PHYSICAL REVIEW RESEARCH 3, 013003 (2021)

Theory of topological spin Josephson junctions

Pei-Xin Shen®,! Silas Hoffman,?3* and Mircea Trif ®!->-

*

! Institute for Interdisciplinary Information Sciences, Tsinghua University, Beijing 100084, China
2Department of Physics, University of Florida, Gainesville, Florida 32611, USA
3Quantum Theory Project, University of Florida, Gainesville, Florida 32611, USA
4Center_}"or Molecular Magnetic Quantum Materials, University of Florida, Gainesville, Florida 32611, USA
3 International Research Centre MagTop, Institute of Physics, Polish Academy of Sciences, Aleja Lotnikow 32/46, PL-02668 Warsaw, Poland

® (Received 17 January 2020; revised 6 October 2020; accepted 9 December 2020; published 4 January 2021;
corrected 11 January 2021)

We study the spin transport through a 1D quantum Ising-XY-Ising spin link that emulates a topological
superconducting-normal-superconducting structure via Jordan-Wigner (JW) transformation. We calculate, both
analytically and numerically, the spectrum of spin Andreev bound states and the resulting Z, fractional spin
Josephson effect (JE) pertaining to the emerging Majorana JW fermions. Deep in the topological regime, we
identify an effective time-reversal symmetry that leads to Z, fractional spin JE in the presence of interactions
within the junction. Moreover, we uncover a hidden inversion time-reversal symmetry that protects the Z,4
periodicity in chains with an odd number of spins, even in the absence of interactions. We also analyze
the entanglement between pairs of spins by evaluating the concurrence in the presence of spin current and
highlight the effects of the JW Majorana states. We propose to use a microwave cavity setup for detecting the
aforementioned JEs by dispersive readout methods and show that, surprisingly, the Z, periodicity is immune to
any local magnetic perturbations. Our results are relevant for a plethora of spin systems, such as trapped ions,
photonic lattices, electron spins in quantum dots, or magnetic impurities on surfaces.
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I. INTRODUCTION

Condensed-matter systems provide an endless playground
for emergent exotic phenomena and quasiparticles. In particu-
lar, the concept of topological phases associated with the band
structure of solids has seen tremendous developments over the
past decades [1]. Topological insulators and superconductors
are probably among the most scrutinized, notably because
they can host Majorana fermions, quasiparticles that are their
own antiparticle, which occur as excitations in such materials
[2-4]. Thanks to non-Abelian statistics, Majorana fermions
are crucial ingredients for a functional topological quantum
computer: a set of distant, noninteracting Majorana fermions
allow, through the process of braiding, to implement a cat-
egory of topologically protected gates, albeit not universal
[5-T7].

Compounds hosting topological superconductivity are rare,
for example, SrpRuQy is believed to be one [8]. However,
material engineering of heterostructures composed of semi-
conducting and superconducting materials can lead to such
special superconductors, i.e., 1D nanowires and 2D topo-
logical insulators with strong spin-orbit interaction (SOI)
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proximitized with the conventional s-wave superconductor
[9-11]. On the other hand, quantum magnets can mimic elec-
tronic systems without the proximity requirements [12—14].
Specifically, a 1D quantum Ising model can emulate a
Kitaev p-wave superconductor, via the renowned Jordan-
Wigner transformation (JWT) [15-18]. In particular, the
topological phase transition and the occurrence of Majorana
fermions as low-energy modes are all mapped into the spin
system when the applied transverse magnetic field is varied,
where the ferromagnetic (paramagnetic) phase in the spin
chain corresponds to the topological (trivial) phase of the
fermionic system [19].

However, one should not be misled: Although there are
some analogies of low-energy excitations between fermionic
system and spin space, some topological properties will
be lost after transformation [20-22]. In the spin space,
Majorana fermions are not localized objects anymore, and
they can be mixed simply by a magnetic field along the Ising
axis, i.e., the parity of the ground state is fragile. Neverthe-
less, it is of crucial importance to investigate which of the
topological properties associated with Majorana fermions can
survive in the spin chain and provide experimental witnesses
of their manifestations. To achieve that, in this paper we
propose and study the spin transport through an Ising-XY-
Ising (IXI) inhomogeneous spin chain in which the Ising axes
are misalighned. Borrowing from the electronic description,
such a spin chain system emulates a phase-biased topologi-
cal superconducting-normal-superconducting (SNS) junction
that hosts Andreev bound states (ABSs), with a supercurrent
flowing through the normal part [23-26].
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The symmetries of a system play an essential role in
the topological phase classification. Nowadays, noninter-
acting fermionic systems are classified into ten classes
by means of three fundamental symmetries: time-reversal
symmetry (TRS), particle-hole symmetry (PHS), and sublat-
tice symmetry [27-30]. In addition, crystalline symmetries
(e.g., inversion symmetry) [31-34], as well as many-body
interactions [35,36], can also lead to different topological
classes, which, combined with magnetic impurities [37-39],
may result in various types of Josephson effects (JEs) in
superconducting junctions. Roughly speaking, periodicities of
JEs are 2 in the trivial phase, 47 in the topological phase,
and 8m in the topological phase with many-body interactions
or impurities (see Sec. V for rigorous descriptions). The latter
two cases are known as Z, and Z4 fractional JEs pertaining to
contributions from Majoranas and parafermions, respectively
[39—41]. In this paper, we realize the spin chain-analogs of
these JEs and unveil an exotic dependence of the Z, and Z4
fractional spin JEs on the parity of the number of sites. We
go on to find several symmetries in the spin chain that protect
the associated spin current from various types of spin-spin in-
teractions and demonstrate their robustness against fluctuating
magnetic fields.

One of the most counterintuitive characteristics in the
quantum world is entanglement whose nonlocality provides
another instructive insight to understand topological phases
[42]. Nowadays, there is still no universal way to quantify the
entanglement of a mixed state shared by arbitrary subsystems
[43]. However, one can compute the entanglement of a mixed
state in a bipartite spin-1/2 systems using concurrence [44].
The variation of the entanglement across the quantum phase
transition point has been investigated in the anisotropic XY
spin chain with periodic boundary conditions [45]. Here, we
evaluate the entanglement between spins and show that it can
be enhanced in the presence of a spin current owing to the
misaligned Ising axes. This effect, while present in the spin
chain, does not have a fermionic counterpart in topological
superconductors.

The experimental method of choice for detecting spin
current in insulating (quantum) magnets is via the inverse
spin-Hall effect in which a metal with strong SOI is coupled
to the insulating magnet. Spin current is injected into the
metal which is converted, via the SOI, into charge current
and can be measured by usual means [46]. While this method
is effective for large spin systems, the signal might be too
small for quantum spin chains. Thus, we propose detecting the
spin current by embedding our system in a cavity QED setup
wherein such a spin flow shifts both the cavity frequency and
the Q factor, which can then be detected by measuring the
spectral features of the cavity.

The paper is organized as follows. In Sec. II, we introduce
the spin system and the model Hamiltonian. There we perform
the mapping from spins to fermions via the JWT. In Sec. III we
analyze the symmetries of the two representations appearing
at the lattice level. In Sec. IV, we focus on the low-energy
sector using both a continuum theory as well as the full lattice
diagonalization to solve for the ABSs spectra analytically and
compare to those found numerically. In Sec. V, we discuss
different scenarios of fractional JEs regarding an effective
TRS in the continuum limit and an inversion TRS at the lattice
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FIG. 1. (a) Schematic of the IXI spin (blue ball) chain in the

y=0

transverse field (purple arrow): the middle part (green dashed box) is
the isotropic XY model, the left and right parts (red dashed boxes) are
the quasi-Ising model with the same anisotropy y, whereas the right
part contains a different spin anisotropic angle ¢ (the orientation of
the orange arrow) from the left part. (b) After the JWT, the IXI em-
ulates a topological SNS structure, every fermion (blue box) is split
into two Majoranas (green dots). There can host Majorana couplings
(red dashed arrow) between the left and right p-wave superconduc-
tors. (¢) The wave function (blue curve) of the JW Majorana bound
state lies in the gapped-gapless-gapped topological SNS structure.
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level, respectively. In Sec. VI, we calculate the texture of the
spin entanglement in the presence of a spin supercurrent in the
XY sector. In Sec. VII, we propose and analyze the coupling
of the spin chain to a microwave cavity for readout of the spin
current and the periodicities of the JEs, along with examining
the robustness of the fractional JEs under perturbations of the
in-plane magnetic fields. Finally, in Sec. VIII we conclude
with an outlook on future directions.

