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Using the properties of the transfer matrix of one-dimensional quantum mechanical systems, we derive an
exact formula for the persistent current across a quantum mechanical ring pierced by a magnetic flux ® as a single
integral of a known function of the system’s parameters. Our approach provides exact results at zero temperature,
which can be readily extended to a finite temperature 7. We apply our technique to exactly compute the persistent
current through p-wave and s-wave superconducting-normal hybrid rings, deriving full plots of the current as a
function of the applied flux at various system’s scales. Doing so, we recover at once a number of effects such
as the crossover in the current periodicity on increasing the size of the ring and the signature of the topological
phase transition in the p-wave case. In the limit of a large ring size, resorting to a systematic expansion in inverse
powers of the ring length, we derive exact analytic closed-form formulas, applicable to a number of cases of

physical interest.
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I. INTRODUCTION

Due to the zero resistance of a superconductor, once
a current is induced for instance by an applied magnetic
flux @, in a superconducting ring, it is expected to last
in principle forever. The existence of such a persistent
current in superconducting rings was already predicted at
the discovery of superconductivity in 1911 [1,2], and later
experimentally demonstrated [3]. Remarkably, as predicted
in 1983 by Biittiker, Landauer, and Imry, superconductivity
is not a necessary mechanism to have persistent currents.
Indeed, even a normal ring threaded by a magnetic flux can
host a persistent current, provided that the temperature is low
enough to suppress inelastic scattering from phonons and
other electrons and that the size of the ring is short enough
compared to the phase coherence length [4]. Because of the
gauge invariance, both for superconducting and normal rings,
the persistent current /[®] must be a periodic function of
the magnetic flux ®. This prediction has been eventually
verified in a number of experiments [5,6]. However, while
in the superconducting case the period is equal to the flux
quantum appropriate for a superconductor, with current carried
by Cooper pairs, ®§ = h/(2¢), in the normal case such a period
is doubled, and equal to &y = h/e.

A large amount of literature about persistent current in a
normal mesoscopic ring has addressed a number of issues
such as the effect of disorder in the ring with consequent
possible halving in the period of the current [7,8], the role
of the spin degree of freedom [9], the consequences of
the electron-electron interaction, with and without impurity
scattering [10], and the presence of spin-orbit interaction [11]
(for a recent comprehensive review on electron transport in
mesoscopic rings see, for instance, [12]). Moreover, the issue
of how the current is affected by collective fluctuations in
quasi-one-dimensional superconducting rings with a weak
link has been considered [13], together with the possibility
of using small superconducting rings, realized with pertinent
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Josephson junction networks, as high-coherence quantum
devices [14-16].

Recent progresses in the fabrication of nanostructures made
it possible to engineer hybrid devices where superconductivity
is induced by proximity effect only in a section of the ring [17]
[hybrid rings (HRs)]. This enables one to explore a number of
physical regimes. For instance, one may think of looking at
the persistent current across the ring varying the lengths of the
two regions, while keeping the length of the normal region £
shorter than the phase coherence length. In this way one may
monitor the crossover between the normal mesoscopic regime,
in which the length of the superconducting region £ is shorter
than the superconducting coherence length &,, towards the
complementary Josephson-junction regime, in which £5 > &
[18]. Accompanied to the above crossover, one is also expected
to see a crossover of the period of the persistent current, with
respect to the magnetic flux, between @, (current carried by
electrons) and ®; (current carried by Cooper pairs) [18,19].

A special type of HR has recently attracted great interest,
in view of the possibility of designing a nonambiguous way
of probing Majorana fermions (MFs) in condensed matter
systems. MFs have been predicted by Kitaev to emerge as
localized end modes in a spinless p-wave one-dimensional
superconductor in its topological phase [20]. It has been
proposed that such a system can be realized by inducing
superconductivity by proximity effect in a semiconducting
quantum wire with a sizable spin-orbit coupling (e.g., an InAs
wire) when subject to an external magnetic field [21,22].

