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ABSTRACT

The Ruderman-Kittel-Kasuya-Yosida (RKKY) theory of oscillatory exchange interaction in synthetic antiferromagnetic multilayers results
in the oscillation behavior of giant magnetoresistance ratio. In addition, the formation of Yu-Shiba-Rusinov (YSR) bound states will induce
an extra antiferromagnetic interaction, which is expected to mediate stronger exchange coupling than conventional RKKY interaction.
However, the YSR bound states have only been studied in some superconducting hosts with magnetic impurities. The narrow range of mate-
rial systems that are not compatible with the device integration architecture limits the practical application of YSR interaction. Here, we
observe the RKKY interaction and provide the evidence for YSR interaction in Pt/(Co/Pt),/Nb/(Pt/Co),/Pt synthetic antiferromagnetic mul-
tilayers by quantitatively determining the coupling energy via ferromagnetic resonance technique.
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I. INTRODUCTION lays the crucial technical foundation for giant magnetoresistance
devices.”'" Although SAF structures with RKKY interactions have
been extensively explored, the exchange interaction under ultralow
temperature has rarely been discussed in the experiment.

Recently, a variety of novel phenomena were investigated in
magnetic heterostructures at ultralow temperature regions, such as
the superconducting exchange coupling in GAN/Nb/GdAN multi-
layers'' and an enhanced triplet pure spin supercurrent in Pt/Nb/
synthetic antiferromagnet (SAF) consists of two magnetic layers NiFe/Nb/Pt systems.'” Here, Nb, a metallic superconductor
with different magnetizations adjacent to the same nonmagnetic  petween two ferromagnetic layers, is widely used to investigate the

Antiferromagnetic materials with exceptional advantages, such
as robustness against perturbation, ultrafast dynamics at THz, and
considerable spin-orbit effects,' are promising for future spin-
tronic applications. Despite its merits, the strong direct exchange
and small repeat distance limit the application of crystal antiferro-
magnets in spin-dependent resistance devices. As an alternative,

spacer layer through the Ruderman-Kittel-Kasuya-Yosida (RKKY) interplay between ferromagnetism and superconductivity, where
interaction.”® In SAF structures, the weaker exchange coupling superconductivity requires a coupling between antiparallel spin and
allows us to easily manipulate the antiferromagnetic order, which ferromagnetism emerges from a parallel alignment of spin. In
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addition, those two counteractive orders create rich and profound
physics in the superconductor/ferromagnet heterostructure, includ-
ing proximity effect,''* spin-triplet Cooper pairs,''® and super-
conducting pure spin currents.'”'®  Moreover, the magnetic
impurity in the superconducting host induced localized electronic
states called Yu-Shiba-Rusinov (YSR) bound states.'”** YSR
bound states have a spatial extent even more than tens of
nanometers™ and the formation of YSR bound states could signifi-
cantly enhance antiferromagnetic contribution from indirect
spin-exchange.”* An extra antiferromagnetic coupling channel may
occur in Nb-based SAF structures at low temperatures.

This letter demonstrates the YSR interaction in Pt/[Co/Pt],/
Nb/[Pt/Co],/Pt heterostructures. The exchange couplings are deter-
mined by the ferromagnetic resonance (FMR) technique from
room temperature to 4.2 K. We verify the (kg T/eg)? relation of bare
temperature-dependent RKKY interaction by quantitatively investi-
gating the coupling energy. Moreover, the order of the acoustic
mode resonance field and optical mode resonance field reversed at
kgT < A, corresponding to a new coupling channel with opposite
coupling energy. This result can be clearly explained by an extra
antiferromagnetic exchange coupling from the YSR interaction.