II. MODEL HAMILTONIAN

The N-site anisotropic XY spin chain in a transverse field,
presented schematically in Fig. 1(a) with open boundary con-
ditions, is described by the Hamiltonian

HS = =) (64 y)8"61%, + (6 — 76761y, + 867, (D)
where 6i"’(") =6;-m;(n;), 6; = (67,67, 6}) is a spin vector
constructed by Pauli matrices at site i, m; = (cos ¢, sin ¢;, 0),
n; = (—sing¢;, cos¢;, 0), ¢; is the spin anisotropic angle
with respect to the z axis, 0 < y; < 1 marks the degree of
anisotropy in the xy-plane, J > 0 is the spin exchange con-
stant, 0 < #; < 1is the coupling strength, g; = gis the relative
magnitude of the global transverse field along the z axis.
Lengths are measured in units of the lattice spacing a.

By tuning the value of parameters, the chain is split
into three regions: Ising-XY-Ising, pertaining to the spin
Josephson junctions (JJs). The number of sites in the left,
middle, and right parts is Ny, Ny, Mg, respectively. The mid-
dle chain and the left and right interfaces (xp = N, xgr =
N1, + Ny, respectively) are described by the isotropic XY
model by setting y; = ¢; = 0, Vi € [x, xg]. The left and right
parts are misaligned, i.e., ¢; = ¢ in the right part and ¢; = 0
in the left part, quasi-Ising (anisotropic XY) spin chains such
that y; = y # 0. Although the coupling strength is set as
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t; =t in the bulk regions of the spin chain, the parameters
at the two interfaces are different: t,, =¢,, =t. Whent =1¢,
the connection between different regions are perfect, while if
t = 0 they are decoupled from each other.

We perform the JWT, 6ZL = ]_['._1( AZ) = (6=
i&iy )/2, on Eq. (1) and obtain the fermlomc Hamlltonian

15 = —2J Zi[(tif‘j@wrl + vie M'@'étﬂ +Hc)
+gi(efer — 1/2)1, @)

where éf (¢;) is the creation (annihilation) operator of the JW
electron at site i. It turns out the IXI emulates a topologi-
cal superconducting-normal-superconducting (SNS) junction
[Fig. 1(b)]. Since Eq. (2) is quadratic, it can be expressed in
Bogoliubov-de Gennes (BdG) form A} = CTHEC /2 with

He = —27 ) (L. +ive P p) @ i) (i + 1|

+He]+gip: ® i) (il}, 3)
where € = (&1,¢82,...,68,8],80, ..., 8007 is a 2N-
dimensional spinor and |i)=(0,...,1,0,...)T is an

N-dimensional basis vector corresponding to the ith site
of the chain, and p, and p, are Pauli matrices acting on
the Nambu pamcle hole space. By use > of the Bogohubov
quasiparticle D= (dl,dz, .. dN,d dz, - )T basis,

Hg is diagonalized into Zn e,,(dnd — 1)2) w1th a set of
single-particle energy ¢,,.

When the twisting angle ¢ of the right Ising part is
nonzero, there is a spin supercurrent flowing through the mid-
dle sector, whose coupling Hamiltonian is XY type, Axy =
—J1(846%, + 6 A,yH) Hence, via evaluating the Heisenberg
equations of motion AJ = fz"‘“ — fzi“ =i[6], Hyxvy], we define
a z-component spin current operator as J, = fzf’”t [47,48] or,
more explicitly [49],

J)(=2Jt) = 676

8760 — 665, = 2i@fen — &,8). 4
In this paper, we only focus on J., since the expectation
values of J; and J, vanish, while J; remains a constant Vi €
(xL, xr) in the middle part due to current conservation. Such
spin superfluidity is analogous to the superconductivity in the
presence of a phase bias: As charge conservation is broken
at the level of mean-field theory for superconductors, J, is
not conserved in the Ising portions. Thus, the lattice, whose
dynamics are neglected in this paper, effectively acts as a

source and drain of spin.

III. LATTICE SYMMETRY ANALYSIS

The symmetries of a system are independent of representa-
tions, although they can be interpreted differently in the spin
and fermionic pictures. In the following subsections, we will
identify the symmetries occurring in the spin system and find
out their fermionic counterparts through the JWT. To be more
general, we introduce two types of interacting Hamiltonians:
the spin-spin interactions in the z direction (ZZ type),

= IY 56767, 5)

acting on the spin space, and the Coulomb interactions (NN
type),

I =47 ) xihibig ©)

Equations (5) and (6) are connected by the JWT up to global
renormalization of the magnetic field 47471 < 1467 +

65, + 6767, which, as we see below, will have s1gmﬁcant
1mp11cat10ns

A. Spin Z, symmetry

The spin chain has a Z, symmetry since [HS, Ps] = 0 with
PS ]_[l 67, P2 = +1, which acts on Pauli operators as

PS&im(n)PS_l — _6_im(n) , psOA.isz—l — +6iz ) (7)

By the JWT, the corresponding operator in the fermionic sys-
tem is identified as a parity operator Pz = [[;(2; — 1), which
transforms fermionic operators as

Beel PV = —¢f, BeeiPT = —¢. ®)
Since Eq. (2) is a sum of terms containing an even number
of fermionic creation and annihilation operators, the system
is required to preserve the parity as [I:I(IZ;, Pr] = 0 at any time,
although the number of fermions is not conserved. One can
easily verify that Z, symmetry holds for the aforementioned
two types of interacting Hamiltonians in Egs. (5) and (6).
Considering the pure Ising chain with §; = g; = 0and y;, =1,
the spin ground states will simultaneously break above Z,
symmetry, which in turn gives two degenerate ground states
in the Kitaev model characterized by Majorana zero modes.

B. Real time-reversal symmetry

If gi = 0 globally, Eq. (1) contains real TRS (rTRS) with
[HG, Ts1=0 by the operator Ts = ]_[ 10) K acting on the
Pauli operators as

Ts62T5"' = —6%, a=mn,z. 9)

where C is an antiunitary complex conjugate operator. Since
Tsz = (—=1)V, according to Kramers theorem, all many-body
spectra must be at least doubly degenerate when N is odd.
Through the JWT, Eq. (2) fulfills [A%, 7] = 0 inherited from
the spin space, Tx = [[;[¢] + (—=D)N*T1+&]K is a second-
quantized operator acting on Fock space as TFiYA‘F’l = —i:

kel T = (=1)e, Teedy' =(1e.  (10)
This can be interpreted as the charge conjugation in the
fermionic language. Based on noninteracting Eq. (3), we can
rewrite Ty in a first-quantized form

Te=pK®) DG, TE=+1.  AD

which renders [’Hg, Te] = 0. Note that Eq. (10) are more gen-
eral than Eq. (11) since they can accommodate interactions,
i.e., Eq. (6). We find [AF, Tr] # 0, yet the ZZ-type interac-
tions in Eq. (5) retain rTRS due to [AS, Ts] = 0.

When N is odd, the twofold degeneracies in the many-body
spectrum are protected by the second-quantized rTRS oper-
ator with TFZ = —1, which enforces intrinsic zero modes in
the single-particle spectrum. Under the fermionic picture, as
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the coupling strength t increases, amplitudes of the intrinsic
zero modes in the middle part will exponentially leak into the
superconducting parts, and fully merge with Majorana zero
modes in the thermodynamic limit, whose wave functions are
well localized at the edges of the chain and cause no effect on
the in-gap spectrum.

C. Inversion time-reversal symmetry

Although the first-quantized rTRS operator 77 = +1 can-
not reflect any degenerate properties in the single-particle
spectrum, it gives us a hint to find out a hidden inversion TRS
(iTRS) which leads to an odd-even effect (see discussions in
Sec. V B). We first introduce a lattice inversion operator,

I=3) D)N+1-i), T

which will transform matrix elements of the nearest-
neighboring sites with an additional minus sign after applying
on the lattice space, e.g., f; =ty_; — —t; whereas g; =
gn+1-i — &i, where we denote parameters with tilde are el-
ements inverted from original position. With the help of Z, we
can define the iTRS operator

T {ipyIC®I,

=DV, (12

for odd N
foreven N.

nK®T (3)

Applying Ti to Eq. (3) as TrHE T, ', we obtain

=20 ) ([Gp. — (=1) iz 9% p))
®i) i+ 11 +Hel—gp. @10 (). (14)

By comparing Egs. (3) and (14), it turns out that to retain
iTRS as [HE(4), Ti] = 0 in the IXI chain, not only should
wesetg =g =0, =1, ¥ = ¥, but also ¢ is restricted to
the following values:

for odd N

foreven N, (15)

_ I,
e~ 2d _ = (- 1)N+1¢>¢ {n/2+ln

with [/ € Z. Note that 7}2 = —1 in both odd-even cases, ac-
cording to Kramers theorem, all single-particle states at above

specific ¢ should contain twofold degeneracy.
More generally, we rewrite Eq. (12) in a second- -quantized

form acting on fermions as T11T T — 4,
At i(—=1)iéys1_;, foroddN
T[CTTI 1 _ +i( iA) N+1-i (]6)
: (—)'enti1-i, foreven N,
and its actions on spins are ;67,7 = —6% i
() iPs6™ . for odd N
L) A R A (17)
+iPsé Gnyii» forevenN,

which can be understood as the charge-parity symmetry.
Applying the rTRS operator to the ZZ-type interactions of

Eq. (5), we get
Z 56767, . (18)

Once §; = §; are set symmetrically, the system Hamiltonian
always commutes with iTRS operator at specific ¢ illus-
trated in Eq. (15), which ensures twofold degeneracies of

Ti(—H} /DT =

many-body states in the interacting case. As for the NN-type
interactions in Eq. (6), we obtain

T-H{ ANT =) xiéidlendly . (19)
and expand to Z XA + 1 — c i — 6‘1216,-“), whose
last three terms will break iTRS at any ¢, even if we set
Xxi = X symmetrically. Such seemingly trivial local terms will
dramatically alter the periodicities of the spin JEs (see Fig. 3
and further discussions in Sec. V).

