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The emerging field of superconductor (SC) spintronics has attracted intensive attentions recently. Many fantastic
spin-dependent properties in SCs have been discovered, including large magnetoresistance, long spin lifetimes,
and the giant spin Hall effect, etc. Regarding the spin dynamics in superconducting thin films, few studies have
been reported yet. Here, we report the investigation of the spin dynamics in an s-wave superconducting NbN film
via spin pumping from an adjacent insulating ferromagnet GdN film. A profound coherence peak of the Gilbert
damping of GdN is observed slightly below the superconducting critical temperature of the NbN, which agrees well
with recent theoretical prediction for s-wave SCs in the presence of impurity spin-orbit scattering. This observation
is also a manifestation of the dynamic spin injection into superconducting NbN thin film. Our results demonstrate
that spin pumping could be used to probe the dynamic spin susceptibility of superconducting thin films, thus pave
the way for future investigation of spin dynamics of interfacial and two-dimensional crystalline SCs.
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I. INTRODUCTION

The interplay between superconductivity and spintronics
has been intensively investigated in the last decade [1-3].
In the content of superconductivity, the ferromagnetic mag-
netization has been found to play an important role in the
superconducting critical temperature (7¢) in the ferromagnet
(FM)/superconductor (SC) junctions [4-9]. Besides, unusual
spin-polarized supercurrent has been observed in ferromag-
netic Josephson junctions [2,3,10-13]. Furthermore, non-
Abelian Majorana fermions have been proposed for p, +ip,
superconductor surfaces driven by magnetic proximity effect,
which has the potential for topological quantum computation
[14]. In the content of spintronics [15,16], the Cooper pairs in
SCs have exhibited many fantastic spin-dependent properties
that are promising for future information technologies. For
instance, large magnetoresistance has been achieved in the spin
valve with SCs between two ferromagnetic films [7,17], ex-
tremely long spin lifetimes and large spin Hall effect have been
discovered for the quasiparticles of SCs, which exceeds several
orders compared to the normal states above T¢ [18,19]. Despite
these intensive studies of the spin-dependent properties in the
FM/SC junctions, the spin dynamics of the superconducting
thin films has not been reported yet.

Very intriguingly, it has been proposed recently to investi-
gate the spin dynamics in superconducting films via spin pump-
ing [20], a well-established technique to perform dynamic
spin injection and to probe the dynamic spin susceptibility
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in various materials, including metal, semiconductors, Rashba
2DEGs, and topological insulators, etc. [21-30].

In this paper, we report the experimental investigation of
the spin dynamics in s-wave superconducting NbN thin films
via spin pumping. A profound coherence peak of the Gilbert
damping of GdN is observed slightly below the 7 of the
NbN in the NbN/GAN/NDN trilayer samples, which indicates
dynamic spin injection into the NbN thin films. Besides,
the interface-enhanced Gilbert damping probes dynamic spin
susceptibility in the NbN thin films in the presence of impurity
spin-orbit scattering, which is consistent with the recent theo-
retical study [20]. Our experimental results further demonstrate
that spin pumping could be a powerful tool to study the spin
dynamics in the emerging two dimensional SCs [31-33].

II. EXPERIMENTAL DETAILS

The NbN (t)/GdN (d)/NbN (t) trilayer samples are grown on
Al O3(~5 nm)-buffered thermally oxidized Si substrates by dc
reactive magnetron sputtering at 300 °C in an ultrahigh vacuum
chamber. The NbN layers are deposited from a pure Nb target
(99.95%) in Ar and N, gas mixture at a pressure of 2.3 mTorr
(20% N3), and GdN films are deposited from a pure Gd target
(99.9%) in Ar and N, gas mixture at a pressure of 2.8 mTorr
(6% N,). The NbN and GdN layers are of textured crystalline
quality with a preferred direction along (111) orientation, as
evidenced by x-ray diffraction results (see Fig. S1 in Ref. [34]).
After the growth, a thin Al,O3 layer (~10 nm) was deposited
in situ as a capping layer to avoid sample degradation with
air exposure. The Curie temperature (Tcyrie) of the GAN film
was determined via the offset magnetization measurement as
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FIG. 1. Spin pumping into the superconducting NbN thin films. (a)
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Schematic of the interfacial s-d exchange interaction (Jy) between the

spins in the NbN layer and the rotating magnetization of the GdN layer under the ferromagnetic resonance (FMR) conditions. (b) The magnetic
moment as a function of the temperature. Inset: the magnetic hysteresis loop at 7' = 5 K. (c) The four-probe resistance as a function of the
temperature with in-plane magnetic field at 0 and 4000 Oe. (d) The typical FMR signal measured at 7 = 10 K and f = 15 GHz. The red line
indicates the Lorentz fitting curve to obtain the half linewidth based on Eq. (1). (¢) The half linewidth as a function of the microwave frequency
at T = 10 K. The red solid line is the fitting curve based on spin-relaxation model. The results in (b)—(d) are obtained on the NbN (10)/GdN

(5)/NbN (10) sample.

a function of the temperature using a Magnetic Properties
Measurement System (MPMS; Quantum Design). The T¢ of
the SC NbN thin films was measured by four-probe resistance
technique as a function of the temperature in a Physical
Properties Measurement System (PPMS; Quantum Design)
using standard ac lock-in technique at low frequency of 7 Hz.
The FMR spectra of the multilayer samples were measured
using the coplanar wave guide technique with a vector network
analyzer (VNA, Agilent E5071C) in the variable temperature
insert of PPMS. The samples were attached to the coplanar
wave guide using insulating silicon paste. During the mea-

surement, the amplitudes of forward complex transmission
coefficients (S,;) were recorded as a function of the in-plane
magnetic field from ~4000 to 0 Oe at various temperatures
under different microwave frequencies and microwave power
of 5 dBm.