Il. EXPERIMENTS

Pt (0.9nm)/[Co (0.75nm)/Pt (0.9 nm)],/Nb (xnm)/[Pt
(0.9 nm)/Co (0.75 nm)],/Pt (0.9 nm) multilayers with different Nb
thickness were deposited onto SiO,/Si substrates using a DC mag-
netron sputtering system with a base pressure less than
1x 1077 Torr at room temperature. The Ar working pressure
increased to 3 mT with a DC power of 20 W during the evapora-
tion. An in-suit quartz crystal microbalance monitored the deposi-
tion rate. The temperature-dependent X-band (~9.3 GHz) FMR
measurement was carried out via an electron paramagnetic reso-
nance spectrometer (JES-FA200, JOEL) equipped with a variable
temperature down to liquid helium temperature. The magnetic hys-
teresis loops were recorded for different temperatures by a super-
conducting quantum interference device (MPMS3, Quantum
Design) in the DC scan mode.

I1l. RESULTS AND DISCUSSION

The Pt/(Co/Pt),/Nb/(Pt/Co),/Pt magnetic heterostructures with
perpendicular magnetic anisotropy show an oscillating behavior
between ferromagnetic and antiferromagnetic exchange coupling by
controlling the thickness of the Nb interlayer. The film structure and
the measurement geometry of FMR test are schematically depicted
in Fig. 1(a). The FMR measurements are performed in an X-band
(9.3 GHz) resonator cavity with the TEq;; mode. The external
magnetic field is applied perpendicular to the film plane. The FMR
spectra for different thicknesses of the Nb spacer layer are shown in
Fig. 1(b). Strikingly, two resonance fields are observed in FMR
spectra for all samples due to two different precession modes of
magnetization vectors in the neighboring ferromagnetic layer. The
in-phase precession and out-of-phase precession modes are the
acoustic and optical spin-wave resonance modes, respectively. In the
perpendicular magnetic anisotropy condition, the resonance field of
the acoustic mode and optical mode along the easy axis can be
expressed by the out-of-plane Kittle equation, including the effective
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interlayer coupling field J. as follows:”

’J/
T a - b
f . (Ham + Hx — 4mMegr)
(1)
fi= —27; (Hom + Jet + Hi — 47mMefr),

where f; is the resonance frequency and y is the gyromagnetic ratio
of 2.8 MHz/Oe. Hay and Hpyy represent the resonant field for
acoustic mode and optical mode, respectively. J.¢ is the distance
between the resonance field of acoustic mode and optical mode
called mode separation. J. is related to the exchange coupling
energy Jrxxy asler = —2 ]‘;%. Here, d is the thickness of a single fer-
romagnetic layer, and Jrxxy represents the RKKY coupling energy.
Positive values of Jrxxy indicate ferromagnetic coupling, whereas
negative values represent antiferromagnetic coupling.”” The RKKY
coupling energy oscillates and changes signs with the Nb spacer
thickness at room temperature. The optical mode Hoyy appears at a
higher magnetic field than the acoustic mode Hyyy in the ferromag-
netic coupling condition (and vice versa). We distinguish the optical
and acoustic modes by combining the FMR spectra and magnetic
hysteresis loop results. Figure 1(c) shows the normalized magnetic
hysteresis loops measured when the external magnetic field is per-
pendicular to the film. The hybridization between the 3d bands in
the ferromagnetic layers and the conduction band in the spacer
metal layer leads to an attenuated oscillatory of the exchange cou-
pling with increasing spacer layer thickness.”” The double S-shape
hysteresis loop appears at Nb thickness varying from 1.7 to 2.0 nm,
corresponding to the antiferromagnetic coupling behavior.” It is
worth noticing that the sample inhomogeneity such as nanogranular
magnets and domains may also cause the double S-shape hysteresis
loop.”””" Conversely, a single-pattern hysteresis loop can be

observed when the Nb layer thickness increases further over 2.1 nm, ¢

corresponding to the ferromagnetic coupling behavior. Figure 1(b)
shows that the distance between the two kinds of resonance fields
decreases first. It then increases with the increasing Nb thickness
accompanied by the switching of ferromagnetic and antiferromag-
netic exchange coupling. The spacer layer thickness-dependent
Jrixy is shown in Fig. 1(d). Based on the quantum interference
model and RKKY model, the oscillating behavior of coupling energy
Jrxky can be expressed in a crude approximation below:" >