Note that in the above proof all parameters are required to
hold strict inversion symmetry under N = N, thus the odd-
even effect only depends on Ny;. However, by the fact that the
ABSs decay exponentially in the two superconducting parts,
as long as their lengths are much larger than superconducting
coherence length, the degenerate properties are still robust
within the energy gap regardless of the parity and the equality
of Ni. and Ng, which in turn underscores the dominance of
Nu.

IV. LOW-ENERGY THEORY

In the following subsections, we will focus on the
low-energy sectors, with the aid of fermionic descriptions,
utilizing both a continuum theory and full lattice diagonal-
ization. Given translation symmetry under periodic boundary
conditions, the bulk spectrum of the isolated anisotropic XY
spin chain reads [16]

€& = 2J\/(2t cos ka + g)? + 4y? sin® ka, (20)

where k is the wave number after the Fourier transformation.
When y # 0, the spectrum is always gapped except at |g| = 2¢
where the system undergoes a quantum phase transition. In the
case of |g| < 2t, the fermionic chain will be in a topological
phase where Majorana fermions appear at the edges if we
cut off the chain, and the corresponding topological invariant
is characterized by the topological winding number W = 1
(see Appendix A for details). However, if |g| > 2¢ such edge
modes will disappear, the chain enters the trivial phase, and
the value of the topological winding number goes to zero.
Figure 1(c) depicts the wave function of the JW Majorana
bound state (MBS) in the presence of a phase bias between
two superconducting parts. Note that the middle sector is
gapped in the trivial regime |g| > 2¢, which hinders the oc-
currence of the supercurrent and makes the chain insulating.
Since we are interested in the JEs pertaining to the supercur-
rent, we will only focus on the topological regime in the whole

paper.

A. Near the critical point

On account of the long wavelength excitations dominating
the low-energy properties near the critical point [50], we can
replace the fermionic operators in Eq. (2) by a continuous
Fermi field operator & = /ay (x) and expand it to second
order in the spatial gradients to obtain the single-particle con-
tinuous Hamiltonian,

HG /2] = —(2t + g+ tad}) p, — 2iyiae 2P p,d,, (21)
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where 'Hg is a matrix in the BdG form and
HS =12 [dxV () HEY (x) with field spinor W(x) =
[V (x), ¥ (x)]T. The coefficient in front of the second and
first derivative indicates the effective mass, m; = R /(4J ta®),
and velocity, respectively [19]. To mimic the imperfect
connections between different parts, we introduce a fictitious
potential Aad(x —xp r) at two interfaces, x = xp g, with
barrier strength A. When A — oo, the three parts of the
chain are decoupled from each other. Through the S-matrix
approach [23,51], we obtain the solvability equation for the
ABSs spectrum,

Re[Sgel®uKwl — SZei®utkul] = §2cos(2¢),  (22)

where Kf\t,[ = 4/Q &£ E/ta are the middle wave numbers with
Q=1tQ2t+g), 8 =te/2J,and L = (Ny + 1)a is the length
of the middle part, Sy ;2 are the entries of the S matrix, whose
explicit expressions are given in Appendix B 1, together with
the wave functions and the technical details. In the leading
order series expansion around zero energy, the spectrum E =
E/t is given by

_ i L th—y)l+2Q
E_zm(5¢¢+nn)/[;+2y—g] (23)

which is plotted in Fig. 2(a) against the spectra from the exact
continuum theory and the lattice model.

B. Deep topological regime
In the deep topological regime g — 0O, the energy gap

€qap = 2Jy /4 — g*/(t? — y?) — 4Jy occurs around tkg =
4 arccos(—g/2t)/a ~ £m /2a with the proviso of y <K t.
Accordingly, we can expand the lattice fermionic oper-
ator around two Fermi points as &//a = e % g (x) +
e’ik”@‘(x), where &R,L are right and left mover field op-
erators. We substitute the above transformation into Eq. (2),
expand it to the leading order in the spatial gradients and
neglect the fast oscillating terms. By defining a continuous
Fermi field spinor U (x) = [Yr(x), YL(x), &E(x), —@E(x)]T,
the deep topological Hamiltonian can be expressed in the BAG
form AR = 1/> [ dxW (x)"HE W (x) with matrix HY as

HG/2) = Y(=id)p:T. + Aie % p,, (24)

where T = 2tasin(kpa) is the effective velocity, A; =
2y, sin(kga) is the effective pairing potential [23], 7., . are
Pauli matrices acting on the mover space. Note that the phase
is globally shifted by 7 /4 to keep A; a real number. The above
Hamiltonian shares the same form with JJs created at the edge
of a quantum spin Hall (QSH) insulator [52-54]: our movers
&R,L in T space correspond to their two edge states living
in the spin space. Hence, the IXI chain emulates the QSH
JJs at low energies. The rTRS in the QSH JJ equates to an
effective TRS (eTRS) in the IXI chain with [’Hg (@), Te] =0,
Te =i,k at ¢ =1n/2,1 € Z [55]. Since Tg = —1, there
must be spectrum degeneracies at those specific phases due to
Kramers theorem. With the help of the S-matrix technique, we
obtain the transcendental equation for the ABSs in the deep
topological regime:

EL/Y + t¢ = arccos(E/A)+nn, neZ. (25)

o — +0.6 () 12
. s < -
M -~ T~ —~
A ~. '/./‘ '\\ - ///
€ .::xi:_ 0 € /::x:\ 0
- - -~ \_\ - /./'/ - \\\
L =g >
.............. 06 v 1o
0 ¢=n/2 n 0 ¢=mn/2 n

© £0.6 (d) 412

B N T TR 106

0 ¢=n/2 bis 0 ¢=n/2 n

FIG. 2. Spectra of the IXI as a function of ¢ by evaluating
J=a=t=t=1, y=03 L=0, N, =N, =100, Ny, = 10 in
two regimes. (a) and (b) are the single-particle spectra near the
critical point g = —1.7 and in the deep topological regime g = 0,
respectively. (c) and (d) are their corresponding many-body spectra.
Black dots are solved numerically by the lattice model, blue lines
are obtained by solving the transcendental Egs. (22) and (25) of
the low-energy continuum theory in two regimes, red dashed lines
are Majorana solutions calculated by the explicit Egs. (23) and (26)
by setting n = —1 (n = 0) for upward (downward) branch, green
(dashed) lines are many-body spectra with even (odd) parity con-
structed by the single-particle energies, solid (dashed) circles are
crossings protected by the eTRS (PHS).

Under the low-energy leading approximation, the energy can
be expressed explicitly as

E= (/2 —1¢+n7)/(L/)Y+1/A), neZ, (26)

which is plotted in Fig. 2(b) against the exact continuum spec-
trum and the full lattice spectrum. The index t indicates the
slope of the spectrum as a function of ¢: T = %1 for the down-
ward (upward) branches respectively. In the case of the point
contact limit L — 0, Eq. (25) is reduced to E — A cos¢
[25]. In Appendix B 2, we present the explicit wave functions
and the technical details of the S matrix.

C. Lattice diagonalization

With the single-particle spectrum €, solved exactly from
the numerical lattice diagonalization, we can construct the
many-body spectrum E,: The ground state is built with all the
negative-energy single-particles filled, the following excited
states are obtained by adding the corresponding quasiparticles
to the ground state, whose total number characterizes the par-
ity of the system. Note, however, we could only utilize a few
ABSs to create the many-body spectra from the continuum
theory.

