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Superconductor/Ferromagnet Heterostructures: A Platform
for Superconducting Spintronics and Quantum

Computation

Ranran Cai,* Igor Zutié,* and Wei Han*

The interplay between superconductivity and ferromagnetism in the
superconductor/ferromagnet (SC/FM) heterostructures generates many
interesting physical phenomena, including spin-triplet superconductivity,
superconducting order parameter oscillation, and topological
superconductivity. The unique physical properties make the SC/FM
heterostructure as promising platforms for future superconducting
spintronics and quantum computation applications. In this article, important
research progress of SC/FM heterostructures from superconducting
spintronics to quantum computation is reviewed, and it is organized as
follows. First, the progress of spin current carriers in SC/FM heterostructures
including Bogoliubov quasiparticles, superconducting vortex, and spin-triplet
Cooper pairs which might be used for long-range spin transport is discussed.
Then, the & Josephson junctions and their application for constructing «
qubits are described. Finally, experimental signatures of Majorana states in
the SC/FM heterostructures and the theoretically proposed manipulation are
briefly reviewed, which could be useful to realize fault-tolerant topological

quantum computing.

1. Introduction

Superconductivity and ferromagnetism usually compete with
each other; thus, they rarely co-exist in one material. For
conventional BCS superconductor (SC),l!! the electron-phonon
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interaction induces the pairing between
spin-up and spin-down electrons to form
spin-singlet Cooper pairs. On the other
hand, for a typical ferromagnet (FM), the
spins are aligned along the same direction
due to the exchange coupling. For the last
several decades, the quest for the coex-
istence of SC and FM orders is of great
fundamental physical significance, which
has drawn extensive attention in con-
densed matter physics and materials sci-
ence. In 1964, Fulde, Ferrelll?l and Larkin,
Ovchinnikov®! (FFLO) have independently
considered the superconducting pairing in
weakly ferromagnetic materials or under
an external magnetic field, which predicted
the existence of the superconducting phase
oscillations and spin-triplet Cooper pair
components. Inspired by the pioneering
FFLO work, researchers have tried to in-
troduce the superconducting pairing into
FM via proximity effect*! In the SC/FM
heterostructures, the interplay between
superconductivity and ferromagnetism
gives rise to many extremely interesting phenomena. For exam-
ple, the infinite magnetoresistance (MR) was discovered in su-
perconducting spin-valve devices, which has promoted the rapid
progress of the superconducting spintronics field.’! One ma-
jor research purpose of spintronics is to manipulate the de-
gree of spin within its dephasing time for fabricating the high-
speed spin-based logic devices with low-power consumption.[¢7]
To meet such a goal, researchers have spent a significant effort
searching for the new-type of spin-current carriers in SC/FM het-
erostructures. For example, SC quasiparticles!®! with charge-spin
separation characteristic and topologically-protected vortices!”!
were proposed to sustain spin current over long distances and
lifetimes. Even more exciting, the spin-triplet Cooper pairs('®!!]
can be constructed at the SC/FM interface to potentially medi-
ate the dissipationless spin current. Then, by considering the
superconducting phase oscillation effect, # FM Josephson junc-
tions can be realized in SC/FM heterostructures. The advances
of superconducting spintronics also indicate the further poten-
tial application of SC/FM heterostructures in quantum compu-
tation. For example, the # FM Josephson junction as a z phase
shifter can be used to construct z qubit'>!3] with possible long-
coherence times!' and simplified circuit structure.['>'®) In ad-
dition, p-wave SC, as orbit counterpart of spin-triplet SC, under
topological nontrivial phase('’! are theoretically expected to host
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Figure 1. The research progress of SC/FM heterostructure along the roadmap from superconducting spintronics to quantum computation. From left
to right, the schematics of Bogoliubov quasiparticles, superconducting vortexes, spin-triplet SC, 7 Josephson junctions, SC qubits, and Majorana zero
modes (MZM). Reproduced with permission.[""] Copyright 2015, Springer Nature; Reproduced with permission.[?4] Copyright 2020, Wiley; Reproduced
with permission.[%] Copyright 2020, Springer Nature; Reproduced with permission.[*1] Copyright 2021, American Association for the Advancement of
Science. Reproduced with permission.[’] Copyright 2008, Springer Nature; Reproduced with permission.!’>’] Copyright 2001, Springer Nature.

the Majorana states!'®] and to potentially realize fault-tolerant
topological quantum computation.'?] Recently, both the 0D Ma-
jorana bound states (MBS) and 1D chiral states have been ex-
plored in several SC/FM heterostructures.!?>-2)] This remarkable
progress shows that the SC/FM heterostructures can be an ex-
cellent platform for superconducting spintronics and quantum
computation.

In the paper, we aim to review the key progress along the
roadmap from superconducting spintronics to quantum com-
putation, as illustrated in the Figure 1. Following the roadmap,
the review is divided into two parts. First, we discuss the re-
search progress of SC/FM heterostructures in superconducting
spintronics including Bogoliubov quasiparticles, superconduct-
ing vortexes, spin-triplet SC and = FM Josephson junctions. In
the second part for quantum computation applications, = Joseph-
son junctions-based SC qubits will be first discussed. Then, the
experimental progress and theoretical manipulation of Majorana
states in the SC/FM heterostructures will be briefly reviewed. At
the end, an outlook of the SC/FM heterostructures is discussed
from superconducting spintronics to quantum computation.