Jrixy o€ sin(2kgt,), (2)

o
(ZkF ts)z

where the f; and kg represent the thickness and Fermi wave vector of
the spacer layer, respectively. As shown in Fig. 1(d), an oscillatory
change of Jrxxy decaying with the spacer distance can be observed
in the Pt/(Co/Pt),/Nb/(Pt/Co),/Pt multilayers. The black line sym-
bolized the fitting results using Eq. (2) shows good consistency with
the experiment results in two oscillation periods. The Fermi vector
kp of Nb derived from fitting the oscillatory behavior equals
2.93 +0.03 nm™", comparable to the previous reports.”” The oscilla-
tory exchange coupling as a function of Nb layer thickness shows a
period of 5.5 A in a reasonable value,” which again supports the
existence of interlayer exchange coupling and the transition between
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FIG. 1. Exchange coupling in Pt/(Co/Pt),/Nb/(Pt/Co),/Pt multilayers with different thicknesses of Nb. (a) Schematic of the FMR measurement geometry. (b) FMR absorp-
tion spectra of samples Pt/(Co/Pt),/Nb/(Pt/Co),/Pt with different Nb layer thicknesses. (c) Out-of-plane normalized magnetization loops of samples Pt/(Co/Pt),/Nb/(Pt/Co),/
Pt with different Nb layer thicknesses. (d) Dependence of the RKKY coupling energy as a function of the Nb spacer layer thickness. The black line indicates the fitting

result of oscillatory behavior.

antiferromagnetic and ferromagnetic ordering in Pt/(Co/Pt),/Nb/
(Pt/Co),/Pt structures.

The temperature-dependent interlayer exchange coupling in the
ferromagnetic coupling condition is determined using a 2.5nm Nb
spacer layer sample as shown in Fig. 2(a). The typical FMR spectra
and the corresponding Jrxxy value vs different temperatures are
demonstrated in Figs. 2(b) and 2(c), respectively. As expected for the
theoretical analysis based on the pure temperature effect, the cou-
pling increased with the temperature decreased, implying the
enhanced exchange coupling at low temperature. Recall that in the
free electron model for the energy dispersion, the intensity of RKKY
interaction as a function of temperature can be expressed as

Jrkxy

o sin(2kpt,) — 2kgpt,cos(2kgt;) _71'_2 (kB T>2 cos(ZkFtS)]

(kgts)* 3\ & ket,

(©)

where e is the Fermi energy and kg represents the Boltzmann
constant. Overall, we find that the theoretical fitting results shown in
Fig. 2(c) are consistent with the experimental results, further demon-
strating that the changing of coupling energy is due to the pure tem-
perature effect. There are two prerequisites in investigating the
interlayer exchange coupling mediated by the superconducting layer.
On the one hand, a relatively thick Nb layer of about 20 nm is required
at ultralow temperature to protect the superconducting state from the
damage of inverse proximity effect.”’* On the other hand, the cou-
pling strength of RKKY interaction decay inversely proportional to the
square of distance. This property limits the thickness of the spacing
layer in an ultrathin region, usually less than 5 nm. However, the super-
conducting transition of ultrathin Nb is easily suppressed by adjacent
ferromagnetic layers via the inverse proximity effect. Such conflicting
requirements make this problem more complicated.

Here in our works, the Nb layer is protected by the neighbor-
ing Pt layer without direct contact with the ferromagnetic Co layer.
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FIG. 2. Temperature-dependent exchange coupling in the sample Pt/(Co/Pt),/Nb(2.5 nm)/(Pt/Co),/Pt with ferromagnetic coupling. (a) Schematic of the structure with ferro-
magnetic coupling. (b) Typical FMR spectra and (c) corresponding coupling strength Jrkky as a function of temperature during the cooling process. The red line represents
the fitting result using (ks T/er)? relationship. (d) The evolution of the temperature dependence of the sheet resistance.

