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The mutual interplay between superconductivity and magnetism in superconductor/ferromagnet heterostructures
may give rise to unusual proximity effects beyond current knowledge. Especially, spin-triplet Cooper pairs could be
created at carefully engineered superconductor/ferromagnet interfaces. Here we report a giant proximity effect on
spin dynamics in superconductor/ferromagnet/superconductor Josephson junctions. Below the superconducting
transition temperature Tc, the ferromagnetic resonance field at X-band (~9.0 GHz) shifts rapidly to a lower
field with decreasing temperature. In strong contrast, this phenomenon is absent in ferromagnet/superconductor
bilayers and superconductor/insulator/ferromagnet/superconductor multilayers. Such an intriguing phenomenon
can not be interpreted by the conventional Meissner effect. Instead, we propose that the strong influence on
spin dynamics could be due to spin-transfer torque associated with spin-triplet supercurrents in ferromagnetic

Josephson junctions with precessing magnetization.
PACS: 74.45.+c, 74.78.Fk, 76.50.+g

Spin-triplet supercurrents combining supercon-
ducting and magnetic orders provide a great op-
portunity to enhance the functionality and perfor-
mance of spintronic devices by offering the possibil-
ity of long-range spin-polarized supercurrents.l' * As
triplet Cooper pairs, unlike singlet pairs, can carry a
net spin component, a spin-polarized current is natu-
rally associated with the triplet supercurrents. Mean-
while, triplet Cooper pairs are immune to pair break-
ing by the exchange field in ferromagnets so that
they sustain long-range correlations in spintronic de-
vices. To use such triplet supercurrents in spintronics
it is necessary to effectively generate and manipulate
triplet pairs in devices.

In the past decade, a number of theoretical mod-
els have been proposed to explain how spin-polarized
supercurrents can be created and controlled in super-
conductor/ferromagnet (S/F) heterostructures,” "
with key ingredients ranging from non-uniform super-
conductor, inhomogeneous and noncollinear magneti-
zation to strong spin-orbital coupling, etc. The first
experimental evidence for long-range triplet supercur-
rents was reported by Keizer et al.['] from the obser-
vation of supercurrent passing through the halfmetal-
lic ferromagnet CrO2. Then a series of experiments
demonstrated systematic evidences for triplet super-
currents in S/F/S Josephson junctions.['®~2'] Al
though these existing experiments provide compelling
evidences for triplet pairing in S/F heterostructures,
they are not directly probing or using the spin carried
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by triplet supercurrents.

A well-known and useful phenomenon in spin-
tronics is the spin-transfer torque induced by spin-
polarized currents, which has been widely used
to switch magnetization and control magnetization
dynamics.?’ Similarly, the triplet supercurrents are
anticipated to induce spin-transfer torques when pass-
ing through a ferromagnet. The demonstration of
spin-transfer torques due to triplet supercurrents
would not only confirm the net spin of triplet pairs
but also pave the way for the emergence of su-
perconducting spintronics. Recently, there are a
number of works addressing on the spin-transfer
torques and magnetization dynamics related to triplet
supercurrents.”?~?!] However, the experimental stud-
ies in this topic lie well behind theoretical progresses.
So far no clear experimental evidence for spin-transfer
torques produced by triplet supercurrents has been
reported.

In this Letter, we investigate the ferromagnetic res-
onance (FMR) spectra in a series of S/F/S Joseph-
son junctions. The results demonstrate a significant
influence of superconductivity on magnetization dy-
namics: the resonance field H, shifts rapidly to a
lower field below superconducting transition temper-
ature Tc. In contrast, such an effect is absent in S/F
bilayers and S/insulator/F/S multilayers. The con-
ventional Meissner effect can not account for this phe-
nomenon. Alternatively, we propose that the strong
influence on spin dynamics by superconductivity in
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ferromagnetic Josephson junctions could be due to
spin-transfer torque induced by spin-triplet cooper
pairs.[29-31]

The superconductor /ferromagnet heterostructures
including Nb/NiggFesg/Nb Josephson junctions and
Nb/NiggFeqg bilayer are fabricated using dc mag-
netron sputtering on glass substrates. The base pres-
sure of the sputtering system is about 107® Pa. The
films are deposited at an Ar pressure of 0.5Pa. The
MgO layer in the Nb/MgO /NiggFesp/Nb multilayer is
deposited by radio frequency sputtering with an Ar
pressure about 0.8 Pa. The FMR spectra at a fixed
frequency (X-band, f ~ 9.0 GHz) are measured in a
JEOL FA-200 spectrometer with a cavity resonator.
The system is equipped with a variable temperature
unit down to liquid helium temperature.