2. Superconductor/Ferromagnet Heterostructure
for Superconducting Spintronics

2.1. Superconductor Quasiparticles for Superconducting
Spintronics

The early research in superconducting spintronics mainly rely on
the spin polarization of the SC quasiparticles, since it is predicted
to be a medium with long spin lifetime (z,).%%® SC quasipar-
ticles, referred to the Bogoliubov quasiparticles (Figure 2a), are
low energy single fermion excitations in SCs, and can be viewed
as the coherent superpositions of electrons and holes.[?! Deter-
mined by the excitation energy (E), the relative components of
electron and hole in SC quasiparticles will be changed. Close to
the SC energy gap edge (E = A,), the electron and hole contents
are almost the same, so that the Bogoliubov quasiparticles show
charge neutrality. As the Eincreases to a much larger energy com-
pared to A_, SC particles behave similarly as the ordinary elec-
trons (E > A, ) and holes (E <« —A_.). Therefore, the density of
state (DOS) of SC quasiparticles exhibits a maximum at the SC
energy gap edge and decreases as the excitation energy further in-
creases, as shown in Figure 2a. However, unlike their charge, SC
quasiparticles always retain spin-1/2 property, regardless of their
excitation energy. Theoretically, the charge-spin separation of SC
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quasiparticlesi®" can decrease the spin-orbit scattering effect to
enhance 7,.1*!] Another mechanism for the long 7, is related to
the smaller group velocity of the SC quasiparticles near the SC
energy gap edge(!3?] due to the nearly flat band structure.

The experimental observation of extremely long z, of SC
quasiparticles has been first demonstrated by Yang et.al. in su-
perconducting Al thin films.!®] As shown in Figure 2b, the devices
consist of a bottom ferromagnetic CoFe layer whose magnetiza-
tion is pinned by the antiferromagnetic IrMn via exchange bias,
an upper CoFe as free layer, and an insulating MgO layer with
thin Al layer buried inside it. A small external magnetic field can
change the configuration of the two CoFe layers’ magnetization
between the parallel and antiparallel states. z,of SC quasiparticle
can be deduced from the measured tunneling magnetoresistance
ratio at various bias voltages. As shown in Figure 2c, r, of SC
quasiparticles exceed 0.1 ms below the superconducting critical
temperature (T), which is about 10° lager than those of ordinary
electrons in Al. The strong temperature dependence of 7, is con-
sistent with the theoretical prediction of SC quasiparticles as a
long lifetime spin-current medium.*?] Similar charge-spin sepa-
ration property enhanced z, in superconducting Al has also been
reported by Quay et al. based on lateral spin valve structure.*3] In
addition to the long spin lifetimes, a giant inverse spin Hall effect
has been demonstrated in superconducting NbN, which could be
important for efficient charge-spin conversion applications.[28]
These experimental breakthroughs of SC quasiparticles might
pave the way for future spin-based memories or logic devices.**!

Recently, the dynamical spin current mediated by SC quasi-
particles has been investigated both theoretically and experi-
mentally. A large coherence peak of the Gilbert damping in
GdN/NbN/GAN heterostructures was observed via ferromagnetic
resonance (FMR) method.l®] The large enhanced Gilbert damp-
ing represents an enhanced dynamical spin susceptibility slightly
below T, where DOS of SC quasiparticle accumulation is calcu-
lated by Inoue et al.3®! Moreover, using the inductive detection
of magnetization dynamic,*”) Miiller et al. have successfully sep-
arated the damping-like torque, generated by the quasiparticle
inverse spin Hall effect, from field-like torque.[3#!

2.2. Superconducting Vortex for Superconducting Spintronics
Unlike the quasiparticle as an intrinsic single-particle excita-
tion in SC, the superconducting vortex refers to the quantum

magnetic flux formed in type-II SC due to the magnetic field
penetration, which was first predicted by Abrikosov.*! However,
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Figure 2. SC quasiparticles and vortex mediate the spin current. a) Schematic of the density of state (DOS) of Bogoliubov quasiparticles in a SC. b)
Schematic of magnetic tunnel junction made of CoFe/MgO (Al)/CoFe and the measurement setup to probe the spin lifetimes in Al. ¢) The temperature
dependence of the spin lifetime deduced from tunneling magnetoresistance (TMR) ratio with various spin-orbit coupling strength parameter (b =
0.1, 0.02, and 0.005, respectively). d) The schematic of spin current mediated by SC vortex. Upper plane: The transmutation between the spin angular
momentum and vorticity of SC vortex. Lower plane: The theoretical prediction of spin transport via SC vortex liquid in the magnetic insulators (MI)/SC/MI
structures. e) The device structure of Nb/Py heterostructures to probe the coupling between magnon and vortex. The Au electrodes are used as antennas
to excite and detect the magnon spin wave in Py. f) The normalized magnon spin-wave transmission diagram as a function of out-of-plane magnetic
field and spin-wave frequency. The two bandgap signatures agree well with the first and second Bragg scattering conditions. b,c) Reproduced with
permission.[8] Copyright 2010, Springer Nature. d) Reproduced with permission.[®l Copyright 2018, American Physical Society. e,f) Reproduced with

permission.[*] Copyright 2019, Springer Nature.