Figure 2 displays the exact numerical single-particle and
the many-body spectra near the critical point and in the
deep topological regime, compared with results from two
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low-energy continuum models, respectively. It is clear that
both continuum theories show great agreement with solu-
tions from the numerical lattice model in the single-particle
spectrum [Figs. 2(a) and 2(b)], which can be interpreted as
follows: When the spin chain is near the critical point & — 0
with ' 2 €, the energy gap 2J|2r — |g|| will always happen
around k£ = 0, where the long wavelength continuum theory
dominates. While, if the chain is in a deep topological regime
with I' < 2, the spectrum is gapped with ey, ~ 4Jy near
the two Fermi points ®kr which is in agreement with the
deep topological continuum theory. From the perspective of
fermionic language, the superconducting coherence length is
defined as & = Y /A =ta/y [23], while the continuum the-
ory requires the coherence length to be much larger than the
wave length, i.e., £ > 2m /kg, which also leads to the validity
condition y < 1.

In spite of the excellent agreement between the numerical
and analytical results in the single-particle spectra [Figs. 2(a)
and 2(b)], there is only fair agreement between the numerical
and analytical results in the many-body spectra [Figs. 2(c) and
2(d)], where we have globally shifted the energies to make
the ground-state energy zero at ¢ = 0. Since the many-body
spectra of the low-energy continuum theory can only be con-
structed by a few single-particle energies of the ABSs in the
gap, the contributions from the propagating states outside the
gap will not be captured in the analytical continuum theory,
which could also lead to small discontinuities in slope at
¢ =Im, | € Z. Yet, we note that the spectra near the critical
point match better than that in the deep topological regime due
to the weaker ¢-dependence of the propagating state energies.

V. FRACTIONAL SPIN JOSEPHSON EFFECT

Historically, the original JE was used to describe the su-
percurrent through a weak link between the conventional
s-wave superconductors, following 27 periodicity of the sys-
tem Hamiltonian [26]. Nevertheless, JJs between topological
p-wave superconductors are predicted to exhibit a 477 -periodic
supercurrent, a hallmark manifestation for the existence of
MBSs [56-58]. Notably, a variety of JEs can be identified
by coupling the edges of QSH insulators to s-wave super-
conductors. Under the TRS and parity conservation, a dc
voltage bias gradually connects the in-gap states to the bulk of
scattering states, generating a 27 -periodic dissipative current.
Once the TRS is broken, the current becomes dissipationless
and evolves as 4 periodicity, as protected by the PHS stem-
ming from the MBSs [54]. Furthermore, given the TRS with
the Coulomb interactions [40] or the impurities [37-39], the
current can even be dissipationless with 8 periodicity, while
the s.-conserving interactions will lead to dissipation with
the original 27 periodicity (note that s, refers to the electron
spin at the QSH edge, instead of the spin in the IXI chain,
see Ref. [38]). Such 47 (87) periodicity is called Z, (Z4)
fractional JE for the sake of e (e/2) electron charge being
transferred in 27 period of the system Hamiltonian, instead
of Cooper pairs 2e in the conventional superconductors. How-
ever, in Ref. [59] it was shown that such 87 periodicity can
be achieved without Coulomb interactions, based on a p-wave
superconductor lattice ring interrupted by one weakly coupled
normal site.

Before analyzing the spin JEs in our setup, we want to
make a key observation: The spin twisting angle ¢ has been
mapped into the superconducting phase 2¢, i.e., it was dou-
bled, which makes all periodicities of the fermionic JEs twice
as large as the spin JEs. Explicitly, the periodicities of trivial,
Zy, 2.4 JEs become 1, 21, 47 in the spin chain, respectively,
compared with 25, 477, 87 in the fermionic systems. To avoid
confusion, in the following discussions, we will use trivial Z,,
Z4 terms to illustrate various JEs in the two representations.

Although the properties of fractional JEs in the fermionic
systems are well-studied, a question naturally arises: Except
for the alteration at the phase ¢ by a factor of 2, what are
the similarities and differences between fermionic JEs and
spin JEs? In the following subsections, we will investigate
various spin JEs from two perspectives: the continuum theory
and the lattice model. Moreover, to reveal the influence of the
many-body interactions on the spin fractional JEs, we will
add ZZ-type interactions [Eq. (5)] and NN-type interactions
[Eq. (6)] into Egs. (1) and (2), respectively, both of which act
only within the middle sector. We note that these interactions,
which are quartic in fermionic operators, force us to apply a
brute-force diagonalization on a 2¥ x 2V matrix in spin space,
effectively limiting the number of sites, N, of the chain.

A. Continuum scenarios

In the low-energy continuum limit, both Eqgs. (21) and
(24) obey PHS: {HS,Cc} =0, Cc = p,K near the critical
point and {2, Cp} = 0, Cp = p,7,K in the deep topological
regime, which guarantees the crossings of MBSs and switches
the parity of the ground state at ¢ = /2 + [7. Additionally,
as we have shown in Sec. IV, crossings at ¢ = [ /2 are
protected by the eTRS of Eq. (24) in the deep topological
regime, which is indeed equivalent to JJs attached to the edge
of QSH insulators. Therefore, adiabatically advancing the spin
twisting angle ¢ will pump each ABS into the bulk and lead
to dissipative current with trivial periodicity, as displayed in
Figs. 2(b) and 2(d). Nonetheless, when the system is tuned
close to the critical point where the eTRS is broken, there
are anticrossings at ¢ = [m /2 in Figs. 2(a) and 2(c), with
the exception of the low-energy crossings (dashed circles) at
¢ = w /2 + Im that are still protected by the Majorana PHS.
Under this circumstance, every ABS is detached from the
bulk and give rise to dissipationless spin current with Z,
periodicity.

In Fig. 3, we show the many-body spectra in the deep topo-
logical regime, taking into account interactions of ZZ type
[Eq. (5)] and NN type [Eq. (6)], respectively, both still with
the eTRS maintained. Compared with Fig. 2(d), prior fourfold
degeneracy at ¢ = 7 /2 is lifted via the Coulomb interactions
[indicated by the vertical arrows in Fig. 3(b)], a dissipationless
Z4 spin current occurs as expected [40]. Conversely, ZZ-type
interactions only shift crossings [indicated by the vertical ar-
rows in Fig. 3(a)]. Because the energy levels move into the
bulk as ¢ is increased, the spin current remains dissipative
with trivial periodicity as in the aforementioned noninter-
acting case. This phenomenon basically resembles QSH JJs
accompanied with s,-conserving interactions in Ref. [38]. Al-
though there are small gaps at ¢ = m caused by finite-size
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FIG. 3. Many-body spectra of the IXI varied as ¢, calculated
by the exact diagonalization under / =t =t =1,y =0.6, g=0,
N. = Ny =9, Ny = 6 after adding two types of interactions. (a) is
under ZZ-type (spin) interactions [Eq. (5)] with § = 0.4, while
(b) includes NN-type (fermionic) interactions [Eq. (6)] with x = 0.4.
Solid (dashed) lines indicate even (odd) parity supplemented with
original data (black dots), dashed circles are crossings protected by
the PHS, rectangles refer to crossings protected by the eTRS in
the continuum limit while broken by finite-size effects, gaps at the
arrows are lifted by interactions.

effects (e.g., slowly oscillatory umklapp or Friedel terms),
they can be fairly suppressed under the continuum limit [55].

B. Lattice odd-even effect

The eTRS in the continuum limit requires the transport
through JJs to be highly transparent, any imperfect connec-
tions t # ¢ are able to break such symmetry and open gaps
at the lattice level, which leads to the following odd-even
effects. As we have proven in Sec. III, there is an iTRS ap-
pearing at the lattice level when all parameters are set inverted
symmetrically, bringing about different crossing properties
for odd-even sites. In particular, for all single-particle states
illustrated in Figs. 4(a) and 4(b), there must be Kramers pairs
at¢p = I forodd N and ¢ = /2 + Iz for even N, according
to the conclusions of Eq. (15). By changing the parity of the
sites, crossings and anticrossings can be created or destroyed
at specific ¢ in the spectra, shown in Fig. 4. As a consequence,
adiabatically following the ground states will eventually lead
to Z, (Z4) spin current for the even (odd) sites, pumping
different amounts of net spin between the left and right Ising
parts, as displayed in Figs. 4(e) and 4(f) calculated by Eq. (4)
[or Eq. (C2), see Appendix C for details]. Alternatively, be-
cause there are no many-body interactions, the spin current
can be analytically computed using (.), = —29E, /d¢, upon
applying a phase-shifted JWT & =e~i¢ ]_[i.;ll(—(Ar;)(Arl.Jr on
the right part and transforming ¢ into the right interface [20],
which gets along with conventional results for the fermionic
Josephson current [26]. To evaluate the full adiabatic spin cur-
rent in the presence of a time-dependent angle twist ¢ (), one
needs to account for the possible Berry phase contributions
to the current stemming from the velocity of the twist, ¢(z)
which, however, is beyond the scope of this work [60].