III. RESULTS AND DISCUSSION

Figure 1(a) illustrates spin pumping and the interfacial
s-d exchange coupling between spins in the NbN layer and
magnetic moments in the GdN layer. Due to the interfacial s-d
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exchange interaction (Jyy), the time-dependent magnetization
in the GdN layer pumps a quasiparticles-mediated spin current
into the NbN layer, and the spin-flip scattering of quasiparticles
accompanies a quantum process of magnon annihilation in
the GdN layer, giving rise to enhanced Gilbert damping [20].
Hence, the interfacial s-d exchange coupling provides the route
to detect the spin dynamics of the NbN layer by measuring
the magnetization dynamics of GdN. The spin pumping is
performed by measuring Gilbert damping of the GdN film
in the NbN (t)/GdN (d)/NDbN (t) trilayer heterostructures via
ferromagnetic resonance (FMR) technique [35]. NbN is an
s-wave SC with short coherence length of ~5 nm and spin
diffusion length of ~7 nm [19,36]. GdN is an insulating FM.
A 10-nm NDN film is used for the NbN (t)/GdN (d)/NDbN (t)
samples to justify the assumption that the spin backflow from
SC is small in the theoretical study [20]. In a typical sample of
NbN (10)/GdN (5)/NbN (10) (with thickness in nanometers),
Tcurie of GAN is determined to be ~38 K from the temperature
dependence of magnetic moments [Fig. 1(b)], and 7¢ of NbN is
obtained to be ~10.8 K via resistivity versus temperature mea-
surement [Fig. 1(c)]. The T¢ is slightly affected by the external
in-plane magnetic field of 4000 Oe due to the large critical field.

Figure 1(d) shows a typical FMR signal (S,;) versus the
magnetic field measured at 7 = 10 K, with a microwave
excitation frequency ( f) of 15 GHz. The half linewidth (A H)
could be obtained by the Lorentz fitting of the FMR signal
following the relationship [37]

(AH)
(AH) + (H — Heo)*’
where S; is the coefficient for the transmitted microwave
power, H is the external magnetic field, and Hs is the
resonance magnetic field. Gilbert damping («) is determined

using numerical fitting of AH versus f [Fig. 1(e)] based on
the spin-relaxation mechanism [34,38]:
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where A Hj is related to the inhomogeneous properties, y is the
gyromagnetic ratio, A is the spin-relaxation coefficient, and ©
is the spin-relaxation time constant (Fig. S2 in Ref. [34]).
The Gilbert damping of GdN is studied as a function of the
temperature for two trilayer samples with the same interface:
NDN (2)/GdN (5)/NbN (2) and NbN (10)/GdN (5)/NbN (10).
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FIG. 2. Spindynamics of the superconducting NbN thin films probed via spin pumping. The normalized four-probe resistance (a) and Gilbert
damping (b) as a function of the temperature for the samples of NbN (2)/GdN (5)/NbN (2) and NbN (10)/GdN (5)/NbN (10), respectively.
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The 2-nm NbN layer is not superconducting down to 2 K, while
the NbN (10)/GdN (5)/NbN (10) exhibits a T¢ of ~10.8 K
[Fig. 2(a)]. The nonsuperconducting feature of 2-nm NbN
sample and lower T¢ of the 10-nm NbN sample compared
to over 16 K for a single-crystalline NbN could be attributed
to reduced thickness, polycrystalline property, and magnetic
proximity effect [1,36,39]. Interestingly, a profound coherence
peak of the Gilbert damping is observed in the NbN (10)/GdN
(5)/NbN (10), but not on NbN (2)/GdN (5)/NbN (2), as shown
in Fig. 2(b). This feature is also evident from the temperature
dependence of the half linewidth (Fig. S3 in Ref. [34]). The
peak of the Gilbert damping in the NbN (10)/GdN (5)/NbN
(10) is observed at ~8.5 K, which is slightly below the
Tc(~10.8 K) of the 10-nm NbN layers. These results indicate
the successful dynamic spin injection into the 10-nm NbN su-
perconducting layer, which authenticates a charge-free method
to inject spin-polarized carriers into SCs beyond previous
reports of electrical spin injection [18,40-42]. Furthermore,
the observation of the profound coherence peak at 7' ~ 0.8
Tc is expected based on recent theoretical studies of the
spin dynamics for s-wave superconducting thin films via spin
pumping [20]. Since the thickness of NbN layer (d = 10 nm)
is longer than its spin diffusion length of ~7 nm, the spin
backflow effect, which is expected to reduce the damping peak,
is negligible here [20,21]. According to the theory, Gilbert
damping is related to the interfacial s-d exchange interaction
and the imaginary part of the dynamic spin susceptibility of
the SC [20]:

S oc J3y Y Imx (). )
q

For the s-wave superconducting NbN thin films, the supercon-
ducting gap A forms below T¢. At the temperature slightly
below T¢, two coherence peaks of the density states exist
around the edge of the superconducting gap following the
BCS theory [43], and these peaks in turn give rise to the
enhancement of the dynamic spin susceptibility in the presence
of impurity spin-orbit scattering. Quantitatively, the ratio of
the peak value of Gilbert damping over the value at T¢ is
<inline-formula><?TeX ~1.8, which also agrees well with
the theoretical calculation using previous experimental values
of spin diffusion length (~7 nm), phase coherence length
(~5 nm), and mean free path (~0.3 nm) for NbN thin films
[19,20,36]. As the temperature further decreases, the number
of quasiparticles decreases rapidly as the A grows, giving rise
to the fast decrease of Gilbert damping below 7' ~ 7 K.
Next, the thickness of the GdN layer is varied to further
study spin pumping and the spin dynamics in NbN layer. For
both samples of NbN (10)/GdN (d)/NbN (10) with d = 10
and 30 nm, a profound coherence peak of Gilbert damping
is observed slightly below the superconducting temperature of
NbN, as shown in Figs. 3(a) and 3(b) (red circles). While for all
the samples of NbN (2)/GdN (d)/NbN (2), no such coherence
peak of the Gilbert damping is noticeable [green circles in
Figs. 3(a) and 3(b)]. The role of the effective magnetization
in the observed coherence peak has been ruled out since it
exhibits similar temperature dependence for NbN (2)/GdN
(d)/NbN (2) and NbN (10)/GdN (d)/NbN (10) samples (Fig.
S4 in Ref. [34]). Clearly, a more profound damping peak for
the d = 10 nm sample is observed compared to d =5 and
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FIG. 3. The GdN thickness effect on spin dynamics of the su-
perconducting NbN thin films. [(a) and (b)]. The Gilbert damping
as a function of the temperature for the samples of NbN (t)/GAN
(10)/NDN (t), and NbN (t)/GdN (30)/NbN (t). (Insets) The normalized
four-probe resistance as a function of the temperature for the samples
of NbN (10)/GdN (10)/NbN (10) and NbN (10)/GdN (30)/NbN (10).
(c) The ratio of the peak Gilbert damping over the value at T ~ T¢
[otpea /at(~T¢)] as a function of the GdN layer thickness.

30 nm samples. Figure 3(c) shows the ratio of the peak Gilbert
damping over the value at T = T¢ as a function of the GAN
thickness, which is in the range from 1.8 to 2.8. The T¢ exhibit
little variation as a function of the GdN thickness (Fig. S5
in Ref. [34]). For a deeper understanding of the underlying
mechanism to account for the thickness dependence of the
ratio, further theoretical and experimental studies would be
essential. One possible cause might be related to the interface
proximity exchange effect and/or the presence of magnetic
loose spins leading to scattering at the interface, which could
affect the spin diffusion length, coherence length, and mean
free path of the NbN layer.
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FIG. 4. The interface-induced Gilbert damping at the NbN/GdN
interface. (a) The Gilbert damping as a function of the GAN thickness
for the samples of NbN (10)/GdN (d)/NbN (10) at T = 11, 8.5, and
6 K, respectively. (b) The interface-induced Gilbert damping as a
function of temperature for NbN (10)/GdN (d)/NbN (10).

To further confirm that the observed coherence peak of the
Gilbert damping arises from the s-d exchange interaction at
the SC/FM interface, the interface-induced Gilbert damping
(aes) is studied as a function of temperature. oy is obtained
from the thickness dependence of total Gilbert damping at
each temperature [34], as shown in Fig. 4(a). The contribution
from GdN itself is significantly small compared to «g. The
unperturbed peak at ~8.5 K [Fig. 4(b)] unambiguously
demonstrates that the origin of the coherence peak in the
Gilbert damping is indeed due to the interfacial s-d exchange
interaction between the magnetization of GAN and the spins
of the quasiparticles in superconducting NbN thin films.
The slightly upturn of the interface-induced Gilbert damping
starting at 7 = 11 K might be associated with the fluctuation
superconductivity and/or the higher superconducting
transition temperature for some regions of the NbN films
than the zero-resistance temperature. For comparison, the
interface-induced Gilbert damping in the samples of NbN
(2)/GdN (d)/NbN (2) does not exhibit any signature of
coherence peak between 4 and 15 K (Fig. S6 in Ref. [34]).