such a vortex has not been considered in the field of supercon-
ducting spintronics until recently, Kim et al. proposed that the
superconducting vortex can be a robust spin current medium
because its vorticity is topologically protected.’! The vorticity
is determined by the supercurrent flow direction along the
superconducting vortex edge, which can be expressed by the
following equation:

1= f dr-vo, )

where ¢ is the phase of the superconducting order parame-
ter winding along the edge circle of the vortex. As shown in
Figure 2d, the spin angular momentum and vorticity can be
transformed into each other at the FM/SC interfaces with in-
terfacial spin Hall effect and/or other spin-orbit coupling (SOC)
effects. At the left FM/SC interface, the precession of magnetic
momentum in FM layer induces spin-current transport across
the interface, which can be transformed into charge current
and exerts the transverse Lorentz force on SC to drive the
vortex motion. At the right FM/SC interface, vortex in SC can
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also be transformed into spin angular momentum in FM as
a result of the Faraday law and inverse spin Hall effect. Due
to the topologically-nontrivial vorticity,® the superconducting
vortex coded with spin information can be used to realize the
long-range spin-transport applications.

In addition to mediating spin transport directly, superconduct-
ing vortex can also be used to regulate spin-wave propagation
in SC/FM heterostructures via the vortex-magnon interaction. In
the Shubnikov phase,!*’! SC vortex forms lattice structure, which
can act as a magnonic crystal with spatially periodically modu-
lated magnetic fields. Hence, the magnon spin current flowing
in the vortex lattice will be modulated and results in the magnon
dispersion spectrum. As shown in Figure 2e, Dobrovolskiy et al.
fabricated the Py/Nb heterostructures with a 5 nm Pt spacing
layer.*!) The magnon spin current is excited by oscillating Oer-
sted field by antenna (port 1), and is detected by the right an-
tenna (port 2) after the spin wave current propagates through
the Py wave guide. To modulate the magnon spin current, the
applied magnetic field consists of both in-plane (p,H,) and out-
of-plane (u,H, ) components. The p, H; component is used to set
the magnetization direction of Py along its long axis and to define
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the magnon spin-wave spectrum. The p,H, component is used
to modulate the vortex lattices constant (a,; ). When the magnon
spin-wave vector (k) and the vortex lattice wavenumber (k,; ) sat-
isfy Bragg scattering condition:

2k, = nk,, o)

the transmission spin-wave spectrum will strongly be modu-
lated by the superconducting vortex lattices. Figure 2f shows the
phase diagram of normalized spin-wave transmission through
the Py/Nb heterostructures as a function of pyH, and spin-wave
frequency. At the first (n = 1) and second (n = 2) Bragg scattering
conditions, there is a significant spin-wave absorption indicating
that the magnon spin wave can be effective modulated by super-
conducting vortex lattice. Beyond this, the interaction between
the moving vortex lattice and magnon spin wave can also induce
the absorption frequency shift in transmission spectrum due to
Doppler effect.[*142]

2.3. Spin-Triplet Superconductivity

The search of dissipationless spin current is one of most chal-
lenging but exciting directions in the field of spintronics. Cooper
pairs in SC dominate dissipationless charge current, which are
considered for carrying dissipationless spin current if the Cooper
pairs can carry spin angular momentum. However, for conven-
tional BCS SC, the spin-singlet Cooper pairs carry zero-spin an-
gular momentum and cannot transmit spin current since the
odd parity of pairing between spin-up and spin-down electrons
(I ™1 L) =1 1) 1)). On the other hand, equal-spin-triplet Cooper
pairs (| )| 1) or | 1)| 1)), pairing between the electrons with
same spin, might hold both dissipationless charge and spin cur-
rent.

Despite the rareness of spin-triplet SC in the natur
the spin-triplet Cooper pairs can be constructed at the SC/FM
interface due to the interplay between superconductivity and
ferromagnetism.I"! Detailed discussion of spin-singlet and spin-
triplet pairing conversion via spin mixing and spin rotation pro-
cesses has been reviewed in previous articles.[*!% The equal-spin-
triplet SC can be generated as a result of the real space spin tex-
ture at the SC/FM interface, including spin active interfaces,!*¢->
artificial magnetic multilayer,*»*?! and noncollinear spin struc-
ture in topological magnets.>*!

In contrast to spin-singlet SC, equal-spin-triplet SC is not lim-
ited by ferromagnetic polarization to induce superconducting
proximity effect into FM and form long-range Josephson cou-
pling in FM, as illustrated in Figure 3a. Therefore, the exper-
imental probe of the spin-triplet SC has been intensively per-
formed using the Josephson current technique. Keizer et al.
were the first to report the long-range Josephson supercurrent
in NDbTiN/CrO,/NbTiN lateral Josephson devices in 2006 (inset
of Figure 3b), where the CrO, is a half metal with nearly 100%
spin polarization and NDTiN is a conventional s-wave SC.I* As
shown in Figure 3b, Josephson supercurrent can flow across
the 310 nm CrO, spacer between the two NbTiN superconduct-
ing electrode at T = 1.6 K. Such a long distance significantly
exceeds the coherence length of conventional BCS SC Cooper
pair in half metal, which can be most likely explained by the