In addition, our conclusion reveals the unusual Z, frac-
tional JE in Ref. [59] is actually protected by the iTRS. In fact,
their model Hamiltonian is equivalent to ours for Ny; = 1 after
applying the phase-shifted JWT [61]. The reason why in their
case the Z,4 periodicity cannot survive under the Coulomb
interactions is that NN-type interactions do not commute with
iTRS, whereas ZZ-type interactions do, as it happens in spin
chains [62]. Namely, the spectra may be shifted under ZZ-

12 (b) 15
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FIG. 4. The odd-even effect: spectra and spin supercurrent of the
IXTI as a function of ¢, solved numerically by the BdG matrix di-
agonalizationunderJ =t =1,t =08,y =04,g=0,N,. =Ny =
100 in both odd-even cases. (a) and (b) are the single-particle spectra
for Ny = 10 and N, = 11, respectively. (c) and (d) are their corre-
sponding many-body spectra, whose single-particle occupations are
shown in plot labels. (e) and (f) are spin current of their lowest two
and four states evaluated from Eq. (4), where the variation of ¢ is
extended to full 4 period in (f), showing Z, and Z, periodicities,
respectively. Solid (dashed) lines in the single-particle spectra are
the energies of the particles (holes), solid (dashed) lines in the many-
body spectra refer to the even (odd) parity, solid (dashed) circles are
crossings protected by the iTRS (PHS), the gaps specified by the
arrows are lifted by the imperfect couplings t < 7.

type interactions while crossings are still protected. Therefore,
Z4 spin current originating from iTRS does not depend on
whether there are ZZ-type interactions or not.

VI. TEXTURE OF SPIN ENTANGLEMENT

In this section, we evaluate various spin correlation func-
tions in the presence of the spin supercurrent carried by JW
Majoranas in the XY sector. Specifically, we are interested in
the single spin expectation value p? = p¥(¢) = (67), as well
as the spin-spin correlation function p‘fjﬁ = p‘ff (¢) = (6ﬁ‘6f )
with «, B = x, y, z. This allows us to derive the reduced den-

sity matrices for an arbitrary single and pair of spins,

3 3
1 1
pi®) =5 D PIST. @) =7 D papbiS]. 2D
a=0

o,=0

respectively. Since the Hamiltonian conserves the parity of
the system, we can readily infer that p} = p] = 0, thus the
spin texture has only one nonzero component p?, along the z
direction. Similarly for the two-spin correlators, several com-
ponents vanish: pj; = pij = p;; = p;; = 0. It is clear from
the definition of spin current [Eq. (4)] that when there is a
finite spin supercurrent flowing through the middle part, p;;
and p:; must be nonzero. In this case, regular determinant
stratagems [16,19,45] cannot be used to find the correlator
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FIG. 5. Concurrences in the XY sector for ground states as a
function of ¢, computed from the Pfaffian of the correlation matrices
underJ =t =1,t = 0.8, y = 0.4, N, = N; = 100 in all subfigures.
(a) and (b) are nearest-neighbor concurrences in the deep topologi-
cal regime g =0 for Ny, = 10 and N, = 11 separately, where the
variation of ¢ is extended to full 47 period in (b). While (c) and
(d) are nearest-neighbor and next-nearest-neighbor concurrences for
Ny = 10 near the critical point g = —1.8, respectively.

between two arbitrary spins. However, such correlators,
together with nonzero pji and p;j, can be obtained by
computing the Pfaffian of their corresponding 2k x 2k
skew-symmetric matrices [63,64], where k = |i — j| (see
Appendix C).

With all spin correlators at hand, we are able to establish
the reduced density matrices, and then evaluate the degree
of entanglement in the system. There are two simple sub-
systems in which one can easily calculate the entanglement
[45]: (1) a single site and the rest of the lattice and (2)
two arbitrary spins in the chain. For the former, the en-
tanglement can be calculated via the von Neumann entropy
Si(¢) = —tr[pi(¢)log pi(¢)], assuming the whole chain in a
pure state. For the two sites case in a mixed state, the amount
of entanglement shared between the spins is quantified by the
concurrence C. In particular, for two arbitrary spin-1/2 sites at
the positions i and j in the chain, the concurrence is given by
[44]

2 3 4

where the kfj are the eigenvalues of the Hermitian matrix

Rij = \/\/PijPij/Pij sorted in descending order with p;; =
(67 ® 6; )05 (67 ® 6}V ). The concurrence increases from C =
0 for a separable state to C = 1 for a maximally entangled
state. Although the single-site entropy and the concurrence
between two arbitrary spins is known to peak at the quantum
phase transition [45], here we determine how the entan-
glement in the XY sector is affected by the presence of
spin supercurrent due to a finite twist between the Ising
directions.

In Fig. 5, we plot the texture of the spin concurrences as a
function of ¢ for odd-even cases in different regimes, follow-
ing the ground states in Fig. 4. It is apparent to see that there
are two different textures of spin entanglement for odd-even
cases depicted in Figs. 4(a) and 4(b), not only evolving with

two kinds of periodicities, but also taking peaks (nadirs) at
different ¢. Such phenomena are due to the fact that through
increasing ¢, the many-body levels have been shifted to higher
values, which makes them more susceptible to higher excited
states. Owing to finite-size effects with open boundary con-
ditions, the entanglement also oscillates with frequency ~2kg
as a function of site index [65], which can be enhanced by
larger susceptibilities close to anticrossing points. Hence, one
can strongly control the entanglement between the spins in
the XY sector via the twisting angle, which could be utilized
to process quantum information.

Furthermore, by comparing Figs. 4(a) and 4(b) to 4(c) and
4(d), one might wonder why concurrences near the critical
point are less than that in the deep topological regime, since
the chain should be more entangled around quantum phase
transition. The reason is as follows: In the deep topologi-
cal regime, only nearest-neighbor concurrences are nonzero,
which means the entanglement is well confined in nearest-
neighbor spins; while as the system approaches the critical
point, the entanglement will be spread out into next-nearest-
neighbor (and so on) spins [45], which makes the initial
nearest-neighbor concurrence decrease.

VII. DETECTION AND ROBUSTNESS

In this section, we address the detection of the spin su-
percurrent pertaining to the JW Majoranas in the IXI spin
junction. While the method of choice for measuring spin
current is through the use of the spin Hall effect [46], in
which case a spin current is converted to a charge current
that can be measured by usual techniques, via the SOI in the
adjacent material, here we propose a less invasive method
based on microwave detection. Such an approach has been
found suitable for measuring both the statics and dynamics
of ABSs in electronic systems [66—68]. The idea is to couple
the field of a nearby resonator to various observables of the
system. The interaction between our chain and the resonator
can be written as

V()= B0 +a), (29)

where a (a') is the annihilation (creation) operator for the
photon in the resonator (assuming one mode only), while O
are the observables of the system, e.g., O = 6 (or the sum
of a string of spins), with coupling strength 8. This coupling
will alter the properties of the resonator, which in turn can
be measured in a dispersive readout. Following Ref. [69], we
can write the equation of motion for the cavity field in the
Heisenberg picture as

a =il +V(0).al = Ja— Viba®). (0

where ﬂph = woa'a is the cavity Hamiltonian, x quantifies the
decay rate of the cavity, and b;,(¢) is the input field sent to
probe it. Note that the output field, exiting from the cavity
bout(t), and the input one satisfy boy(t) = bin(t) + /xa(t),
which is used to infer the cavity response. In leading order
in the cavity-system coupling and in the frequency space, we
find [69]

Vb (@) +iB(O1(w))o
—i(w — wp) + k/2 — 1B g(wp)

€29}

alw) = —
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where a(w) = [ dte " a(t) and

Hp(w) = —i/ dr e ([On(1), O1(0)])o
0

—E —w—1in

being the retarded correlation function associated with the
observable O over the stationary state of the system (... )o.
Above, |n) and E,, are the many-body eigenstates and eigenen-
ergies of the system, respectively, F;, is the many-body
occupation, while the ’ index selects only the states n % m in
the summation. Note that all quantities are expressed in the
interaction picture, and (Ol(w))o is the expectation value of
the observable O in the frequency space in the absence of the
cavity. Since the energies E,, as well as the matrix elements
(m|O|n) are functions of ¢, the entire correlation function will
carry such a dependence too. In typical spectroscopic exper-
iments, the input field bj,(w) > (O1(w))o (large number of
photons are sent into the cavity), and we can neglect this term
in the following. Nevertheless, such contribution can become
relevant in out-of-equilibrium situations, when it affects the
photon number and photon statistics in the cavity. We will
not discuss such regimes here, but refer to Ref. [68] for some
details (along with the schematic of cQED setups). The effect
of the spins on the cavity photons results in changes in both
the resonance frequency wy and the quality factor (or Q factor)
of the cavity, which can be straightforwardly related to the
correlation function as follows:

Sawo(¢) = B*Rellg(wo, ¢), (33)
8Q(¢) _ A*ImIg(wo. ¢) 34
0 wo ’

implying quadratic dependence on the coupling strength S
of these quantities. This coupling depends on the specific
implementation of our model, ranging from tens of Hz for
electron spins coupled directly to the magnetic component
of an electromagnetic cavity to tens of MHz in the case of
superconducting qubits (in which case the coupling occurs via
the electrical field of the cavity instead).