Noteworthy is that our results are essentially different from
previous reports of spin pumping into superconducting Nb
films using the ferromagnetic metal permalloy (Py), where a
monotonic decrease of the Gilbert damping is reported when
the temperature decreases [44,45]. This feature is also con-
firmed in our studies by measuring the temperature dependence
of Gilbert damping of Py in Nb(100)/Py(20)/Nb(100) (Fig. S7
in Ref. [34]). Since Py is a FM metal, the interface exchange

interaction would be significant to strongly or even completely
suppress the superconducting gap of Nb at the Nb/Py interface
[17,20,43]. Hence, no coherence peak of Gilbert damping is
expected based on the theoretical study that assumes the com-
pletely suppression of the gap at the interface [45]. Besides,
the strong suppression of the superconducting gap at the Nb/Py
interface is in good agreement of previous tunnel spectroscopy
measurements of vanishing superconducting gap at the inter-
face between Nb and Ni [46]. However, for FM insulating GdN,
charge carriers from NbN do not penetrate into GdN, thus not
weakening the superconductivity at the interface, resulting in
the survival of the superconducting gap [47,48].

The experimental demonstration of the dynamic spin sus-
ceptibility in superconducting thin films via spin pumping
could be essential for the field of superconductors. For bulk
SCs, dynamic spin susceptibility has been studied from the
temperature dependent spin relaxation rate via the nuclear
magnetic resonance [43,49,50]. It also provides an avenue
for identifying unconventional superconducting paring mech-
anisms [51], while limited to mostly bulk SCs due to low
signal-to-noise ratio [43,49-51]. The spin pumping method has
much better signal-to-noise ratio so it could be very sensitive to
probe the dynamic spin susceptibility of superconducting thin
films. Furthermore, the spin pumping offers a special technique
to probe the pair breaking strength, the impurity spin-orbit
scattering, and the magnetic proximity effect in the SC/FM
junctions, which is also of considerable interest for the field of
SC spintronics [1-3].

IV. CONCLUSION

In conclusion, the spin dynamics of superconducting NbN
films are investigated via spin pumping from an adjacent FM
insulating layer. A profound coherence peak of the Gilbert
damping is observed below T¢, which indicates the dynamic
spin injection into the superconducting NbN films. Our results
pave the way for future investigation of interface impurity
spin-orbit scattering, and pair breaking strength in FM/SC
junctions, as well as the spin dynamics in the interfacial and
two-dimensional crystalline SCs. It may also be useful for
the search for Majorana fermions in the SC/ferromagnetic
insulator heterostructures.

ACKNOWLEDGMENTS

We acknowledge the fruitful discussion with Yuan Li and
Tao Wu. Y.Y,, Q.S., W.Y,, YM,, Y.Y,, X.C.X., and W.H. ac-
knowledge the financial support from National Basic Research
Programs of China (973 program Grant Nos. 2015CB921104
and 2014CB920902) and National Natural Science Foun-
dation of China (NSFC Grant No. 11574006). Y.T., J.P.C.,
and J.S.M. acknowledge the grants NSF DMR-1700137 and
ONR NO00014-16-1-2657. Y.T. also acknowledges the JSPS
Overseas Research Fellowships. J.P.C. also acknowledges the
Fundacion Seneca (Region de Murcia) posdoctoral fellowship
(19791/PD/15). W.H. also acknowledges the support by the
1000 Talents Program for Young Scientists of China.

224414-5



YUNYAN YAO et al.

PHYSICAL REVIEW B 97, 224414 (2018)

[1] A. I. Buzdin, Proximity effects in superconductor-ferromagnet
heterostructures, Rev. Mod. Phys. 77, 935 (2005).

[2] J. Linder and J. W. A. Robinson, Superconducting spintronics,
Nat. Phys. 11, 307 (2015).

[3] M. Eschrig, Spin-polarized supercurrents for spintronics, Phys.
Today 64, 43 (2011).

[4]J. Y. Gu, C. Y. You, J. S. Jiang, J. Pearson, Y. B. Bazaliy,
and S. D. Bader, Magnetization-Orientation Dependence of the
Superconducting Transition Temperature in the Ferromagnet-
Superconductor-Ferromagnet System: CuNi/Nb/CuNi, Phys.
Rev. Lett. 89, 267001 (2002).

[51 Z. Yang, M. Lange, A. Volodin, R. Szymczak, and
V. V. Moshchalkov, Domain-wall superconductivity in
superconductor-ferromagnet hybrids, Nat. Mater. 3, 793
(2004).

[6] I. C. Moraru, W. P. Pratt, and N. O. Birge, Magnetization-
Dependent T¢ Shift in Ferromagnet/Superconductor/Ferro-
magnet Trilayers with a Strong Ferromagnet, Phys. Rev. Lett.
96, 037004 (2006).

[7]1 G.-X. Miao, K. Yoon, T. S. Santos, and J. S. Moodera, Influ-
ence of Spin-Polarized Current on Superconductivity and the
Realization of Large Magnetoresistance, Phys. Rev. Lett. 98,
267001 (2007).

[8] H. Jeffrey Gardner et al., Enhancement of superconductivity by
a parallel magnetic field in two-dimensional superconductors,
Nat. Phys. 7, 895 (2011).

[9] J. Q. Xiao and C. L. Chien, Proximity Effects in Superconductor/
Insulating-Ferromagnet NbN/GdN Multilayers, Phys. Rev. Lett.
76, 1727 (1996).

[10] T. Kontos, M. Aprili, J. Lesueur, F. Genét, B. Stephanidis,
and R. Boursier, Josephson Junction through a Thin Ferromag-
netic Layer: Negative Coupling, Phys. Rev. Lett. 89, 137007
(2002).