A zero-bias peak in a tunneling spectroscopy measurement
has been claimed as an evidence for the existence of the
localized MF [23], but alternative possible explanations of the
experimental data of Ref. [23] have been provided, leaving
still as a debated question whether a MF has been really
detected, or not [24,25]. Other proposals to detect MFs have
been presented, for instance, using a quantum switch made
with two quantum dots coupled to MFs [26] or by means of
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a local flux measurement in a topological rf-SQUID with a
frustrating 7 junction [27] or, ultimately, of the analysis of the
persistent current in metallic rings interrupted by a Coulomb
blockaded topological superconducting segment [28].

When using I[®] as a tool to monitor the emergence of
MFs, it is of the utmost importance to disentangle effects
related to MF physics from “spurious” effects, which are
expected to appear in nontopological phases, as well. For
instance, the crossover of the period of I[®] vs & from P,
to @, can be either attributed to MFs, or can be regarded as
a simple crossover of a hybrid ring toward the mesoscopic
regime, taking place when the length of the superconducting
regions becomes longer than the corresponding supercon-
ducting coherence length [18,29]. Therefore, it is extremely
useful to recover an exact (or pertinently approximated)
formula for /[®], allowing us to make rigorous predictions
on its dependence on the system parameters, on the length
of the superconducting and nonsuperconducting regions, etc.
Nevertheless, even after a number of simplifications: consid-
ering a ballistic system, using a non-self-consistent model for
the superconducting region [30], or its corresponding lattice
version for a s-wave [31], or for a p-wave superconductor
[20], computing /[®P] is typically still quite a challenging task.
In fact, the “standard” approach to the problem consists in
computing the current as

I[P] = edo F[P; T, ey

with F[®; T'] being the system’s free energy at applied flux ¢
and temperature 7. At T = 0 Eq. (1) yields

I1[®] = edo Es[®] = edo Y E,, )

E,<0

where the sum is taken over energies of the occupied single-
quasiparticle states. To compute these energies, one has to
solve the secular equation for the energy eigenvalues at
nonzero ¢ with periodic boundary conditions over the whole
ring. In general, the resulting set of equations looks quite
formidable and hard to deal with, which requires resorting to
various approximations, such as retaining only the low-energy
part of the spectrum [19], or employing various approxima-
tions for the single-quasiparticle energies as a function of &
in various regions of the spectrum [18].

In this paper we present a technique that, under very
general assumptions such as the ones listed above, allows for
exactly expressing /[®] as a single integral of a pertinently
constructed function of the system’s parameters. At 7 = 0,
our approach is based on first writing Eqgs. (2) in terms of
a single integral over an appropriate path in the complex
energy plane, and on eventually deforming the integration
path to the imaginary axis. In this respect, our method can
be regarded as an adapted version of the technique developed
in Refs. [32-35] to compute the dc Josephson current across an
SNS junction in terms of the single-quasiparticle S matrix of
the junction, which has been successfully applied to a number
of cases of interest, such as the Josephson current through a
chaotic Josephson junction [36], the critical supercurrent in the
quantum spin-Hall effect [37], and the current across a long
Josephson junction [35,38]. In fact, our method combines the
idea of deforming the integration path to the imaginary axis
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with the idea of using the transfer matrix, rather than the S
matrix, to recover the quasiparticle scattering dynamics of the
system. Indeed, while in principle the transfer matrix and the
S matrix can be used on an equivalent footing to derive the
transport properties of a mesoscopic system [39], the former
approach comes out to be more appropriate for systems with
periodic boundary conditions, such as quantum rings (see, for
instance, Ref. [40] for an example of application of transfer
matrix approach to the persistent current through a disordered,
normal mesoscopic ring). Besides providing an exact formula
allowing us to easily compute /[®] by numerically integrating
a known function at fixed ®, in the large-ring limit, our
technique is also suitable for a systematic expansion in inverse
powers of the system’s length, which is the counterpart for
a HR of the expansion in inverse powers of the length of a
long SNS junction discussed in Ref. [35] for a single-channel
system and generalized in Ref. [38] to the multichannel case. In
this limit the formula for I[®] is greatly simplified, allowing
for the derivation of analytic closed-form formulas for the
current in a number of cases of interest. As an example of
the effectiveness of our technique, we consistently extend the
results of Refs. [28,29,41] by deriving exact plots of I[®] vs
® through p-wave and s-wave superconducting-normal hybrid
rings, which, by comparing the plots in the two cases with each
other, allows us to highlight the features strictly related to the
emergence of MFs in the p-wave case.