In this paper, we consider a capacitivelike coupling be-
tween the spin chain and the cavity magnetic field (through
the Zeeman coupling), following Ref. [68]. Moreover, we as-
sume the magnetic field of a microwave cavity couples to the
spins in the XY part over a length [ < L, or O = S, - n, with
S; =", 6:. Here, n is the direction of the cavity magnetic
field at the position of the wire, which can be different from
the z direction, and the coupling is assumed to take place from
site [y to site lp + [ — 1. The susceptibility can be written as
Ms(w) = M§(w) + Hé(w), where the first and second terms
corresponding to the matrix element (m|$’f|n) (longitudinal)
and (m|S; - n |n) (transverse), respectively, with n; =n —
e,. There are no cross terms between the z (parity preserving)
and x, y (parity flipping) spin components as all the states in
the system have a definite parity. The above susceptibilities
have a simple interpretation in the fermionic language: The
first contribution stems from the cavity probing particle num-
ber operator over the length /, while the second one effectively

represents electronic tunneling into the spin chain over the
same distance, thus accessing the transport properties of the
spin chain. However, as we see in the following discussions,
the analogy is only partial for the second coupling because of
the nonlocality of the JW string.

A. Longitudinal susceptibility

The longitudinal susceptibility can now be numerically
evaluated from the lattice model by including all possible
states. However, to understand the behavior, it is worth an-
alyzing the limit of small v < A in which case the cavity
probes mostly the low-energy ABSs (truncated up to the 12th
state in calculation), including the MBSs. We transform the
spins into fermions in the lattice ¢;, and eventually in terms of
quasiparticles describing the Andreev states d,, with i and n
specifying the lattice and eigenenergy index, respectively. By
using ¢; = Zn[u,,(i)c?n + vy (i)c?,f ] with coefficients u, (i) and
v,(7) found from wave functions of numerical diagonalization
(see Appendix A for details), we write down S‘; in the form of
quasiparticles,

=YY i)} — b()dNla; ()] + ag(i)ds],  (35)

iel s
with a;(Q) = u;(i) + vg(@), by(i) = ug(i) — vy(i), where r,s
are single-particle indices of their corresponding many-body
states in Eq. (32), given in the labels of Figs. 4(c) and 4(d).
There are two types of (m|$‘z |n): quasiparticle conserving type
_ and nonconserving type S, , which are shown explicitly as

= > [b}()ay(i) + by(Dal ()], (36)
iel
= Y [b(as(i) — by(i)a,(i)] (37)
iel
With single-particle occupation f; = (czj d), the longitudinal
susceptibility is written in the single-particle form:

’ 2 2
(fr = FISE (fr = FOISE]

I = : -

s(@) Z[er—ex—w—in +er—es+a)+in

(fr + fs = DIS P
€ +e+ow+in

r 5_15n2
L Ut = DISE

€ +e—w—in

(38)

where the first (second) line accounts for the quasiparticle
conserving (nonconserving) contributions.

In Figs. 6(a) and 6(b), we show the real and the imaginary
parts of IT§(w) as a function of ¢ for odd and even cases, re-
spectively, evolving adiabatically in their initial ground states
at ¢ = 0, whose peaks indicate the resonances between the
cavity and the low-energy levels in Figs. 4(c) and 4(d). They
present different periodicities and reach peaks at different
¢, as a result of the odd-even effect. Particularly, one can
distinguish Z,4 spin current from the Z, case, by way of oppo-
site signs near ¢ = 7 in the imaginary parts. Moreover, even
taking into account the relaxation effects such that the system
always follows the ground state, the real part still exhibits a
singularity at ¢ = & in Fig. 6(c), which is again a signature
for Z4 crossing of the levels. We note that while the magnetic
coupling to each individual spin is typically small (a few Hz
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FIG. 6. Dependence of the longitudinal susceptibility on ¢ calcu-
lated by Eq. 38) withJ =t =1,t=0.8,y =04,g=0,7n = 0.1,
N. = Ny = 100, whose real (imaginary) parts are represented by blue
(red dashed) lines. In both (a) and (b), the cavity couples to five
spins starting from /y = N, + 3. More specifically, (a) is Z, case with
Ny =10, @ = 0.2, which shows negative peaks of the imaginary
parts around ¢ = 7r; (b) is Z4 case with Ny = 11, w = 0.1, which
shows peaks of the imaginary parts around ¢ = 7 that have opposite
signs. In the presence of relaxation, for odd number of sites, the
susceptibility will return to Z, periodicity as shown in the inset of
(a), which exhibits a singularity in the real part at ¢ = 7.

in cQED setups), by coupling the cavity to many spins in the
chains 8;, the response function is enhanced by an order ~/>
as compared to the single spin scenario.

B. Transverse susceptibility and spin noise

Borrowing from the fermionic parity-flipping picture due
to the quasiparticle poisoning, one may conjecture that the
transverse susceptibility I3 (w) has a nonzero value. Sur-
prisingly, we find out numerically that the matrix elements
of Ig(w) are exponentially reduced to zero as the length
of the Ising part increases, which makes transitions between
different parities impossible in the topological spin JJs. Such
phenomenon is because the local in-plane spin operators
67, 6; become highly nonlocal objects with the additional JW
string in the fermionic space—it is inevitable to alter the states
of external JW Majoranas, which in turn flips the parity back
to itself and thus forbids the transitions between them.

To verify this, we study the influences from two kinds of

in-plane perturbations within the middle part (xi, xr):

A3 = "6 +n)6]1, (39)
ieM
i—1 i—1
=X Il i1 aper ] o
ieM j=1 j=1

where 1 and 7} are perturbation strengths along x and y
directions, respectively, both set randomly site by site. Equa-
tion (40) indeed emulates the conventional local fermionic
perturbations from quasiparticle poisoning and breaks
Majorana crossings in Fig. 7(b) as expected. On the other

RO

0 ...........

FIG. 7. Spectra of the IXI varied as ¢ under random perturba-
tions for a given realization, computed by exact diagonalization with
J=t=y=1,t=0.8,¢g=-0.2, N, = Ny = Ny = 4. (a) is under
local spin perturbations [Eq. (39)] from the in-plane magnetic fields,
crossings are preserved albeit with lifted degeneracies. (b) suffers
local fermionic perturbations [Eq. (40)] from the quasiparticle poi-
soning, crossings are destroyed while each state still contains twofold
degeneracy. All perturbation strengths 77 and n] are set randomly site
by site in the middle XY chain within the range of (0, 0.2).

hand, in Fig. 7(a) we see that the local spin perturbations
[Eq. (39)] only shift twofold degeneracy (from external JW
Majoranas) away and cannot destroy Z, periodicity (even
when we extend the random perturbations to the whole spin
chain), in stark contrast to topological JJs in superconducting
systems.

VIII. CONCLUSIONS AND OUTLOOK

In this paper, we analyzed an Ising-XY-Ising spin link that
emulates a topological SNS structure, both analytically and
numerically. Our results are summarized in Table I and as
follows:

(i) Odd versus even. The iTRS gives rise to the odd-even
effect at the lattice level and protects Z4 (Z,) fractional spin
JE in chains with an odd (even) number of spins, irrespective
of ZZ-type interactions. The resulting texture of spin entan-
glement highlights the effects of the spin current carried by
JW Majoranas, whose periodicities can be detected by cQED
setup through dispersive readout methods.

(ii) Lattice versus continuum. By use of the low-energy
continuum theory, we analytically solve out the spectra of
ABSs and their fermionic wave functions. Nevertheless, the
aforementioned odd-even effect can only be observed in a
discrete lattice but not in the continuum theory.

(iii) Spin versus fermion. At the lattice level, we identi-
fied various symmetries emerging from the spin chain and
determine their electronic counterparts, demonstrating that
ZZ-type interactions and NN-type interactions affect differ-
ently the many-body spectra. One remarkable result is that
although Z,-periodic current can be broken by local fermionic
perturbations, spin Z, JEs are robust to local spin perturba-
tions.

Our proposal could be implemented in a plethora of spin
systems, such as trapped ions [70], photonic lattices [71,72],
electron spins in quantum dots [73], and magnetic impuri-
ties on surfaces [74,75]. In addition, the spin JEs should
possibly be simulated and observed in the noisy intermediate-
scale quantum computer (e.g., the IBM Q quantum machines)
through measuring the correlation functions [76,77]. Since
Z, fractional spin JEs are immune to any local perturbations
from arbitrary directions of magnetic field (as long as the
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TABLE I. A concise summary of conclusions, contrasted with the electronic counterpart.