The geometry of the ferromagnetic Josephson
junctions and the schematic of FMR experiments are
illustrated in Fig.1(a). When a DC magnetic field
Hpc is applied not along the direction of magneti-
zation, the magnetization will rotate to the direction
of Hpc along spiral path by the driven torque and
damping torque. If a microwave field with magnetic
component hy,, perpendicular to Hpc is applied, the
magnetization can absorb microwave energy and pre-
cess continuously in balance with the damping torque.
This is the basic principle of FMR.
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Fig.1. Geometry of the ferromagnetic Josephson junc-
tions and the configuration of FMR measurements. (a)
The Josephson junctions in this study consist of a ferro-
magnetic layer (NigoFe20, 20 nm in thickness) and two su-
perconductor layers (Nb, 100 nm in thickness). The FMR
is measured at a fixed microwave frequency (~9.0 GHz)
while scanning the DC magnetic field applied in the film
plane. (b) The resistance of the top Nb layer of a Nb/
NigpFezp/Nb junction as a function of temperature. The
superconducting transition temperature T¢ is ~8.7 K.

In our study, the ferromagnetic Josephson junc-
tions are made of two superconducting layers of Nb
(100 nm in thickness) and an FM layer of NiggFeq
(20 nm in thickness). As shown in Fig. 1(b), the trans-

port measurement suggests a superconducting transi-
tion temperature T¢ ~ 8.7K of the Nb layers in the
Nb/NiggFeso/Nb junctions.

The FMR spectra of a Nb(100nm) /NiggFeoo (20nm)
/Nb(100 nm) Josephson junction measured at X-band
(~ 9GHz) in a cavity are shown in Fig.2(a). All the
resonance lines exhibit a single Lorenz lineshape. The
resonance field H, changes little with temperature
above To. However, H,. shifts rapidly to a lower field
with decreasing temperature below T¢. The temper-
ature dependence of H, is plotted in Fig.2(b). As
temperature decreases from T¢ to 4.2 K, H, shifts by
~70mT, indicating a strong influence on magnetiza-
tion dynamics by superconductivity.
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Fig. 2. FMR spectra of the
Nb(100 nm)/NiggFe20 (20 nm)/Nb(100 nm) Josephson
junction. (a) The FMR spectra as a function of tempera-
ture. Below the superconducting transition temperature
Tc, the resonance field H, shifts rapidly to a lower field
with decreasing temperature. (b) The resonance field
H, as a function of temperature. The inset plots the
structure of the sample. The significant shift of H, below
Tc evidences a strong proximity effect on magnetization
dynamics induced by superconductivity.

For comparison, we also measured the FMR. spec-
tra of a NDb(100nm)/NiggFezo(20nm) bilayer. As
shown in Fig.3(a), for the S/F bilayer, H, does not
shift obviously below T¢. From 10K to 4.2K, H,
only shifts about 1mT. We note that this obser-
vation is similar to a previous FMR study of S/F
bilayers.[””) This control experiment clarifies that the
shift of H,. is closely related to the geometry of fer-
romagnetic Josephson junctions rather than one S/F
interface. According to previous studies, the satura-
tion magnetization M of ferromagnetic layer changes
little (<1%) below T¢ by the static magnetic inter-
action with superconductivity in the S/F/S trilayers
and multilayers.l?>*?] Thus, it cannot account for the
significant shift of H, (~70mT) below Tc.
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Fig.3. Control experiments on S/F bilayer, S/I/F/S and S/F/S/F multilayers. (a) FMR spectra of a
Nb(100 nm)/NigoFe20(20nm) bilayer. The resonance field H, shifts little below the superconducting tran-
sition temperature Tc. (b) FMR spectra of a Nb(100nm)/MgO(10nm)/NigpFe20(20 nm)/Nb(100 nm)
multilayer. The resonance field H, does mnot shift below Tc. (¢) FMR spectra of a

Nb(100 nm)/NiggFe20(20 nm)/Nb(100 nm) /NigoFe20(20 nm) multilayer. Above T¢, there is only a single res-
onance line. Below T, there are two separated lines from the top NiggFeao layer and the lower NiggFego layer
in the S/F/S junction, respectively. H, of the former does not shift but of the latter shifts to lower field with
decreasing temperature. These control experiments confirm that the shift of H, is caused by supercurrents passing
through the ferromagnetic layer in Josephson junctions rather than a local proximity effect at a single S/F interface

or Meissner-like effect.

The shift of H, to a lower field indicates that an
effective inner magnetic field parallel to the external
magnetic field is produced in the superconducting
state. In other words, there should be an extra torque
induced by superconductivity to assist the external
field torque to keep the magnetization precession.
As this extra torque below T¢ is observed in S/F/S
junctions but not in the S/F bilayer, it implies that
supercurrents passing through Josephson junctions,
rather than a local proximity effect at one S/F in-
terface, play a critical role. To verify this viewpoint,
we have performed another control experiment in a

Nb(100 nm),/MgO(10nm)/NigoFez(20 nm) /Nb(100 nm)

multilayer where the supercurrents are blocked by the
insulating MgO layer.