Remarkably, while in this paper we do not account for a
number of features that can be in principle important in HRs,
such as quantum phase slips [42], electronic interaction effects
[10], disorder [7,8], etc., as we outline among the concluding
remarks, it should not be difficult to pertinently address them
within our formalism. In fact, we plan to treat some of this
issues in forthcoming publications, as a natural development
of this work.

The paper is organized as follows:

(1) In Sec. II we introduce the transfer matrix approach
which we use to compute the persistent current.

(2) In Sec. IIT we introduce the lattice model Hamiltonian
for a hybrid superconducting-superconducting ring, both for
the p-wave and for the s-wave superconductor.

(3) In Sec. IV we compute the persistent current in some
relevant reference model, such as a superconducting ring
interrupted by a normal weak link, and in the case of a hybrid
normal-superconducting ring. Specifically, we recover both
cases as particular limit of the model introduced in Sec. III:
the former one by making one of the two superconducting
regions shrink to zero, the latter one by simply setting to zero
the superconducting gap in one of the two regions.

(4) In Sec.V we consider the limit of large ring size in the
HR both in the s-wave, and in the p-wave case. In particular,
we first show how one recovers the results of Refs. [35,38] in
the limit of infinite length for the superconducting region,
therefore, we discuss the complementary limit of a short-
superconducting and a long-normal region.

(5) InSec. VIwe outline how our results can be extended to
atemperature 7 finite, but well below the superconducting gap.
Specifically, this allows us to recover within our formalism the
finite-7" formula at Eq. (1).

(6) In Sec. VII we provide our main conclusions and
discuss further possible developments of our work.

205125-2



TRANSFER MATRIX APPROACH TO THE PERSISTENT ...

(7) Inthe Appendix we review the derivation of the subgap
states in an open Kitaev chain, of finite length g, which is
functional to the discussion of the results of Sec. IV.

II. THE TRANSFER MATRIX APPROACH
TO THE PERSISTENT CURRENT

Our technique to compute the persistent current through
mesoscopic normal/superconducting rings is based on a
combination of the approach to the Josephson current across
an SNS junction based on the analytical continuation of the
quasiparticle S matrix to the imaginary axis [32-35] with
the transfer matrix (TM) approach to transport in mesoscopic
systems [39], particularly well suited to account for periodic
boundary conditions in quantum rings. The key feature of our
approach is that it eventually leads to an exact, closed-form
formula for the ground-state energy of the system at a given
@ and, therefore, for the persistent current across the ring.
In order to illustrate its main features, in this section we
review the main steps leading to our final formula for the
ground-state energy in the case of a normal, mesoscopic ring.
Nevertheless, as we discuss in the following, the case of a
HR containing one, or more, superconducting sections is quite
a straightforward generalization of the derivation we provide
in this section. To treat the p-wave and the s-wave case on
the same footing we choose to perform our derivation within
a lattice one-dimensional model Hamiltonian, which, in the
superconducting region, corresponds to Kitaev’s Hamiltonian
in the p-wave case [20], and to the lattice one-dimensional
Hamiltonian of Ref. [31] in the s-wave case.

As an introduction to the technique presented in this article,
let us consider a normal (nonsuperconducting) ring with ¢
sites as depicted in Fig. 1. We can ideally divide the ring into
three regions, within the shaded region nontrivial scattering
processes may happen, while in the remaining part the system
is described by the asymptotic lattice Hamiltonian of the form

FIG. 1. An example of the ring geometry used in the article:
nontrivial scattering happens in the shaded region, whereas in the
remaining part one can write the wave function in terms of simple
scattering states (cf. main text)
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Hy=—J Zj{cjcjﬂ + C;Jrlcj} - ,uzj cjcj, with ¢; being
the single-fermion lattice annihilation operator for spinless
fermions.