Fractional Josephson effects

Continuum Lattice Entanglement Detection Robustness
SNS Ziy or Zy Zy or Zy No counterpart Transport No
IXI Zn Zir ot Ly ¢ dependence (Z, or Z4) cQED Yes

chain is still in the topological phase), the ground state can,
together with the first excited state, be used to set up a logical
qubit: advancing ¢ adiabatically by 7 realizes a quantum X
gate [20,78]. Alternatively, we can utilize such robustness for
quantum memory. In addition, the middle XY chain will be
gapped when |g| > 2¢, which prohibits the transport of spin
supercurrent. Hence, one may use this feature to engineer a
quantum spin transistor based on the JEs [79].

There are several generalizations of our paper. First, it
would be interesting to consider dissipation [80] (due to, for
example, the presence of a magnetic substrate) and evalu-
ate its effects on the various fractional JEs, as well as on
the topology of the chain in general. Moreover, the cQED
setup proposed here could serve as an engineered environ-
ment that cannot only monitor the spin flow but also affect
and control it. Second, generalization to multijunction quan-
tum spin chains, similar to superconducting systems [81],
which could result in emulating various higher dimensional
topological structures. Third, generalization to more com-
plex insulating quantum spin systems, such as 2D quantum
(anti)ferromagnets insulators or even quantum spin liquids
[82], subject to dissipationless spin flows.
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APPENDIX A: GENERAL PROPERTIES
OF THE SPIN CHAIN

The generalized 1D anisotropic spin chain Hamiltonian in
a transverse field is given by

= —JZ [t + y1)8!"6]L, + (t: — v)6!'67

+ 8,67 al.“_H + gi67]. (A1)

After the JWT, we obtain the generalized Hamiltonian in the
fermionic representation:

HE = =27 ) [t & + yie0¢]e], + Hee.)
+ 8i(1/2 — &l —
+ giele—1/2)),

where the global spin anisotropic angle ¢ generating a global
gauge transformation ¢ — ¢&e'¢. Starting from the nonin-
teracting case §; = 0, if all the parameters in Eq. (A2) are
invariant at every site, we can impose periodic boundary con-
ditions to yield translation symmetry, which does not affect
bulk properties. Through applying the Fourier transformation
&= i éje’ik“j /\/N, the Hamiltonian in the momentum
space reads

=2 Zk[(Zt coska + )¢ e

At A o
¢ Ci1 + 20i0411)

(A2)

~

+ y sinka(ie™?¢f¢’, + Hue.) — /21, (A3)

where k = 2w n/(Na) is the wave number with n taking in the
range of (|[—N/2], |+N/2]]. Defining a momentum spinor
= [é, C al k]T we write down the BAG Hamiltonian Hé =

1/2 >, CIHEC, with matrix

HE /20 = —(2t coska + g) p, + 2y sinka e H%p, . (A4)

Now Eq. (A3) can be readily diagonalized into Eq. (20)
as I‘?(k; = 1/2 Zk Dzekpzﬁk = Zk ék(dA]jdAk — 1/2), by
introducing the Bogoliubov quasiparticle Dy = [c?k, dAjk]T
as di = et sin(0/2) & —ie " cos(6y/2) &', with
0y = arctan[2y sinka/(2t coska + g)]. We can use 6; to
define the topological invariant by the winding number

W= iy{dek L - 0@t —gl), (AS)

2 Bz dk

where © is the Heaviside step function. When g < |2¢|, the
bulk is in the topological phase with VW = 1, which means if
the chain was cut at a point, two unpaired Majorana modes
would appear at the ends of it. However, if W = 0 the bulk
will lie in the trivial phase and the edge modes disappear,
which is known as the bulk-edge correspondence.

When the spin chain consists of different parametric parts,
k is not a good quantum number anymore, we should come
back to the real space. Especially for the noninteracting case
6; =0, Eq. (A2) is reduced into the single-particle form
HE shown in Eq. (3). By use of the PHS as {Hf, Cr} =
0, Cr = p: K, for every eigenvector @, = [u,(1), ..., u,(N),
v,(1), ..., v,(N)]T with positive energy +e,, there is a
corresponding  eigenvector O = Cp@j' =[vi(l),...,
VE(N), wr(1), ..., u*(N)]Y for the negative energy —e,.
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Therefore, HE can be diagonalized as Hf = 1/2CTHEC =
12CTPEPTC =10DTED = Y €,(did, —12) by  the
Bogoliubov quasiparticle D= ((21, 522, e, dAN, c?;f, 3; R
di)", where €=Y, p.®¢€,|n) (n|, and P =[d],...,
@;, @7, ..., Pyl is constructed by their corresponding
eigenvectors, whose column vectors and row vectors should
be orthonormal:

D D) + 03, (o] = 8y

D () + v =85 (A6)

Since D = PC, € = PD, the transformation between quasi-
particles and fermions is given by

dy =[x (D)é + v3 ()],
&= [un(i)dy + v(i)d}].

If there are interacting terms §; # 0 in Eq. (A2), the above
single-particle method fails since the Hamiltonian will not
be quadratic anymore. Under this circumstance, we have to
stay in the spin space and apply brute-force diagonalization
on a 2V x 2V matrix of Eq. (Al) to solve out the many-body
spectrum directly.

(A7)

APPENDIX B: LOW-ENERGY CONTINUUM THEORY

1. Wave functions near the critical point

We can diagonalize the low-energy continuous Eq. (21) as
chb(x) = e®d(x) by solving out differential equations of the
two-component wave function ®(x) = [u(x), v(x)]T, whose
generalized expressions are shown as

u(x) = e ?(+Cy cos Uet™ ™ 4+ Cysin Vet ™
+CycosUe K% 4 CysinVe ™ ),

v(x) =e"?(—Cj cos VetK™ — CysinUetX ™
+Cscos Ve X'* 4 CysinUe ™),

where K* = /T — Q £ A/ta, U = arccos[(A — E)/T1/2,
V = arccos[(A + B)/T1/2, A =+I%24+EB2-2I'Q,
=2y%, Q=tQt+g), E=te/2J are introduced
for simplicity. Additionally, K* =2y cosU cosV/ta,
K™ =2ysinUsinV/ta. Applying infinite  boundary
conditions on Egs. (Bl), the right part of the wave
functions are defined by setting C; = C, =0, and the
left part of the wave functions are obtained by setting
C; =C4 =¢ =0. The middle part is a special case of
¢ =y =0; one could reduce K* — iv/QF E/ta =iKJ
and find Ky; =2y sinUcosV/ta, Ky; =2y cosUsinV/ta
after taking the limit y — 0. We are only interested in
the ABSs, whose eigenvalues lie within the gap, i.e.,
le] < 2J(2t + g) < |E| < 2, which ensures Kf,[ to be
real. By introducing a new set of coefficients Cs, C¢, C7, Cg
in the middle region, the explicit wave functions are shown as

(BI)

un(x) = 1/,/Kf; x (Cse ™ 4 Cge ),

um(x) = 1/,/Ky x (Cre™ ¥ 4 Cge M) (B2)

The above wave functions have been normalized by the
square root of wave numbers to maintain the quasiparticle
current [24]. Through imposing continuity and current con-
servation conditions at two interfaces presented in Appendix
B3, we obtain the left- and right-scattering matrices S¢ =
S(—1,0), S8 = S(+1, ¢) with

ST, ¢) =

- dig
ite Sz]’ (B3)

1 S
S_g |:ite+21"’82 Sy
and the entries are defined as
So = sin B(1 + ¢2 — 2¢e'?) — 2ie' (sin® a — sin® B),
Sy = —sinB[1 + ¢2 — 2¢(cos B + isina)],

S = ZSina,/sinza — sinzﬂ,

where « = U+ V, §=U -V, ¢ = A/y. The waves at the
two interfaces only contain different factors caused by the
middle wave number K = /Q £ & /ta, which is described
by scattering matrix Sy; = exp(ip Ky;L). Notice that such
a wave function factor will be canceled out due to An-
dreev reflection after traveling for one loop, which enforces
det(1 — SGSSSGSE) = 0 and gives the energy transcenden-
tal Eq. (22) for the ABSs. The wave-function coefficients
are then determined by normalization condition f 1, () |> +
[v,(x)|?dx = 1, and the Hamiltonian is diagonalized into
>, en(ﬁ:{ﬁn — 1/2) by Bogoliubon d,, whose transformation
with field operator is given by

d, = fdx oY (), V)= Z ®,(x)d,. (B4

Recall Eq. (21) holds the PHS as {HS, Cc} = 0 by the oper-
ator Cc = p, K, thus Ce®,(x) = [v} (x), u*(x)]" = &_,(x) is
the wave function for —e, = €¢_,. It is worthwhile to point
out that it is the branch cut of V on the Riemann surface
that takes great effect on the quantum phase transition, i.e.,
V — —arccos[(A + E)/I']/2 with an additional minus sign
across the critical point, which prohibits the zero-mode solu-
tion of Majoranas.