For typical S/MgO/S Josephson junctions, thick-
ness of an MgO layer is usually below 2nm. Above
2nm the wave function can not overlap and tunnel-
ing supercurrents will be blocked. The FMR spectra
of this insulating S/I/F/S multilayer is presented in
Fig.3(b). No obvious shift of H, is observed below T¢.
From 11K to 4.2K, H, only shifts about 1 mT. This
second control experiment further suggests that the
extra torque below T¢ is due to supercurrents passing
through the ferromagnetic layer. Since singlet super-
currents do not carry a net spin and should not cause
a spin-transfer torque, it is naturally concluded that
the extra torque below T¢ is induced by triplet super-
currents.

In order to further confirm that the observed giant
effect on magnetic dynamics is restricted to ferromag-
netic Josephson junctions rather than a single F/S
interface, we prepared an S/F/S/F multilayer which
can be considered as a combination of an S/F/S junc-

tion and an S/F bilayer. The FMR spectra of this

Nb(100 nm) /NiggFez0(20 nm) /Nb(100 nm) /NiggFez (20 nm)

multilayer is shown in Fig.3(c). Above T, there is
only a single resonance line because the two F lay-
ers have the same resonance field. Below T, there
are two separated resonance lines, one from the top
NiggFeoq layer and the other from the lower NiggFesq
layer in the S/F/S junction, respectively. H, of the
former does not shift with temperature, but H, of
the latter shifts rapidly to lower field with decreasing
temperature, similar to that observed in the S/F/S
junctions. Overall, these control experiments con-
firm that the shift of H, below superconducting T¢
only occurs in conducting ferromagnetic Josephson
junctions.

In the following, we discuss the possible mechanism
of the giant proximity effect observed in the S/F/S
Josephson junctions. First, the Meissner effect can
be excluded thoroughly by the control experiments.
The giant shift of resonance field is only observable
in the S/F/S junctions but absent in the S/F bilayer
and S/I/F/S multilayer. If the change in resonance
field is induced by flux focusing due to the Meissner
effect of the superconducting Nb layers, one should
have observed similar effects in the S/I/F/S multi-
layer because the thin MgO layer does not block the
flux.

The FMR experiment in our study is a situation
of ferromagnetic Josephson junctions with precessing
magnetization. Several theoretical models!** %!l have
discussed on this situation and predicted that the long
range triplet supercurrents can be stimulated by vary-
ing in time (rather than in space) the orientation of
the magnetization in the ferromagnet, and the triplet

077401-3


Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.35, No.7(2018) 077401

Express Letter

supercurrent is pumped by using FMR in a ferromag-
netic Josephson junction.

Figure 4 presents a schematic illustration of the
dynamic process in the ferromagnetic Josephson junc-
tions. Away from the S/F interfaces in the super-
conductors, only spin-singlet Cooper pairs can ex-
ist below T¢. A conversion from spin-singlet pairs
to spin-triplet pairs occurs due to the spin-mixing
and spin-flip scattering at the interfaces.) The dy-
namically precessing magnetization plays an impor-
tant role for the conversion process,*”) by which
the coherent charge and spin transport takes place
through the junction due to the conservation of to-
tal spin angular momentum carried by triplet pairs
and magnons.!”* % For the triplet pairs with up spins
(parallel to the external DC magnetic field), they can
pass through the F layer. However, for the triplet
pairs with down spins, they will be reflected back to
the interface. Then triplet pairs passing through the
ferromagnetic metal between two S/F interfaces at
the precessing frequency produce a high-density AC
triplet supercurrent.l””! Since the triplet supercurrent
is spin polarized, it exerts a strong torque on the pre-
cessing magnetization. This torque has the same di-
rection with the torque generated by the external DC
magnetic field. As a consequence, the resonance field

» shifts to a lower field.
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Fig. 4. Schematic illustration of AC triplet supercurrents
induced spin-transfer torque in S/F /S Josephson junctions
with precessing magnetization. Triplet cooper pairs are
generated at the interfaces due to the precessing magneti-
zation. Away from the S/F interfaces in the superconduc-
tors (SC), only singlet Cooper pairs can exist. The triplet
pairs with up spins (parallel to the external DC magnetic
field) can transport through the ferromagnetic (FM) layer
periodically at the precessing frequency. The induced AC
triplet supercurrent exerts a strong spin-transfer torque on
the magnetization, causing a giant shift of the resonance
field.

In summary, our FMR experiments in the S/F/S
Josephson junction demonstrate a significant modifi-
cation on magnetization dynamics induced by super-
conductivity. In contrast, such a phenomenon is ab-
sent in S/F bilayers and S/I/F/S multilayers. These

results can not be understood by the simple Meiss-
ner effect of superconductivity. Instead, we propose
that there could be magnetization-precessing-induced
AC triplet supercurrent in the ferromagnetic Joseph-
son junctions and the resonance field shift is a con-
sequence of the spin-transfer torque produced by the
AC triplet supercurrent.
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