Let us for the moment imagine that the ring is open at the
last site £ and that j; and j, are limiting the region of the ring
with nontrivial scattering. The wave functions at energy E in
the two “asymptotic” regions for j < j; and for j > j, is

uj ~ A7 + AZe™™M (j < jy), 3

uj ~ AzeMN + AZe™M (> j),
with
E = —-2Jcos(k) — . “)

Now, by definition the transfer matrix between sites j, < jj
and j, > jo, M[E; ja, j»], relates the solution at j = j, to the
solution at j = jp, that is

uj, = Ayetie 4 A_e~ ke, 5

with

Ay As
~ = E; ‘a i . 6
{A_:| MIE; | ]b]|:Af:| (6)
Upon considering the closed geometry, we have to impose
periodic boundary conditions (PBCs) on the solution in Eq. (3).

Going through Eq. (5), this is accounted for by means of the

secular equation
As AT
E;nal Tl=1T] 7
rage ] =[] v

As a result, Eq. (7) leads to the secular equation for the
allowed values of the energy E:

det{ M[E;¢] -1} = 0. ¢))

[In Eq. (8) we suppressed the dependence of M[E; j,, ji]
on j, since, as expected because of the periodic boundary
conditions, it depends only on the distance between the sites,
which is equal to £.] Besides constituting an alternative way
of presenting the eigenvalue equation for a single particle on
the ring, Eq. (8) also provides an efficient way to compute the
ground-state energy of the system Egg, defined as the sum
of all the negative (if measured with respect to the chemical
potential) single-particle energy eigenvalues E,,, that is

Egs= ) E, ©)

E,<0

In fact, single-particle negative energy eigenvalues are just
the zeros of det{ M[E;¢] — I} lying at the negative part of
the real axis, if one regards det{ M[E;£] — I} as a function
of the complex variable E. To sum over all of them, we adapt
the approach of Refs. [35,38], namely, we first of all note that
the energy eigenvalues are the poles (with residues all equal to
1) of the function W[ E; £], defined as

opdet{ M[E; ] — I}

VLB =~ MIE ) =)

= 0 Indet{ M[E; ¢] — I}.
(10)
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FIG. 2. Sequence of deformations in the integration path I'
eventually allowing to express /[®] as an integral over the imaginary
axis: (a) The path I" obtained as the union of small circles, each one
surrounding one, and only one, negative (with respect to the Fermi
level) energy eigenvalue. (b) The integral over I" can be deformed to an
integral over just one closed path, surrounding all the negative energy
eigenvalues. (c) The integral over the red-dashed arc is assumed to
be equal to O in the infinite-radius limit. Only the integral over the
imaginary axis (to which the solid-blue line can be continuously
deformed) is left.

We therefore introduce the integration path I' depicted in
Fig. 2(a) and compute Egg as

1
Egs = — % dE EV[E; (]
2mi r

1

2mi r

dE Indet{M[E; 0] —T}.  (11)

On noting that W[ E; £] must have no singularities outside
of the real axis, we deform the integration path as illustrated in
Fig. 2, so to eventually compute the integral over the imaginary
axis as

1 oo
Fos =~ / do IndetiM[iw; €] —T).  (12)
T J-c

Equation (12) is the heart of our article. When the ring is
pierced by a magnetic field the transfer matrix M and hence
the spectrum takes an additional dependence on the total flux
®. We can calculate the (zero-temperature) persistent current
as

I[®] = edp Egs[P]

e oo
=—— dw dp Indet{ M[iw; ¢; ®] —1}. (13)

27 J_ oo
Equation (13), together with the corresponding finite-T
generalization which we discuss in the following sections,
is the key result of our paper and its main point of novelty: it
provides an exact formula for /[®] which can be readily imple-
mented, once one has derived the TM of the ring. Remarkably,
while, for the sake of the presentation, in this section we relied
on a normal mesoscopic ring, Eq. (13) does certainly apply
equally well to the case of superconducting and/or hybrid rings,
once one has constructed the appropriate TM for the system.
Importantly enough, our approach allows for circumventing
the main difficulty in computing the persistent current working
out the single-particle energy levels, using them to compute
Egs[®], and eventually employing the final result to derive the
current. Besides a few, oversimplified remarkable exceptions,
extracting the single-quasiparticle energy levels from the TM
(or by means of an equivalent approach) is quite a difficult
task to achieve, which can only be addressed either by means
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of exact numerical diagonalization of the Hamiltonian (with
the corresponding limitations on the system size), or within
approximate methods based on truncating the full Hilbert space
to a small number of low-energy (subgap) states, which are
expected to carry the largest part of the current. While both
these techniques are expected to suffer of strong limitations
in their range of applicability, our Eq. (13) is universally
applicable and, once one has constructed the TM, does not
require us to go through any additional steps, besides explicitly
computing the integral on the right-hand side.