2. Wave functions in the deep topological regime

Owing to [Hg,7]=0, it is more convenient for
us to decompose the Hilbert space in two 71, eigen-
sectors T ==+1 and solve out Eq. (24) as ”HBCI)’(x):
€"®%(x) with their corresponding eigenfunctions ®*(x) =
[u(x), 0, vT(x), 0]T, @~ (x) = [0, u~ (x), 0, v~ (x)]T, whose
explicit expressions are shown as

u‘r (x) — efid)(Cl efiWe+‘EKx + C2 e+iWef‘rKX) ,

UT()C) — e+i¢(cl eJriWeJrer + G, efiWeerX) , (B5)
where K = +/A2 —E2/Y, W = arccos(E/A)/2, E=¢€/2J
are introduced for simplicity. The wave functions of the
left and right parts only contain the exponential decay-
ing branches due to infinite boundary conditions, while the
middle part is the case of ¢ =y =0, where K=iE/T =
iKm. Since € — 4Jy, A — 2y in the deep topologi-
cal regime, |E| < A will be always valid for the ABSs.
The explicit middle wave functions are shown as uy,(x) =
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Cs exp (+HitKmx), vy (x) = Cyexp (—itKyx) with two new
coefficients. Applying continuity conditions at two inter-
faces xp g on the wave functions of each eigensector, we
can obtain the left- and right-scattering matrices SP =
exp(—2iW)p,, SP = exp(—2iW)e 2% p, . where we denote
W = arccos(E/A)/2, E = €/2J. The scattering matrix of the
middle part is only determined by the middle wave num-
ber Ky = E/Y as SO = exp(iKyL)e #:. The solvability
equation det(1 — SHSPSHSP) = 0 of the Andreev reflection
gives the energy transcendental Eq. (25) for the ABSs. By
use of the normalization condition, the full normalized wave
functions for the whole chain are expressed as

l/l;(x) — An (_1)}1 e—K|x—l(x)\e+itKMl(x) ,
U;(}C) — An e+i¢ % e—KIx—l(X)\e—iIKM/(X) , (B6)

where A, = 1/4/2(L + 1/K) is the normalization factor,
I(x) = x for x < |L/2| and sgn(x)L/2 for x > |L/2|. Using
the PHS as {Hg, Cp} = 0, Cp = py7,K, Eq. (24) is diagonal-
izedinto Y, | € (d*Td? — 1/2) with

n

dr :/dxcb;*(x)xif(x), P(x) = Zcb;(x)c?;. (B7)

3. Boundary conditions near the critical point

We can add a fictitious barrier potential Aad(x — x4 ) into
Eq. (21) to emulate the imperfect connections between differ-
ent parts (we denote 4, — for R, L respectively, to generalize
the expressions of two junction sites in the following state-
ments). Around two interfaces, the stationary Schrédinger
equation requires

HED(x) = — 2J{[2t + g+ rad(x — x1) + ta*d?]p.
+iyal®O(Ex F x1), l1 0} P(x) = eD(x),

where phase ¢ is absorbed in y temperately, the anticom-
mutator parentheses [®(xx Fxy), d,]+ can be calculated
into 20(£x F x4 )dy £ §(x — x1). Moving the second-order
derivative term to the left-hand side and integrating the whole
equation around the junction sites by an infinitesimal parame-
ter, we find

‘a Hul (xe) —up (x) | | Frum () — yus(xvs) (BS)
=, (1) oy () | T | Eromrs) + yve () |

Replacing subscript 4, — back into R, L and specifying the
value of y, ¢ in different parts (releasing ¢ from y ), we obtain
the current conservation conditions:

tauy () + A (xr) = taug (x) + yop(x),

ta vy (xr) + Avm(x) = ta v (x) + yur(x) ,

tauy (xg) — Mup(xR) = taug (xr) + ye P vr(xg)
Pup(xr),  (BY)

together with four trivial wave function continuity condi-
tions up (xp) = um(xL), vL(xL) = vm(xL), ur(0r) = um(xR),
VR (Xr) = vMm(xr). When A = 0, Egs. (B9) impose perfect cou-
pling boundary conditions while if A — oo the three parts
in our chain system are independent, and the ¢ dependence
will be suppressed. One could use A ~ (¢ — t)/t as a fitting

tavy(xr) — Avm(xR) = ta vg (xr) + ye

function for the mapping between the lattice and the contin-
uum model, while the explicit formula is varied with different
parameter ranges, which is beyond the scope of this paper.

APPENDIX C: SPIN CORRELATION FUNCTIONS

By use of transformation Egs. (A7) and orthonormality
conditions of wave functions Eqs. (A6), we define two op-
erators,

A,’ = éj + 6‘,‘ = Z [a:(l)dA; + an(i)dAn] s
Bi=¢l —¢ =) W] —bi(dd,],  (CD

with a,() = u,(i) + v, (i), b,(i) = u,(i) — v,(i), and their
the expectation values by pairs M; ; = (A;A;), N; ; = (BiB}),
Gij= (BA ;) are calculated as

M = +8; +2iIm Y [un(D)a; () + a;(Dan() ],
Nij = =8 = 2iIm ) [ (DB() + b, (Dba( ]
Gij = +8ij—2 Re ) [w(Day(j) = byDan(Nful

where f, = (c?:c?n) is the occupation number of quasiparticles.
These expressions are different from Refs. [16,19,45] as a
result of the imaginary parts of the wave functions stemming
from the spin supercurrent in Eq. (4):

(L) /(=2Jt) = Im[N; 111 — M; 1411 - (C2)

~

It is easy to find (BA;) = —(A;B), (AA;) = (A;A)",
(B;Bj) = (B;B;)" and obtain (67) = (BiA;) = G, (67675) =
(BiA;BjA;) = G; ;G j — G; jGj; — N; jM; ;. However, it is
not so straightforward to obtain the following correlators at
arbitrary length k = |i — j|:

(6767) = 4+ (BAij1Biy1 -~ A 1B 1A))
<6iy6'}v> = —(AiAip1Big "~AA‘,*_IBI~_1§]~) ,
(6 A;) = —i(BiAi11Biy1---A;_1Bj_1B)) ,
(6iy Aﬁ =—i (AiAiHEiH e 'AAjfléjflAAj) , (C3)

which will be expanded into (2k — 1)!! terms according to
Wick theorem. Those correlators are found to be systemati-
cally expressed as the Pfaffian

(6167) =+ (=12 pr(Q),
(6767) = + (=D V2 pr(Ql),
(6767) = —i(—=!=D2 pr(Q),
(6767) = +i(=1) D2 pf(Q), (C4)

of the following well-organized 2k x 2k skew-symmetric ma-
trices [63,64]:

XX XX yy Yy
Qxx _ [ A/:J T gU ] ny _ [ Ml'jT gl] ]
ij — | _oxx xx | ij — | o vy |
gy Mg ! G
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with their corresponding blocks

G it Gij-1 G ; Giry,i Gj-1i Gji
- Giprirt -+ Giyj1 Gy . Giitivt -+ Gi—riv1 Gjin
gij - : .. : : ’ gij - : .. : : ’
Gj-1,i+1 Gj-1j-1 Gj-1j Git1,j-1 Gj—1i-1 Gjj
0 Miy1,iv2 My 0 M; i M; ;1
“Miss 0 : , M 0 :
XX i+1,i+2 . yy o i,i+1 .
M= | M ' Comy= | Y . ,
0 M : - 0 M2 j1
i+1,) My 0 —M; j— Mj 3,1
0 Niit1 Nij-1 0 Nit1iv2 Nit1,j
N — —Ni i+ 0 : N = | THirLi2 0 :
ij = ) . ; i = )
: ~ 0 Nj-2,j-1 0 Nju,
—Ni.j-1 Nj-2j-1 0 —Niy1j Nj-1j 0

Through observing Eq. (C3), the correlators of (6;° Ay) (6{67)

1

A

only differ on the last operator from ((f‘&") (67 Jy) hence

we can calculate Q) i Qfx by replacing the last column and its corresponding transpose row | - - - | of Q* 79 j Y respectively:
i G| [ Nij ] i Gl [ Mj; ]
Git1,j Niy,j Gjiv M
Gi_ii Ny ! G;ii M; i i
o J=1j =L | _ y _ Jij Ji = O
Qi = My = —Gji Q’J Yy Niq1,j = Giy1,j <)
e My s =Gy o Njyj Gj1,
[en] o] [G] o [ov] o ] |mc] o

When the twisting angle is zero, the spin supercurrent vanishes with (& “y)

terms in QFF i
respectively, which agree with previous formulas used in Refs. [16,19,45].

Qf]’ are also found to be zero. In this special case, (6"6]") and (6

(67 67)=0. Furthermore, block-diagonal

;67) are reduced into det(G;¥) and det(G;7),
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