e [43-45]
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spin-triplet supercurrent. Subsequently, the long Josephson cou-
pling in CrO, has also been reported by other researchers.[>**]
In these works, equal-spin-triplet Copper pairs are claimed to be
converted from spin-singlet Copper pairs due to the spin-active
interface of CrO,/NDbTIN. Furthermore, by inserting Ni thin
film into the interface of CrO,/SC, equal-spin-triplet SC can be
controllable via changing the magnetization direction of Ni.[78]
Recently, Sanchez-Manzano et al. realized the high-temperature
spin-triplet Josephson supercurrent at YBCO/half metal (LSMO)
heterostructures.[**! As shown in Figure 3¢, the Josephson super-
current persists up to 40 K across the 1 pm LSMO spacer. In addi-
tion to the half-metallic systems, artificial magnetic multilayers
with noncollinear spin texture have also been explored experi-
mentally to support long range spin-triplet supercurrents.[>2>]
Furthermore, natural spin textures in FM, such as magnetic do-
main walll®! or topological Kagome magnetic material Mn,Ge
with noncollinear spin structure,>’ can also be used to real-
ize spin-triplet Josephson coupling.

Apart from real-space spin texture, SOC or other spin-
momentum locking effect can intrinsic induce the spin tex-
ture in the K space. Several decades ago, Gor’kov and Rashba
have pointed out that superconducting paring in such spin-
lifting systems is a mixing of both spin-singlet and spin-triplet
components.l®!] To realize and detect the SOC generated equal-
spin-triplet Cooper pairs, Cai et al. fabricated the SC/FM het-
erostructure devices based on the van der Waals (vdWs) ferro-
magnet Fe intercalated TaS, (Fe,,TaS,) thin flake and mea-
sured the compelling evidences of spin-triplet Andreev reflec-
tion at the Rashba interface.[®? Unlike the conventional Andreev
reflection,[®®] equal-spin-triplet Andreev reflection referring the
incident electron and reflected hole with the same spin-polarized
direction.*?] This experiment was motivated by a theoretical work
proposed by Hogel et al.l® At the interface, the spin-rotation
symmetry broken leads to the spin-singlet paring with a spin-
triplet component, which acts as spin-mixing processes. Then,
the FM magnetization sets the spin-quantization axis, and non-
spin-polarized spin-triplet component (| 1)| 1) +| )| 1)) can be
projected onto the spin-quantization axis, which is considered
as the spin-rotation process. For example, for FM magnetization
along z axis (perpendicular to the interface), non-spin polarized
spin-triplet Cooper pairs (| 1),] ), + | 1), 1),and | 1),] 1), +
| 1)1 1), can be projected to the spin-quantization axis as equal-
spin-triplet Cooper pair | 1),| 1), and | 1),| |),.[] Due to the in-
plane spin-momentum locking of Rashba SOC, the spin-triplet
Andreev reflection possibility will be highly anisotropic that is de-
pendent on the spin-polarization direction of electrons in the fer-
romagnetic Fe,,,TaS,. Experimentally, the interfacial resistance
(Ry7) is proportional to the spin-triplet Andreev reflection effi-
ciency, and is measured via three-terminal measurement. At T =
2 K, by changing the spin-polarization direction of the electrons
in Fe,,,TaS, via external magnetic field (Figure 4b), the interfa-
cial resistance shows twofold symmetry, which agrees well with
theoretical perdition of spin-triplet MR, as shown in Figure 4b
blue line. By changing the temperature, magnetic field, and in-
cident electron energy, the observed MR is consistent with the-
oretical expectations for spin-triplet MR. These results provide
an important evidence for Rashba SOC induced spin-triplet SC
at the Fe;,,TaS,/Al,O;/NbN interface. More importantly, such
spin-triplet MR is theoretically calculated to be highly dependent
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Figure 3. Experimental progresses of long-range spin-triplet Josephson supercurrent in SC/FM heterostructures. a) The schematic of spin-triplet Cooper
pairs carries a long-range Josephson supercurrent across the FM layer. b) The long-range spin-triplet supercurrent in NbTiN/CrO, /NbTiN Josephson
junction at T = 1.6 K. Inset: the schematic of CrO, Josephson device. c) Josephson effect in high-temperature SC YBCO/half metallic LSMO heterostruc-
ture from T = 18 Kto T = 40 K. Inset: The optical image of the typical device with spacing of 1 pm between two high-T¢ SC electrodes. b) Reproduced

with permission.[*6] Copyright 2006, Springer Nature. c) Reproduced with permission.[#8] Copyright 2022, Springer Nature.

on the normalized SOC (4) and barrier (Z) strengths,[%] as shown
in Figure 4d. It is noted that the nonmonotonic behavior of the
interface barrier dependence is one of the key features for SOC-
induced spin-triplet Andreev reflection. This feature is very differ-
ent from the conventional Andreev reflection which monotoni-
cally decreases as barrier strength increases.[®*] Other experimen-
tal signatures of SOC induced spin-triplet paring has also been
observed in all-epitaxial Fe/MgO/V superconducting tunneling
junction/®! and Nb/Pt/Co/Pt heterostructures.[”] The predicted
anisotropy of the MR,[% which is enhanced by the presence of
the spin-triplet Andreev reflections(®*®] has also important ram-
ifications for the superconducting junctions with antiferromag-
nets where it could be used to probe the Neel vector direction and
give unusual thermal transport properties. (8]