Our Eq. (13) is the analog, for a superconducting ring, of the
equation giving the Josephson current across an SNS junction
in terms of the single-particle S matrix, analytically continued
to the imaginary axis [32,34]. In this respect, it is expected
by analogy to have a wide range of applicability, either as
it stands, as an exact, closed form formula for /[®], or as a
starting point to account, for instance, for the effect of disorder
(in analogy to what is done in Ref. [36] for an SNS junction),
or of the electronic interaction. As an example of application
of our technique, in the following we derive full plots of
the persistent current in hybrid superconducting-normal rings,
both in the case of p-wave, and of s-wave superconductivity,
which allows us to highlight the key feature that, in the former
case, can be definitely attributed to the emergence of MFs at the
interfaces.

As a convention on the units of measurement, in the
following we shall measure the flux @ in units of 2/(2e),
so that a period @ corresponds to a 27 periodicity, while a
period @ corresponds to a 47 periodicity.

III. MODEL HAMILTONIAN FOR A HYBRID
SUPERCONDUCTING-NORMAL RING

To model a hybrid superconducting-normal ring, we resort
to an effective lattice model Hamiltonian with position-
dependent parameters. Using a lattice model Hamiltonian
allows, on one hand, to easily introduce p-wave pairing both
in real space and in momentum space, on the other hand,
it provides a natural mean to regularize divergences which
would arise in the continuum model when summing over
the energies of the occupied levels to compute Egs[®P] (and,
therefore, I[®]). To highlight special features of p-wave HRs,
in the following, when possible, we systematically compare
the results obtained in p-wave systems to the ones obtained
in s-wave systems. Therefore, in this section we derive the
transfer matrix which we shall eventually use in the following
to compute the persistent current in both cases.

A. Model Hamiltonian for a p-wave nonhomogeneous
superconducting ring

We here consider the system sketched in Fig. 3: ahybrid ring
made of two homogeneous regions, either superconducting
(p wave or s wave), or normal, each one characterized
by different parameters. In the p-wave case, referring to
the one-dimensional Kitaev Hamiltonian [20] for a spinless
p-wave superconductor, calling 1 and 2 the two regions, we
assume that the normal hopping amplitude, the pairing gap,
and the chemical potential are respectively given by wy, A, 14
and by wj, Ay, u,. Moreover, we assume that regions 1 and 2
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Wy, Ay, Py Wy, 4y, M,

FIG. 3. Sketch of the system described by the model Hamiltonian
in Eq. (14).

are coupled at their endpoints via a normal hopping term,
with hopping amplitude 7. In a ring configuration, we also
assume that a magnetic flux @ pierces the ring. By means
of an appropriate canonical redefinition of the lattice fermion
operators, it is possible to account for the applied magnetic
flux in terms of a phase factor e*' ¥, symmetrically ascribed to
the two hopping terms between the two regions. As a result,
we eventually present the model Hamiltonian as

2—1 £
H = —w; Z{C;CH] +c}+lcj} —
j=1 j=1
-1
+ A Z{CjCj.H + CLLIC}L»
j=1
lh—1
—w, Z{d dis +dj+ld }— MZd d;
j=1 j=1
-1
+ A2 Y {djdji +dl,,dl)
j=1

—t{[elde, + djce, Je® + [dlc1 + ¢} di]e1®). (14)

In Eq. (14) we have set the lengths of the two arms of the

ring, respectively, at £; and at £, and used C‘/‘,Cj» to denote the
lattice annihilation/creation operators at site j within region 1,
and d; ,d; to denote the lattice annihilation/creation operators
at site j within region 2, with standard anticommutation rela-
tions {d_,-,d;,} ={c j,c},} = §; j7, all the other anticommutators
being equal to 0. Taken in the appropriate limit, the model
Hamiltonian in Eq. (14) is suitable to describing a number of
systems of physical interest, such as a p-wave superconducting
ring interrupted by a weak link [41], a hybrid p-wave-
normal metal ring, and a half-topological, half-nontopological
superconducting ring [29]. Moreover, as we discuss in the
following, taken in the limit of long-superconducting section,
the superconducting-normal hybrid ring is mapped onto the
effective model for a Josephson junction made with topological
superconductors [43,44].