[11] R.S. Keizer, S. T. B. Goennenwein, T. M. Klapwijk, G. Miao, G.
Xiao, and A. Gupta, A spin triplet supercurrent through the half-
metallic ferromagnet CrO,, Nature (London) 439, 825 (2006).

[12] 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).

[13] K. Senapati, M. G. Blamire, and Z. H. Barber, Spin-filter
Josephson junctions, Nat. Mater. 10, 849 (2011).

[14] J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma, Generic
New Platform for Topological Quantum Computation Using
Semiconductor Heterostructures, Phys. Rev. Lett. 104, 040502
(2010).

[15] S. A. Wolf et al., Spintronics: A Spin-Based Electronics Vision
for the Future, Science 294, 1488 (2001).

[16] I. Zutic, J. Fabian, and S. Das Sarma, Spintronics: Fundamentals
and applications, Rev. Mod. Phys. 76, 323 (2004).

[17] G.-X.Miao, A. V.Ramos, and J. S. Moodera, Infinite Magnetore-
sistance from the Spin Dependent Proximity Effect in Symme-
try Driven bcc-Fe/V/Fe Heteroepitaxial Superconducting Spin
Valves, Phys. Rev. Lett. 101, 137001 (2008).

[18] H. Yang, S.-H. Yang, S. Takahashi, S. Maekawa, and S. S. P.
Parkin, Extremely long quasiparticle spin lifetimes in supercon-
ducting aluminium using MgO tunnel spin injectors, Nat. Mater.
9, 586 (2010).

[19] T. Wakamura et al., Quasiparticle-mediated spin Hall effect in a
superconductor, Nat. Mater. 14, 675 (2015).

[20] M. Inoue, M. Ichioka, and H. Adachi, Spin pumping into super-
conductors: A new probe of spin dynamics in a superconducting
thin film, Phys. Rev. B 96, 024414 (2017).

[21] Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. 1. Halperin,
Nonlocal magnetization dynamics in ferromagnetic heterostruc-
tures, Rev. Mod. Phys. 77, 1375 (2005).

[22] Y. Ohnuma, H. Adachi, E. Saitoh, and S. Maekawa, Enhanced
dc spin pumping into a fluctuating ferromagnet near T¢, Phys.
Rev. B 89, 174417 (2014).

[23] K. Ando et al., Inverse spin-Hall effect induced by spin pumping
in metallic system, J. Appl. Phys. 109, 103913 (2011).

[24] K. Ando et al., Electrically tunable spin injector free from the
impedance mismatch problem, Nat. Mater. 10, 655 (2011).

[25] Y. Shiomi et al., Spin-Electricity Conversion Induced by Spin
Injection into Topological Insulators, Phys. Rev. Lett. 113,
196601 (2014).

[26] J. C. R. Sanchez et al., Spin-to-charge conversion using Rashba
coupling at the interface between non-magnetic materials, Nat.
Commun. 4, 3944 (2013).

[27] Q. Song et al., Spin injection and inverse Edelstein effect in
the surface states of topological Kondo insulator SmBg, Nat.
Commun. 7, 13485 (2016).

[28] E. Lesne et al., Highly efficient and tunable spin-to-charge
conversion through Rashba coupling at oxide interfaces, Nat.
Mater. 15, 1261 (2016).

[29] Q. Song et al., Observation of inverse Edelstein effect in Rashba-
split 2DEG between SrTiO; and LaAlO; at room temperature,
Sci. Adv. 3, 1602312 (2017).

[30] R. Ohshima et al., Realization of d-electron spin transport at
room temperature at a LaAlO5/SrTiO; interface, Nat. Mater.
16, 609 (2017).

[31] N. Reyren et al., Superconducting interfaces between insulating
oxides, Science 317, 1196 (2007).

[32] S. He et al., Phase diagram and electronic indication of high-
temperature superconductivity at 65 K in single-layer FeSe films,
Nat. Mater. 12, 605 (2013).

[33] Y. Saito, T. Nojima, and Y. Iwasa, Highly crystalline 2D
superconductors, Nat. Rev. Mater. 2, 16094 (2016).

[34] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.97.224414 for the crystalline structure char-
acterization, the analysis of Gilbert damping, the measure-
ment of effective magnetization, the determination of interface-
induced Gilbert damping, Temperature dependence of Gilbert
damping of Nb/Py/Nb trilayer samples, and the impact of spin
pumping exepriments on superconducting temperature of the
NDN layers. Also, see Refs. [52-62].

[35] Y. Zhao et al., Experimental investigation of temperature-
dependent Gilbert damping in permalloy thin films, Sci. Rep.
6, 22890 (2016).

[36] S. P. Chockalingam, M. Chand, J. Jesudasan, V. Tripathi, and
P. Raychaudhuri, Superconducting properties and Hall effect of
epitaxial NbN thin films, Phys. Rev. B 77, 214503 (2008).

[37] Z. Celinski, K. B. Urquhart, and B. Heinrich, Using ferromag-
netic resonance to measure the magnetic moments of ultrathin
films, J. Magn. Magn. Mater. 166, 6 (1997).