Besides the electrical transport method including Josephson
effect and spin-triplet Andreev reflection, another experimental
method to probe the equal-spin-triplet Cooper pair takes advan-
tage that they can carry spin angular momentum. For example,
the spin-triplet Cooper pair mediated the dissipationless spin cur-
rent in SC/FM heterostructures will induce a field-like toque and
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make the resonance field shift.) This has been experimentally
investigated by Li et al. in the Nb/Py/ND heterostructure via FMR
method.l”® Subsequently, Jeon et al. reported that the Meissner
screening effect can be another mechanism to induce the reso-
nance filed shift in SC/FM heterostructures.l”!] For the damping-
like toque, Jeon et al. fabricated the Pt/Nb/Py/Nb/Pt heterostruc-
tures and observed the enhanced Gilbert damping below the su-
perconducting temperature,l’?) which can be attributed to the
spin-triplet supercurrent flowing across the Nb layer and relaxed
in the heavy metal Pt with strong SOC. However, Silaev theoreti-
cally pointed out that Andreev bound states (ABS) also can en-
hance the Gilbert damping in SC based heterostructures.!’>74
Therefore, definitive measurement of the spin-transfer torque
needs further exploration.

In addition to the above two schemes based on real space and
K space spin texture, Takahashi et al. and Houzet independently
proposed that FMR can be a method for the generation of spin-
triplet Cooper pairs due to the time-dependent spin texture.[”>7¢]
The theoretical scheme provides a new perspective for the con-
struction of spin-triplet SC where the transformation of spin
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Figure 4. Anisotropic spin-triplet SC and Andreev reflection at SC/FM interface due to Rashba SOC. a) The schematic of interfacial SOC induced the
spin-triplet Cooper pair at the SC/FM interface. b) Experimental observation of the twofold anisotropic spin-triplet Andreev reflection magnetoresistance
(named spin-triplet MR) at vdWs FM Fe ,4TaS, /SC heterostructures at T = 2 K (blue line). The twofold MR behavior disappear at T = 20 K (black line)
and in control device normal metal Al/SC heterostructure at T= 2 K (yellow line). c) Theoretical simulation of the phase diagram of magneto-anisotropic
Andreev reflection (MAAR) as a function of normalized SOC (4) and barrier (Z) strengths. a,b) Reproduced with permission.[52] Copyright 2021, Springer
Nature. c) Reproduced with permission.[53] Copyright 2020, American Physical Society.

quantization axis is realized by the spin texture in the time se-
ries. Remarkably, by controlling the resonant condition, an ultra-
fast turning on/off spin-triplet SC could be realized.

2.4. 0- Transition in Ferromagnet Josephson Junction

In the FM/SC heterostructures, the superconducting parame-
ter penetrating into the FM layer has an oscillatory decay that
arises from the ferromagnetic exchange interaction-induced spin
band imbalance in FM. The pairing at SC/FM interface gives
rise to the center-of-mass momentum +hQ = +(hkg, — hkg),""
where the kg, and kg, represent the Fermi vectors of majority
and minority spin bands. Hence, the penetrating Cooper pair
wave function oscillates with respect to the FM thickness, as il-
lustrated in Figure 5a. For the SC/FM/SC heterostructures, the
order parameters in the superconductors on both sides will have
different phase differences (A¢) depending on the thickness and
the exchange interaction of FM layer. When Ag € (0, 7), positive
Josephson coupling is formed, which is called 0-phase Josephson
effect; When Ag = (z, 2x), it called z-phase Josephson coupling
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with negative Josephson coupling characteristics. The thickness
tunable Josephson phase transition is a unique physical phe-
nomenon arising from the quantum interplay between the fer-
romagnetism and superconductivity. Interestingly, another path
to realize 0-r transition was predicted to employ Josephson junc-
tions with metallic antiferromagnets.[”’]

The experimental observation of 0-z transition of FM Joseph-
son junction via the Josephson critical current (I.) oscillatory
with FM thickness was first demonstrated in weak ferromag-
nets CuNil’®7°l and PdNi.l®%l Apart from that, the tempera-
ture induced 0-z transition also has been confirmed in experi-
ments which can be attributed to the temperature-dependent ex-
change coupling energy in a weak FM.I”8] Subsequently, Robin-
son et al.B!) demonstrated a multi-oscillation behavior with the
FM thickness in a strong FM Josephson junction including Co,
Ni, and Py. As shown in the Figure 5b, the product of I and
normal state resistance (Ry) confirms multiple oscillation re-
spect to Co thickness with the period ~1.9 nm. The experi-
mental results can be simulated well by the theoretical model
as illustrated by the solid line in Figure 5b. To directly recog-
nize 0-7 ground states, phase-sensitive measurements have been
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Figure 5. Experimental progresses of 0-7 FM Josephson junctions. a) The schematic of superconducting parameter oscillation with respect to the
propagation distance in FM. b) The oscillation of I_Ry (product of Josephson critical current and normal state resistance) as a function of FM thickness
in Nb/Co/Nb junction at T = 4.2 K. Inset: The scanning electron microcopy of the Co Josephson junction devices fabricated using focused ion beam
(FIB) etching technique. c) The giant oscillatory behavior of spin dynamic parameter (Aa) as a function of the FM thickness in Nb/Py/Nb junction at
T = 4 K. Inset: Physical pictures of the spin pumping via Andreev bound states of the z/0 Josephson junction. a,c) Reproduced with permission.[°']
Copyright 2021, American Association for the Advancement of Science. b) Reproduced with permission.[1] Copyright 2006, American Physical Society.

performed to investigate the current-phase relationships in the 0-
7 FM Josephson junctions.®284 These experimental evidences
of the 0-z Josephson junction could pave the way for further
superconducting logic devices and rapid-single-flux-quantum
applications.®>#¢] Toward these goals, an efficient manipulation
of 0-z transition has been demonstrated theoretically!®”#] and
experimentally!®°°] via varying relative orientation of the spin-
valve structures embed in Josephson junction.