So, the Co/Pt multilayers can suppress the inverse proximity effect
and further reduce the inhibition of superconductivity order in the
Nb layer to some extent. To directly characterize the superconduct-
ing properties of the spacer Nb layer, we have measured the tem-
perature dependence of the sheet resistance, as shown in Fig. 2(d).
The superconducting transition is not observed in the sample of
Pt/(Co/Pt),/Nb (2.0 nm)/(Pt/Co),/Pt with ferromagnetic coupling
states. The absence of superconducting transition here is probably
due to the suppression from ferromagnetic coupling. The measured
absence of superconducting transition is in apparent agreement
with the results of temperature-dependent coupling energy, which
further demonstrates the bare temperature effect in Pt/(Co/Pt),/Nb
(2.5 nm)/(Pt/Co),/Pt.

However, a new spin-wave resonance mode emerges at an
ultralow temperature around kgT <A’ in the condition of a 2.0 nm
Nb spacer layer with antiferromagnetic coupling as shown in
Fig. 3(a). This phenomenon does not match the bare temperature
effect, indicating the spin dynamic behavior is different from itiner-
ant electrons mediated RKKY interaction. The typical FMR spectra

with different temperatures are illustrated in Fig. 3(b). The
dynamic behavior in the temperature above 174 K exhibits a pure
temperature effect. With the temperature decreasing from 300 to
174 K, the acoustic mode Hyy, decreased around 150 Oe, while the
optical mode Hpy; remarkably decreased by about 470 Oe. Recall
that the position of acoustic mode only depends on the intrinsic
property of magnetic layer and is not affected by the interlayer
exchange coupling. However, the position of optical mode is a
complex condition affected by magnetic layer and coupling
strength. Hence, those observations can be explained that Hy-
4rMeg change relatively small than J in decreasing temperature.
The optical mode Hgy; shows a dramatic shift owing to the tem-
perature sensitivity of Jo¢. The coupling energy Jrxky as a function
of temperature above 152 K is also in accord with the pure temper-
ature effect, as shown in Fig. 3(d). Moreover, the fitting results
of kgt value are determined to be 4.6. The ratio of kg-t, in ferro-
magnetic coupling states to antiferromagnetic coupling states is
determined to be 1.26 and the ratio of Nb thickness is 1.25, which
guarantees the self-consistent of the results. Figure 3(f)
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FIG. 3. Temperature-dependent exchange coupling in the sample Pt/(Co/Pt),/Nb(2.0 nm)/(Pt/Co),/Pt with antiferromagnetic coupling. (a) Schematic of the structure with
antiferromagnetic coupling. (b) Typical FMR spectra from room temperature to 4.2 K. (c) Detailed FMR phase diagram at ultralow temperature. The FMR intensity is plotted
as a function of the external field and temperature scaled by the contour map. (d) The value of RKKY coupling energy as a function of temperature from room temperature
to 150 K. The red line represents the fitting result using (ks T/er)? relationship. (¢) Comparison of the out-of-plane magnetic hysteresis loops under 4.2, 120, and 300 K. (f)
The sheet resistance as a function of temperature in the entire temperature range. The inset shows a detailed version in the region from 2 to 10 K.

demonstrates the temperature-dependent sheet resistance. Unlike
the ferromagnetic coupling states, the antiparallel magnetization
alignment in antiferromagnetic coupling states has little influence
on the superconductive layer. Thus, the superconducting transition
around 4 K can be observed.

In the ultralow temperature region, the acoustic mode
remained almost unchanged over the temperature decreasing from
15.7 to 4.2 K due to the small temperature changes AT only around
10K, as shown in the bottom part of Fig. 3(b). However, a new res-
onance field emerges around 4kOe as the further temperature
decreases around kg7 < A. The FMR phase diagram in Fig. 3(c) pro-
vides a detailed overview, and a new resonance field emerged in the
lower right corner. Combined with the optical mode resonance field
around 1.2kOe tends to vanish, a reversal of acoustic mode reso-
nance field and optical mode resonance field is exhibited. Since the
double S-shape hysteresis loop is retained, illustrated in Fig. 3(e),
the overall coupling mode remains antiferromagnetic coupling
unchanged. Here, the position of the new resonance field is different
from the conventional antiferromagnetic coupling mode, implying
the setup of an extra antiferromagnetic coupling channel.

