alternately in contact with the substrate
were deposited. In this way it was possible to evaluate
the effect of both the thickness and sample geometry on
the relaxation process. To guarantee that the fims of
the same series were grown under identical conditions, a
movable shutter, which selectively covers the substrates,
was used to deposit them in the same sputtering run.

As stated before, the ferromagnetic resonance (FMR)
spectroscopy experiment was performed at room temper-
ature using a vector network analyzer (VNA) connected
to a coplanar waveguide (CPW), as shown in Figure
2. This setup enables the conversion of an rf-electrical
signal into an oscillatory magnetic field acting on a
NM/FM heterostructure. The samples were mounted
in a flip-chip geometry on top of the CPW, and an
external static magnetic field (uoH) was applied in the
sample plane, perpendicular to the oscillatory magnetic
field generated by the CPW (hgp). To map the FMR
response, the rf signal transmission through the CPW
(S) was recorded as a function of the external magnetic
field and microwave frequency (f) using the VNA.

This procedure was repeated in two sets of
measurements. In the first one, we measured
NbRe(15nm)/Py(10nm), Nb(15nm)/Py(10nm),

Py(10nm)/NbRe(15nm) and  Py(10nm)/Nb(15nm)
using frequencies ranging from 1 to 20 GHz and mag-
netic fields between -0.4 T and 0 T. In the second
one, we focused on the NbRe/Py bilayers with 10 nm
of Py and different thicknesses of NbRe (15, 20, 30,
and 50 nm), using frequencies ranging from 1 to 18
GHz and magnetic fields between -0.4 T and 0 T. All
measurements were conducted at room temperature so
neither Nb nor NbRe were in the superconducting state.

FIG. 2: Left image shows an schematic representation of the
FMR setup where S and G stand for the two components of
the CPW: Signal (S), the central line through which the radio
frequency (RF) signal is transmitted, and Ground (G), the
electrical reference lines that are grounded and confine the
electromagnetic field within the CPW plane, ensuring con-
trolled signal propagation. Right image shows a photo of the
real experiment.
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IV. DATA ANALYSIS AND DISCUSSION

From the first set of measurements, values of S, ugH
and f for the four different bilayers were obtained. For
each bilayer, all data were grouped by frequency, plotting
S vs. upH (Figure 3).
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FIG. 3: An example of the S vs.
NbRe/Py bilayer, for f = 6.700 GHz.

uoH spectra for the

Figure 3 clearly shows an absorption peak in the
S(poH) spectrum measured for f = 6.700 GHz. The
poH component of the minimum of the peak identifies
the resonance field g Hpipn. The peak linewidth, poAH,
can be measured as the Full Width at Half Maximum
(FWHM), defined as the field width between the two
points where the absorption signal reaches half of its
maximum amplitude.

The evolution of pgHpyi, with frequency follows the
expected Kittel profile, as shown in the upper row of
Fig. 4. A fit to Eq.(4) provides the values of v and o Mg,
listed in Table I.

The poAH versus f data display a nearly linear be-
havior (se the lower row of Fig. 4). Applying Eq.(5) and
using the previously determined v values enables the ex-
traction of the damping parameter a and the inhomoge-
neous broadening oA Hy (Table I).

v (GHz/mT) | poMs (T) a oA Hp (mT)
NbRe/Py 0.1862 0.9572 0.00824 0.2034
Nb/Py 0.1866 0.9817 0.01177 -1.1250
Py/NbRe 0.1862 0.9348 0.00797 0.7135
Py/Nb 0.1854 0.9462 0.00681 -0.0031
literature | 0.1760 [12] 1[13] |0.007-0.010 [14]| 0.1-0.5 [15]

TABLE I: Parameters obtained from the analysis: v and
toMsg from the Kittel fit (Eq. 4), and « and poAHy from
the linewidth fit (Eq. 5).

All four parameters are similar for all samples and
consistent with values reported in the literature. The
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FIG. 4: Visual representation of the dependence of f on poHmin, and poAH on f, for each of the four samples in the first set.

inhomogeneous broadening is close to zero in every case,
indicating that samples are highly homogeneous. The
damping parameter « is also very similar for all four
bilayers, showing that neither the stacking order nor
the choice of NM material affects the damping. This
confirms that the measured signal corresponds to the
precession of the magnetic moment in the FM layer and
that the NM layer does not contribute to the damping
at room temperature, when both Nb and NbRe are in
the normal (non-superconducting) state. If the NM
layer were superconducting, a different behavior would
be expected. [11]

We repeated the experiment and the analysis for a sin-
gle layer of Py(10), NbRe(20)/Py(10), NbRe(30)/Py(10)
and NbRe(50)/Py(10) with the aim of detecting spin
pumping focusing on the NM/FM stacking. The
o AH (f) results follow expected behaviors as shown in
Figure 5.
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FIG. 5: Dependence of poAH on f for some samples in the
second set of measurements.

In this case, « is found to increase systematically as
the NbRe layer becomes thicker, which is consistent with
the presence of spin pumping through the interface.
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To illustrate this behavior, we plot the extracted values
of a as a function of the NbRe layer thickness (Figure 6).
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FIG. 6: o dependence on the NbRe thickness

This graph shows a saturation behavior in the spin
pumping signal, where the damping parameter « in-
creases with NbRe thickness and gradually levels off, in-
dicating that spin absorption becomes efficient beyond
a certain depth. By fitting the experimental results to
Eq.(6), where ap, is obtained for the FMR measure-
ment on the Py sample, we obtain Agq = 16.9 + 1.8 nm
and g™ = 6.7 = 0.2nm~2. These values are in good
agreement with those found in previous works in similar
bilayered systems, like Nb/Py [4] and NbRe/Co [11].