Besides the DC Josephson coupling effect, the dynamic spin
properties of 0-r FM Josephson junctions have been recently in-
vestigated by Yao et al.®" via FMR method. As shown in the Fig-
ure 5¢, the Gilbert damping in the Nb/Py/Nb heterostructures
reveals a giant oscillatory behavior as a function of the Py thick-
ness. This observation suggests that different spin pumping and
relaxation rates in 0-z FM Josephson junctions, which could be
strongly affected by the energy levels of the ABS.7#92-%*] The en-
ergy of ABS (E,) is determined by the superconducting phase
difference (Ag) of the two SC leads:[*>*]

A
E,=+A\[1- DsinZT(p 3)

Adv. Quantum Technol. 2023, 6, 2200080

2200080 (7 of 14)

where D is the junction transparency. For = Josephson junction,
the evanescent ABS quasiparticles group near the zero energy
to dissipate the spin angular momentum, as shown in the in-
set of Figure 5c. On the other hand, for 0 Josephson junction,
spin pumping via ABS is largely suppressed at low temperature
since ABS reside near SC energy gap. As a result, the more ef-
ficient spin angular momentum relaxation in = Josephson junc-
tions, the larger Gilbert damping is obtained. Therefore, the dif-
ferent spin relaxation in 0 and = Josephson junctions will give
rise to the large oscillating Gilbert damping with respect to the
FM thickness.

3. Superconductor/Ferromagnet Heterostructure
for Quantum Computation

3.1. = Qubit
Superconducting quantum circuits can be constructed based on
the Josephson junctions, which is considered as a promising

route to realize quantum computers.[”] The three basic types of
superconducting qubits!?’] are the charge, flux, and phase qubits.
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Figure 6. 7 qubit. a) The schematic of r flux qubit consisting of a superconducting ring with an insulator (0 Josephson junction) and a FM spacer (z
Josephson junction). b) Critical Josephson current density (jc) dependent relaxation time (z,,) and pure dephasing time (T;) for x flux qubits. The
solid and dashed lines show the FM Josephson junction with area of 10 X 10 pum? and 1 x 1 pm?, respectively. c) Experimental Rabi oscillation results
for conventional phase qubit embed with a 7 FM Josephson junction. a) Reproduced with permission.['2] Copyright 2005, American Physical Society. b)
Reproduced with permission.l’#] Copyright 2007, American Physical Society. c¢) Reproduced with permission.!3¢] Copyright 2010, Springer Nature.

One of their major challenges is the short coherence proper-
ties since they are sensitive to environmental charge and mag-
netic noise.!'?] To overcome this obstacle, transmon,!?®! Xmon,*°!
fluxonium1%! are extensively explored in superconducting quan-
tum computation with the cost of increasing circuit complexity
and decreasing the integration ability.'>!%) Owing to the advances
of = Josephson junction Yamashita et al.l'?] theoretically proposed
the concept of 7 flux qubit'!®!! using FM regions with two major
advantages compared to conventional flux qubits: i) It can operate
at zero-magnetic field; thus, a long coherence time is expected.
ii) The small size of # flux qubit has the potential for a larger-
scale integration. As shown in Figure 6a, the = flux qubit is con-
structed by a superconducting ring with an insulator Josephson
junction and a # FM Josephson junction. In such a flux qubit,
two degenerate potential minimums in superconducting phase
space are formed: clockwise | 1) and anti-clockwise | |) super-
current states. Due to the quantum tunneling between | 1) and
| 1), the bonding (|0) < | 1) + | 1)) and anti-bonding (|1) | 1
Y —| 1)) states form the two-level quantum systems, which can
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be used to code for quantum computation. To explore the coher-
ence properties for a z flux qubit, Kato et al.,['*l estimated the
relaxation time (r,,) and pure dephasing time (T;) based on
the experimental parameters in FM Josephson junctions.'®?! Fig-
ure 6b shows the 7,,,, and T, of a # flux qubit as a function of
the critical Josephson current density (j.) for two sizes of 10 x 10
pm? (solid line) and 1 X 1 pm? (dash line). The coherence time
can reach the order of 1 ms for a 10 X 10 pm? junction when j
up to 107 A m™2.

Besides the z flux qubit,  phase qubit has also been proposed
by Noh et al., in which the information is directly coded on 0
and z phase Josephson coupling states.!'}] Possible decoherence
sources of z qubits include the spin-flip scattering!!®! and dy-
namic response of magnetic domain structure in FM layer.1%
Experimentally, Feofanov et al.®%l embeded a z Josephson junc-
tion into a conventional phase qubit circuit and observed a clear
Rabi oscillation (Figure 6c). Nearly identical decay time for the
phase qubit with and without a 7 Josephson junction was ob-
served, which indicates that adding a FM Josephson junction

© 2022 Wiley-VCH GmbH
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will not contribute additional dissipation in the superconducting
quantum circuits.