[38] C. L. Jermain et al., Increased low-temperature damping in
yttrium iron garnet thin films, Phys. Rev. B 95, 174411 (2017).

[39] A. M. Goldman, Superconductor-insulator transitions, Int. J.
Mod. Phys. B 24, 4081 (2010).

224414-6


https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1038/nphys3242
https://doi.org/10.1038/nphys3242
https://doi.org/10.1038/nphys3242
https://doi.org/10.1038/nphys3242
https://doi.org/10.1063/1.3541944
https://doi.org/10.1063/1.3541944
https://doi.org/10.1063/1.3541944
https://doi.org/10.1063/1.3541944
https://doi.org/10.1103/PhysRevLett.89.267001
https://doi.org/10.1103/PhysRevLett.89.267001
https://doi.org/10.1103/PhysRevLett.89.267001
https://doi.org/10.1103/PhysRevLett.89.267001
https://doi.org/10.1038/nmat1222
https://doi.org/10.1038/nmat1222
https://doi.org/10.1038/nmat1222
https://doi.org/10.1038/nmat1222
https://doi.org/10.1103/PhysRevLett.96.037004
https://doi.org/10.1103/PhysRevLett.96.037004
https://doi.org/10.1103/PhysRevLett.96.037004
https://doi.org/10.1103/PhysRevLett.96.037004
https://doi.org/10.1103/PhysRevLett.98.267001
https://doi.org/10.1103/PhysRevLett.98.267001
https://doi.org/10.1103/PhysRevLett.98.267001
https://doi.org/10.1103/PhysRevLett.98.267001
https://doi.org/10.1038/nphys2075
https://doi.org/10.1038/nphys2075
https://doi.org/10.1038/nphys2075
https://doi.org/10.1038/nphys2075
https://doi.org/10.1103/PhysRevLett.76.1727
https://doi.org/10.1103/PhysRevLett.76.1727
https://doi.org/10.1103/PhysRevLett.76.1727
https://doi.org/10.1103/PhysRevLett.76.1727
https://doi.org/10.1103/PhysRevLett.89.137007
https://doi.org/10.1103/PhysRevLett.89.137007
https://doi.org/10.1103/PhysRevLett.89.137007
https://doi.org/10.1103/PhysRevLett.89.137007
https://doi.org/10.1038/nature04499
https://doi.org/10.1038/nature04499
https://doi.org/10.1038/nature04499
https://doi.org/10.1038/nature04499
https://doi.org/10.1126/science.1189246
https://doi.org/10.1126/science.1189246
https://doi.org/10.1126/science.1189246
https://doi.org/10.1126/science.1189246
https://doi.org/10.1038/nmat3116
https://doi.org/10.1038/nmat3116
https://doi.org/10.1038/nmat3116
https://doi.org/10.1038/nmat3116
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1126/science.1065389
https://doi.org/10.1126/science.1065389
https://doi.org/10.1126/science.1065389
https://doi.org/10.1126/science.1065389
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/PhysRevLett.101.137001
https://doi.org/10.1103/PhysRevLett.101.137001
https://doi.org/10.1103/PhysRevLett.101.137001
https://doi.org/10.1103/PhysRevLett.101.137001
https://doi.org/10.1038/nmat2781
https://doi.org/10.1038/nmat2781
https://doi.org/10.1038/nmat2781
https://doi.org/10.1038/nmat2781
https://doi.org/10.1038/nmat4276
https://doi.org/10.1038/nmat4276
https://doi.org/10.1038/nmat4276
https://doi.org/10.1038/nmat4276
https://doi.org/10.1103/PhysRevB.96.024414
https://doi.org/10.1103/PhysRevB.96.024414
https://doi.org/10.1103/PhysRevB.96.024414
https://doi.org/10.1103/PhysRevB.96.024414
https://doi.org/10.1103/RevModPhys.77.1375
https://doi.org/10.1103/RevModPhys.77.1375
https://doi.org/10.1103/RevModPhys.77.1375
https://doi.org/10.1103/RevModPhys.77.1375
https://doi.org/10.1103/PhysRevB.89.174417
https://doi.org/10.1103/PhysRevB.89.174417
https://doi.org/10.1103/PhysRevB.89.174417
https://doi.org/10.1103/PhysRevB.89.174417
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1038/nmat3052
https://doi.org/10.1038/nmat3052
https://doi.org/10.1038/nmat3052
https://doi.org/10.1038/nmat3052
https://doi.org/10.1103/PhysRevLett.113.196601
https://doi.org/10.1103/PhysRevLett.113.196601
https://doi.org/10.1103/PhysRevLett.113.196601
https://doi.org/10.1103/PhysRevLett.113.196601
https://doi.org/10.1038/ncomms3944
https://doi.org/10.1038/ncomms3944
https://doi.org/10.1038/ncomms3944
https://doi.org/10.1038/ncomms3944
https://doi.org/10.1038/ncomms13485
https://doi.org/10.1038/ncomms13485
https://doi.org/10.1038/ncomms13485
https://doi.org/10.1038/ncomms13485
https://doi.org/10.1038/nmat4726
https://doi.org/10.1038/nmat4726
https://doi.org/10.1038/nmat4726
https://doi.org/10.1038/nmat4726
https://doi.org/10.1126/sciadv.1602312
https://doi.org/10.1126/sciadv.1602312
https://doi.org/10.1126/sciadv.1602312
https://doi.org/10.1126/sciadv.1602312
https://doi.org/10.1038/nmat4857
https://doi.org/10.1038/nmat4857
https://doi.org/10.1038/nmat4857
https://doi.org/10.1038/nmat4857
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006
https://doi.org/10.1038/nmat3648
https://doi.org/10.1038/nmat3648
https://doi.org/10.1038/nmat3648
https://doi.org/10.1038/nmat3648
https://doi.org/10.1038/natrevmats.2016.94
https://doi.org/10.1038/natrevmats.2016.94
https://doi.org/10.1038/natrevmats.2016.94
https://doi.org/10.1038/natrevmats.2016.94
http://link.aps.org/supplemental/10.1103/PhysRevB.97.224414
https://doi.org/10.1038/srep22890
https://doi.org/10.1038/srep22890
https://doi.org/10.1038/srep22890
https://doi.org/10.1038/srep22890
https://doi.org/10.1103/PhysRevB.77.214503
https://doi.org/10.1103/PhysRevB.77.214503
https://doi.org/10.1103/PhysRevB.77.214503
https://doi.org/10.1103/PhysRevB.77.214503
https://doi.org/10.1016/S0304-8853(96)00428-3
https://doi.org/10.1016/S0304-8853(96)00428-3
https://doi.org/10.1016/S0304-8853(96)00428-3
https://doi.org/10.1016/S0304-8853(96)00428-3
https://doi.org/10.1103/PhysRevB.95.174411
https://doi.org/10.1103/PhysRevB.95.174411
https://doi.org/10.1103/PhysRevB.95.174411
https://doi.org/10.1103/PhysRevB.95.174411
https://doi.org/10.1142/S0217979210056451
https://doi.org/10.1142/S0217979210056451
https://doi.org/10.1142/S0217979210056451
https://doi.org/10.1142/S0217979210056451