In the superconductor/ferromagnet heterostructure, magnetic
atoms are detrimental for Cooper pairs because they induce spin-
polarized subgap states. The magnetism atoms locally or even
completely break Cooper pairs and allow additional subgap bound

states dubbed Yu-Shiba-Rusinov (YSR) bound states inside super-
conducting gaps. Apart from the conventional RKKY interaction,
the YSR bound states of the two magnetic layers hybridize in
a spin-dependent fashion, which results in a new coupling
mechanism.'”** Unlike the RKKY, interaction induced by itinerant
electrons can vary between ferromagnetic and antiferromagnetic
coupling states. The YSR interaction only oscillates in the antiferro-
magnetic region to the physical limitations that the YSR contribu-
tion to the exchange only occurs for antialigned magnetization.
Figure 4(a) shows the schematic of the heterostructure and the
overlap of the localized bound state, the so-called YSR interaction.
The YSR interaction is expected to mediate strong exchange even
dominated over conventional RKKY interaction when the distance
t, is smaller than the superconducting coherence length. To directly
compare the spin dynamic behavior under RKKY and YSR interac-
tion, we plot the FMR spectra under 300 and 4.2K in Fig. 4(b).
The sign of J.¢ also depends on the phase difference Ag of the
mediation particle described as follows:™® Jug o€ Jinter cOs Ag. In the
condition of antiferromagnetic coupling state, the phase difference
of RKKY interaction mediated by itinerant electrons can be
expressed as Ag, =T, while the phase difference of YSR interaction
mediated by the Cooper pairs following Agpcs = 0. This is probably
the reason why the order of acoustic mode and optical mode
reversed, as shown in Fig. 4(b). The YSR bound states that
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FIG. 4. YSR interaction in the structure of Pt/(Co/Pt),/Nb(2.0 nm)/(Pt/Co),/Pt at ultralow temperature. (a) Schematic of the antiferromagnetic interaction induced by the
hybrid YSR states. (b) Comparison of FMR spectra of sample Pt/(Co/Pt),/Nb(2.0 nm)/(Pt/Co),/Pt under room temperature and 4.2K with RKKY interaction and
YSR-induced interaction, respectively. (c) Comparison of calculated coupling energy between RKKY interaction and YSR-induced interaction in Pt/(Co/Pt),/Nb/(Pt/Co),/Pt

multilayers with different Nb spacing layer thicknesses.

. 24
contribute to the exchange energy can be expressed as

1 cos®(kgts) )

1= 20kt @

Jysk = —

where A represents the superconducting gap, ¢ is the superconduct-
ing coherence length, and 8 is a value <1 related to the normal
state DOS at the Fermi energy. The theoretical coupling energy of
RKKY interaction and YSR interaction vs spacer layer thickness at
B=0.997 are presented in Fig. 4(c). The kr parameter used in the
calculation is 2.9 nm™" derived from the fitting results in Fig. 1(c) to
ensure comparability. For concreteness, the superconducting gap A
is 1.2meV, and £ is 12 nm from the previous results. The theory of
YSR interaction predicts that the coupling energy of the multilayer
sample with 2 nm Nb spacing layer is around —32.6 mJ/m?, which is
comparable with the experiment result of about —36.2mJ/m>.
Combining the behavior of FMR mode reversal and the quantita-
tively determined coupling energy, those features are distinctly dif-
ferent from the traditional RKKY interaction and are in good
agreement with the prediction of YSR interaction.

IV. CONCLUSIONS

To conclude, an extra YSR interaction is observed in the
Pt/(Co/Pt),/Nb/(Pt/Co),/Pt synthetic antiferromagnetic multilayers
at ultralow temperature. Unlike conventional RKKY interaction, the
YSR interaction results from the YSR bound states induced by the
broken Cooper pairs. The observation of YSR interaction in syn-
thetic antiferromagnetic multilayers promises opportunities for
further discoveries in applying antiferromagnetic spintronic
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for further angular dependent
FMR measurements and mode separation of Pt/(Co/Pt),/Nb
(2.0 nm)/(Pt/Co),/Pt multilayers.
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