3.2. Majorana States in Superconductor/Ferromagnet
Heterostructures

As a special real solution of the Dirac equation,'®! Majorana
fermion!*®! is equal to its antiparticle. Unlike this original predic-
tion in the context of a high-energy physics, the prospect of re-
alizing such a peculiar behavior in condensed matter systems is
even more fascinating as the underlying Majorana states are not
really fermions and instead obey the non-Abelian statistics.[1%]
Due to the topological protection of the braiding processes, Ma-
jorana states are proposed to be ideal candidates for fault-tolerant
quantum computation.'”] Various realization of Majorana states
have been suggested by considering collective excitations in con-
densed matter systems. Specifically, Kitaev has proposed that the
MBS could form at the end of an 1D spinless p-wave SC chain
via tuning the nearest neighbor hopping strength and super-
conducting gap into topological SC phase.l'’] A common exper-
imental support of the MBS is the quantized zero bias conduc-
tance peak (ZBCP), first predicted in the studies of p-wave or-
ganic superconductors,['%] cited also in Kitaev’s work,!"”] as the
materials implementation of MBS was initially unclear, while
many additional ZBCP analyses and the role of disorder were
subsequently considered.'®! By extending it to 2D, topological
SC hosts Majorana chiral edge states with linear dispersion.['!]
However, the observation of the desirable p-wave spin-triplet
SC, which could support Majorana states remains elusive in
the nature.[*3#111.112] Thig caution of the claimed definitive p-
wave spin-triplet signatures!"*1l is well illustrated in Sr,RuO,,
suggested to also come from spin-singlet superconductivity,!!**]
while recent experiments argue against spin-triplet superconduc-
tivity, even involving its discoverer, Y. Maeno.[116:117]

Therefore, to realize the p-wave SC and Majorana states,
Fu and Kane’s seminal proposall'®®l was very influential as
it showed how they can be implemented using heterostruc-
tures and superconducting proximity effects. This idea has
motivated many pioneering efforts devoted to artificial het-
erostructures, including strong SOC nanowire/SC,!11%122] topo-
logical insulator/SC,18123] and FM/SCI20:21.124-126] heterostruc-
tures. Here, we focus on the discussion of the FM/SC het-
erostructures, which could be used as promising platforms for
the realization, manipulation, as well as braiding and fusion of
Majorana states. This topic has been recently reviewed in ref.
[127]. Despite an impressive materials progress and intensive ex-
perimental effort, a conclusive demonstration of Majorana states
is still missing.

To realize the MBS in FM/SC heterostructures, the key role is
the interplay between the superconducting proximity effect and
the spin textures, which is similar to the SOC induced spin-triplet
SC.[6264] One approach is theoretically proposed by depositing
ferromagnetic metal chain onto the conventional s-wave super-
conducting thin films with strong SOC (E,,).'®] The majority
(spin-up) and minority (spin-down) Bogoliubov quasiparticle en-
ergy bands are shifted with the exchange splitting energy (J), as
shown in the Figure 7a. Due to the strong SOC, the hybridiza-
tion of Bogoliubov electron-like and hole-like quasiparticles in
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the spin-minority band make the superconducting pair potential
(A) in FM chain reverses the spin character which results in the
superconducting pairing between the same spin-polarized quasi-
particles and the formation of the p-wave SC chain. Experimen-
tally, Nadj-Perge et al. observed the ZBCP at the two ends of a fer-
romagnetic Fe atomic chain self-assembly formed on Pb super-
conducting substrate via the high-resolution scanning tunneling
microscopy method (Figure 7b).2%1 As shown in Figure 7c, the
maximum ZBCP appears at the two ends of the Fe atomic chain,
which decays rapidly in the range of 1 nm along the chain, in-
terpreted to be compatible with MBS. The residual conductivity
at the middle of the chain with small oscillatory behavior was at-
tributed to the thermally broadened Shiba states. Experimental
signatures of MBS have also been reported in 1D FM/SC het-
erostructures such as Co/Pb!'?] and Fe/Re.l'’]

In 2D FM/SC heterostructures, Manna et al. fabricated the
V/Au/EuS devices and observed the signature of Majorana zero
mode (MZM).[?®] In this structure, the topological SC is formed
in the Au (111) Shockley surface state with strong SOC up to 110
meV and proximitized from the superconducting V and ferro-
magnetic EuS.1"?1301 The ZBCPs are reported at the edge of EuS
islands under the in-plane magnetic field, which is consistent
with theoretical prediction of MZM.['*!] Recently, the signatures
of chiral Majorana edge modes have also been reported in 2D
vdWs heterostructures NbSe, /CrBr;,/??) as shown in Figure 7e.