PROBE OF SPIN DYNAMICS IN SUPERCONDUCTING NbN ...

PHYSICAL REVIEW B 97, 224414 (2018)

[40] C.H.L.Quay, D. Chevallier, C. Bena, and M. Aprili, Spin imbal-
ance and spin-charge separation in a mesoscopic superconductor,
Nat. Phys. 9, 84 (2013).

[41] F. Hiibler, M. J. Wolf, D. Beckmann, and H. v. Léhneysen, Long-
Range Spin-Polarized Quasiparticle Transport in Mesoscopic Al
Superconductors with a Zeeman Splitting, Phys. Rev. Lett. 109,
207001 (2012).

[42] T. Wakamura, N. Hasegawa, K. Ohnishi, Y. Niimi, and Y. Otani,
Spin Injection into a Superconductor with Strong Spin-Orbit
Coupling, Phys. Rev. Lett. 112, 036602 (2014).

[43] M. Tinkham, Introduction to Superconductivity (Dover Publica-
tions, New York, 2004).

[44] C. Bell, S. Milikisyants, M. Huber, and J. Aarts, Spin Dynamics
in a Superconductor-Ferromagnet Proximity System, Phys. Rev.
Lett. 100, 047002 (2008).

[45] J. P. Morten, A. Brataas, G. E. W. Bauer, W. Belzig, and Y.
Tserkovnyak, Proximity-effect—assisted decay of spin currents
in superconductors, Europhys. Lett. 84, 57008 (2008).

[46] M. A. Sillanpad, T. T. Heikkil4, R. K. Lindell, and P. J. Hakonen,
Inverse proximity effect in superconductors near ferromagnetic
material, Eur. Phys. Lett. 56, 590 (2001).

[47] P. G. De Gennes, Coupling between ferromagnets through a
superconducting layer, Phys. Lett. 23, 10 (1966).

[48] B. Li et al., Superconducting Spin Switch with Infinite Magne-
toresistance Induced by an Internal Exchange Field, Phys. Rev.
Lett. 110, 097001 (2013).

[49] Y. Masuda and A. G. Redfield, Nuclear spin-lattice relaxation in
superconducting aluminum, Phys. Rev. 125, 159 (1962).

[50] L. C. Hebel and C. P. Slichter, Nuclear spin relaxation in
normal and superconducting aluminum, Phys. Rev. 113, 1504
(1959).

[51] N. J. Curro et al., Unconventional superconductivity in
PuCoGas, Nature 434, 622 (2005).

[52] P. E. Seiden, Ferrimagnetic resonance relaxation in rare-earth
iron garnets, Phys. Rev. 133, A728 (1964).

[53] M. Sparks, Ferromagnetic Relaxation Theory (McGraw-Hill,
New York, 1964).

[54] R. Arias and D. L. Mills, Extrinsic contributions to the ferro-
magnetic resonance response of ultrathin films, Phys. Rev. B 60,
7395 (1999).

[55] K. Lenz, H. Wende, W. Kuch, K. Baberschke, K. Nagy, and A.
Janossy, Two-magnon scattering and viscous Gilbert damping
in ultrathin ferromagnets, Phys. Rev. B 73, 144424 (2000).