However, the original model assumes that the NM layer
is homogeneous and functional starting from d = 0. In
real Py/NbRe interfaces there is surface roughness of
several nanometers, intermixing between layers occurs,
amorphous or non-crystallized regions may be present
and spin diffusion may be suppressed in the first nanome-
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ters. Therefore, to be able to fit our results, a parameter
dy is introduced to represent the minimum thickness re-
quired for the NbRe layer to begin acting as an efficient
spin sink. Mathematically:

g™gup

d) = —_—
a( ) aPy + 47TMSdpy

(1 _ 6*2(d*d0)/>\sd) (7)

This does not alter the physics of the model, but rather
corrects for the real geometry of the sample. In our case,
the fitting yields a value of dy = 14.6 £ 0.6 nm, indicating
that spin diffusion is significantly suppressed in the first
nanometers of the NbRe layer. This parameter dy plays
the same role as the dead-layer thickness tqeaq commonly
introduced in the literature for interfacial spin-inactive
regions, as reported for example in CoFeB/MgO systems
[16].

V. CONCLUSIONS

In conclusion, we have determined the Gilbert damp-
ing a for four bilayer configurations consisting in a
ferromagnetic (Py) and a non-magnetic (NbRe or Nb)
layer (NbRe/Py, Nb/Py, Py/NbRe, and Py/Nb) and
found no significant dependence on either the stacking
order or the choice of normal-state superconductor. This
robustness indicates that the interfacial mechanisms
governing the damping are essentially the same across
all structures. A dedicated thickness-dependent study
performed on the NbRe/Py bilayer reveals a clear
increase in o with increasing the non-magnetic layer

thickness, consistent with spin pumping. Although
this behaviour was quantified only for NbRe/Py, the
lack of structural sensitivity in the a values suggests
that similar trends would be expected in the remaining
configurations under equivalent conditions.

Future work would include measurements below the
superconducting transition temperature T, to assess
whether the superconducting state modifies spin pump-
ing, ISHE (Inverse Spin Hall Efect) measurements to test
the sensitivity to layer inversion, and experiments using
different Py thicknesses to clarify how the ferromagnetic
layer influences dissipation and the extracted damping
values.
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Resum: S’han realitzat mesures de ressonancia ferromagnetica de banda ampla en bicapes de
NbRe-Py i Nb-Py amb gruixos nanomeétrics per caracteritzar I’esmorteiment magnetic del material
ferromagnetic (FM) i el bombatge d’espin a través de la interficie entre les dues capes primes. Els
valors del parametre d’esmorteiment de Gilbert a obtinguts no mostren una dependéncia significativa
ni amb 'ordre de les monocapes ni amb 1’eleccié del superconductor utilitzat en estat normal. Una
analisi de I’esmorteiment en el cas de la bicapa NbRe/Py revela un augment clar d’a amb el gruix
de la capa no magnetica (NM), coherent amb la dissipacié induida pel bombeig d’espin. Aquests
resultats ofereixen un panorama concis de I’esmorteiment de precessié magnetica i del transport

d’espin en sistemes FM/NM.
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Appendix A: SCATTERING PARAMETER DERIVATION

We can describe the movement of the magnons using input-output theory [17] with the Langevin equation

P K R . YmtE R

m = ﬁ[H,m] -5 VEain = —iwmmh — m2 m — Kan (A1)
where G, is the annihilation operator of photons coming in from the CPW and & is the coupling parameter of the
photons with the magnon. With a Fourier transform we obtain the number of magnons depending on the frequency
in the dynamical equilibrium state:

i = —iw i — I ; N — Réin (A2)

where w is the frequency of the microwaves sent through the CPW. Isolating m,

m=—

G ; (A3)

&
— (W — wyy) + L=

The number of photons coming out of the CPW after interacting with the sample is ([17])

K
Gout = Qin +VEM = |1 — Qin.- A4
' Ve ( —i(w — W) + 7"5*”) (A4)
We must now introduce the impedance mismatch at the VNA ports, using the parameter ¢ [18]
e
Gour = | 1 — Qin A5
! < —i(w — wyy) + 2t (45)

The VNA measures the transmission (7T'), that is, the proportion of power arriving at port 2 compared to the power
emitted at port 1. Knowing the average power of photons is P; = hw(&}ég) = hw|a;|?, where j can be ”in” or ”out”,

2

i}
T = ];;'ut -
in —i(w — wpy) + e (A6)
K2 — K(Ym + K) cos ¢ + 2k(w — wy,) sin ¢
=1+ 2 | (Imtr\2
(W —wm)? + (2575)
The VNA measures in logarithmic scale, in decibels, so
, 2
Ke'? (AT)

—i(w — wyy) + 2

is small, that is, the peak depth

10
In 10

where S is the scattering parameter, the one supplied by the VNA. If - re'?

Zi(w—wm)+ 1mEE
is < 2dB we can use the Taylor approximations |1 — z|> ~ 1 — 2R{x} and 10log;,(1 — z) ~ —

approximations, we obtain 10log;, |1 — 22| & — 2% R{z}. Then,

z. Combining both

10 (ym + k) cosd — 2(w — wy,) sin ¢
2 — K
In10 (W — w)? + (252

(A8)

However, the precise value of S depends on the magnetic field, so we can make the approximation of using the same
formula changing these variables, obtaining

N A—MOAH cos ¢ + 2(poH — p1o Hpin) sin ¢
(hoH — poHmin)? + (£225)2
where 1o H i, is the magnetic static field in resonance condition, A is a parameter which measures the peak depth

and poAH is the peak linewidth, which is a consequence of 7, and k, the two energy loss channels, extrinsic and
intrinsic.

S (A9)
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