The braiding and, experimentally simpler, fusion of Majo-
rana states have been considered as the key step for topologi-
cal quantum computing.[1*132-1341 They can serve to implement
quantum gates as well as to probe the non-Abelian statistics
and overcome various challenges and spurious effects in exper-
imentally confirming Majorana states using spectral features,
such as ZBCP.['*) While many proposals for braiding and fu-
sion have been known for a while, especially in 1D nonmagnetic
systems,[1%132] 5o far, they have not been experimentally demon-
strated. Even for a simpler fusion, in extensively studied 1D semi-
conductor nanowires,2%121] one can identify a number of obsta-
cles, from fine-tuned parameters required for topological super-
conductivity and constraints of 1D geometry, to a missing accu-
rate preparation of the initial state.['3®) This situation serves as a
caution in the effort to bridge the gap from theoretical propos-
als for braiding and fusion of MBS in FM/SC heterostructures
and their experimental implementation. For example, manipu-
lating different magnetic structures, from atomic chains('*”] and
domain walls!’*®] to skyrmions.['**) Among them, Li et al.,[%]
who proposed that a magnetic field can be used to manipulate
the topological phase transition of helix magnetization atomic
chain to efficient control of MBS (Figure 8a) in the 1D SC/FM
heterostructures.

An alternative approach for MBS braiding, brings together
advances in spintronics, proximity effects, and topological su-
perconductivity to recognize that it is important to use 2D
platforms.['*! It was recognized that electrically-tunable mag-
netic textures could provide synthetic SOC (even in the ab-
sence of native SOC), Zeeman splitting, and confinement to cre-
ate, control, and braid in the superconducting proximitized 2D
electron gas (2DEG)."*! Instead of arrays of magnetic tunnel
junctions,* subsequent studies have considered a more feasi-
ble approach relying on commercially available spin valves.['*!]
However, unlike in spintronic applications, where the focus is
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Figure 7. Signatures of Majorana states in FM/SC heterostructures. a) The energy dispersion of Bogoliubov quasiparticles in a system with exchange
splitting energy (), superconducting pairing potential (A), and SOC (E,). The red (dash) and blue (dash) lines are corresponded to majority electron
(hole) like quasiparticle band and minority electron (hole) like quasiparticle band, respectively. b) The schematic of probing MBS at Fe atomic chain on
Pb superconducting substrate. c) The spatial dependence of zero-bias conductance (d//dV) along the Fe atomic chain. d) The schematic of Majorana
zero modes (MZM) at V/Au/EuS heterostructures. e) The schematic of the chiral Majorana edge modes at 2D vdWs NbSe, /CrBr; heterostructures. a)
Reproduced with permission.l128] Copyright 2021, American Physical Society. b) Reproduced with permission.[2%] Copyright 2014, American Association
for the Advancement of Science. c) Reproduced with permission.l'?#] Copyright 2017, Springer Nature. d) Reproduced with permission.[?3] Copyright

2020, PNAS. e) Reproduced with permission.[?2] Copyright 2020, Springer Nature.

on magnetoresistive effects, here the functionality of spin valves
pertains to their tunable stray fields. As shown in the Figure 8b,
the spatially-dependent stray fields from tunable magnetic tex-
tures can be used to induce the topological SC in different re-
gions of 2DEG. One advantage of these MBS is that they can be
efficiently manipulated via spin-transfer torque-controlled fring-
ing fields of the spin valves.!*-1%] A similar method of using
magnetic stripes!™! has also been theoretically proposed. One
advantage of these approaches is that the spintronics technology
is quite mature and could facilitate integrating the 2D SC/FM het-
erostructures for topological quantum computing. Experimen-
tally, the feasibility of a similar scheme is supported by the gen-
eration of sufficiently strong synthetic SOC, which is reported to
support MBS in proximitized carbon nanotubes.[1*¢!

4. Summary and Outlook

The novel physical properties and materials advances in SC/FM
heterostructures have greatly promoted a rapid progress of su-

Adv. Quantum Technol. 2023, 6, 2200080

2200080 (10 of 14)

perconducting spintronics and quantum computing. Looking
forward, we expect a direct connection of experimental inves-
tigation of the spin-triplet SC and p-wave SC in SC/FM het-
erostructures by optimizing device structures to attain ballis-
tic transport!*’] or using the topological FM.[1*1] Further-
more, the interaction of superconductivity, ferromagnetism, and
topology might also give rise to additional novel phenomena,
such as the Josephson diode effect,['"152] which was also previ-
ously seen in the studies of Al/InAs 2DEG junctions that could
support topological superconductivity!’>>'>* and can have inter-
esting time-dependent manifestations.!'] Furthermore, vortex
diode effect has also been explored in SC/FM heterostructures
very recently,*) which shows the potential to realize the on-chip
microwave filter for future superconducting quantum circuit ap-
plication. The realization of FMR induced spin-triplet SC7>7¢]
will be not only a new experimental strategy to realize spin-triplet
SC, but also a foundation for the coupling between microwave
photon and SC/FM systems. The strong coupling might lay the
foundation of further manipulation of z# qubits based on SC/FM
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Figure 8. Theoretical proposals of manipulating MBS in the SC/FM heterostructures. a) The schematic of manipulating MBS via external magnetic field
in an atomic chain with a helical magnetization, self-assembled on a superconducting substrate. b) The schematic of MBS manipulation of using the
commercial spin-valve arrays on superconducting proximitized 2D electron gas (2DEG) system. a) Reproduced with permission.['3”] Copyright 2016,
Springer Nature. b) Reproduced with permission.!’*'l Copyright 2019, American Physical Society.

heterostructures. To embed SC/FM heterostructures into practi-
cal superconducting quantum circuits, optimizing their quality
and interfacial properties will be the key steps.
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