[56] O. d’Allivy Kelly et al., Inverse spin Hall effect in nanometer-
thick yttrium iron garnet/Pt system, Appl. Phys. Lett. 103,
082408 (2013).

[57] X. Liu, W. Zhang, M. J. Carter, and G. Xiao, Ferromagnetic
resonance and damping properties of CoFeB thin films as free
layers in MgO-based magnetic tunnel junctions, J. Appl. Phys.
110, 033910 (2011).

[58] J. E. Sierra et al., Interface and temperature dependent magnetic
properties in permalloy thin films and tunnel junction structures,
J. Nanosci. Nanotechnol. 11, 7653 (2011).

[59] C. Kittel, On the theory of ferromagnetic resonance absorption,
Phys. Rev. 73, 155 (1948).

[60] G. Counil, J.-V. Kim, T. Devolder, C. Chappert, K. Shigeto,
and Y. Otani, Spin wave contributions to the high-frequency
magnetic response of thin films obtained with inductive methods,
J. Appl. Phys. 95, 5646 (2004).

[61] M. L. Schneider, T. Gerrits, A. B. Kos, and T. J. Silva, Gy-
romagnetic damping and the role of spin-wave generation in
pulsed inductive microwave magnetometry, Appl. Phys. Lett.
87, 072509 (2005).

[62] P. Krivosik, N. Mo, S. Kalarickal, and C. E. Patton, Hamiltonian
formalism for two magnon scattering microwave relaxation:
Theory and applications, J. Appl. Phys. 101, 083901 (2007).

224414-7


https://doi.org/10.1038/nphys2518
https://doi.org/10.1038/nphys2518
https://doi.org/10.1038/nphys2518
https://doi.org/10.1038/nphys2518
https://doi.org/10.1103/PhysRevLett.109.207001
https://doi.org/10.1103/PhysRevLett.109.207001
https://doi.org/10.1103/PhysRevLett.109.207001
https://doi.org/10.1103/PhysRevLett.109.207001
https://doi.org/10.1103/PhysRevLett.112.036602
https://doi.org/10.1103/PhysRevLett.112.036602
https://doi.org/10.1103/PhysRevLett.112.036602
https://doi.org/10.1103/PhysRevLett.112.036602
https://doi.org/10.1103/PhysRevLett.100.047002
https://doi.org/10.1103/PhysRevLett.100.047002
https://doi.org/10.1103/PhysRevLett.100.047002
https://doi.org/10.1103/PhysRevLett.100.047002
https://doi.org/10.1209/0295-5075/84/57008
https://doi.org/10.1209/0295-5075/84/57008
https://doi.org/10.1209/0295-5075/84/57008
https://doi.org/10.1209/0295-5075/84/57008
https://doi.org/10.1209/epl/i2001-00561-8
https://doi.org/10.1209/epl/i2001-00561-8
https://doi.org/10.1209/epl/i2001-00561-8
https://doi.org/10.1209/epl/i2001-00561-8
https://doi.org/10.1016/0031-9163(66)90229-0
https://doi.org/10.1016/0031-9163(66)90229-0
https://doi.org/10.1016/0031-9163(66)90229-0
https://doi.org/10.1016/0031-9163(66)90229-0
https://doi.org/10.1103/PhysRevLett.110.097001
https://doi.org/10.1103/PhysRevLett.110.097001
https://doi.org/10.1103/PhysRevLett.110.097001
https://doi.org/10.1103/PhysRevLett.110.097001
https://doi.org/10.1103/PhysRev.125.159
https://doi.org/10.1103/PhysRev.125.159
https://doi.org/10.1103/PhysRev.125.159
https://doi.org/10.1103/PhysRev.125.159
https://doi.org/10.1103/PhysRev.113.1504
https://doi.org/10.1103/PhysRev.113.1504
https://doi.org/10.1103/PhysRev.113.1504
https://doi.org/10.1103/PhysRev.113.1504
https://doi.org/10.1038/nature03428
https://doi.org/10.1038/nature03428
https://doi.org/10.1038/nature03428
https://doi.org/10.1038/nature03428
https://doi.org/10.1103/PhysRev.133.A728
https://doi.org/10.1103/PhysRev.133.A728
https://doi.org/10.1103/PhysRev.133.A728
https://doi.org/10.1103/PhysRev.133.A728
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.73.144424
https://doi.org/10.1103/PhysRevB.73.144424
https://doi.org/10.1103/PhysRevB.73.144424
https://doi.org/10.1103/PhysRevB.73.144424
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.3615961
https://doi.org/10.1063/1.3615961
https://doi.org/10.1063/1.3615961
https://doi.org/10.1063/1.3615961
https://doi.org/10.1166/jnn.2011.4754
https://doi.org/10.1166/jnn.2011.4754
https://doi.org/10.1166/jnn.2011.4754
https://doi.org/10.1166/jnn.2011.4754
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.2031944
https://doi.org/10.1063/1.2031944
https://doi.org/10.1063/1.2031944
https://doi.org/10.1063/1.2031944
https://doi.org/10.1063/1.2717084
https://doi.org/10.1063/1.2717084
https://doi.org/10.1063/1.2717084
https://doi.org/10.1063/1.2717084