In the following, we will be mostly focusing onto the
A, — 0 limit. To construct the transfer matrix, we start
from the Bogoliubov—de Gennes (BdG) equations for the
single-quasiparticle wave function at a given energy E. To
do so, we consider a generic energy eigenmode 'y which,
in terms of the single-fermion lattice operators on the ring, is
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given by

Pe= ([T +[v"Te)}

2)7* @)71* 41
ui'dj + [vi"]dj}, (15)
with [ (,)] and [ (2>] being the single-quasiparticle wave function

in reglon 1 and in region 2. On imposing the canonical
commutation relation

[F E, H ] =
we therefore obtain the BAG equations for the wave functions.
Within the homogeneous regions, these are given by

'+ Ay { 521 - U;m}’

M m
= Ar{ulyy — Gl
a7

ETg, (16)

1 1 1
Eu(.>=—w1{ ill"‘”() } ,uu

1 1
Ev”:wl{ 1+v()}+,u1vj

forl < j < £;, and

2 (2) }

Eu?? = —w{u uii, +u; (2)+A {v @@ 1.

J+1 j—1

AZ{”%l - ’4(1221}’

(18)
for 1 < j < £,. At the interfaces between the two regions,
instead, the BdG equations yield

2 2 2 2
Ev(.):wz{ ()1+v()}+,uv()

7<1>()

Eu(ll) = —wlu(l) Te 4 (1) + Alv(l)

Evgl) = wj vél) +7ei® (2) + v(l) Alu(l)

EuZ) = —wzug) 1 re4®u(l) 7%} uZ) szgll,
2 2 2
Evzg = w2v§ ) +re —5%y W4 ,uzvé )4 Azuﬁzzll,
Eu'? = —wul? — re‘iq’ui,ll) mu'? + A,

Ev%z) = wzvéz) +1ei®y (1) + i v(z) Azu(z)

1 _ ¢ ) to (2 (1 (1)
Eu,” = —wyu, | —te uy” — pu, — Ay, _y,

1 1 2 1 1
Evil) = w]vél) |+ Te 4¢v§ RNy vzl) + Aluilll. 19)

According to Egs. (17) and (18), within the homogeneous
regions, we write the wave functions as superpositions of the
solutions of the homogeneous BdG equations, that is, we set

w uM7
|:Uji| = [v(l)]e 1J (20)

< £y, and

0 u®7
|:Uji| = |:v(2)]e 2] 21

in region 2, with 1 < j

in region 1, with 1 <

< ¢,. At a given energy E, the
amplitudes [5((,,:] (a = 1,2) are determined by solving the
equations

0 = {E + 2w, cos(ky) + patu'® — 2i A, sin(k,)v'?,
(22)

0 = 2i A, sin(k)u'® + {E — 2w, cos(ky) — pa}v'?,
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with ky,k, determined by the dispersion relations

E? = [2w; cos(ky) + p1]* 4+ 4A7 sin®(ky)

PHYSICAL REVIEW B 94, 205125 (2016)

the matrix [Y@(E)] defined as

iKY (@) —ik'? (@) —ik@ (@) ik (a)
erruly e e My, e'thuy,

= [2w, cos(ky) + 2] + 4A§ sin?(ky). (23) R eik;;‘)v(pa) _e—ik(p“)vgl) _e—ik,(,“)vgla) eikzmvl(la)
a a (a) (a) ’
Solving Eq. (23) ata given energy, we define the particlelike ”5; ) ’4; ) Uy Up
momenta k and the holelike momenta k;" as v -\ v v
o (29)
2 _ a
cos (k(“)) — __ Walta 1|E [40] , the matrix Q,[®] given by
’ 2(w; — A7) 2\ wi— A
(24) Wy —A, 0 0
—A w 0 0
2 (a) 2 a a
@ Walka 1| E2—[A] Q] = i . G0
cos(k,’) = — = , 0 0 0
(%) 2(wg—Ag)+2\ w2 — A2 e ,-
0 0 0 Tei®
with and, finally, the transfer matrix for a homogeneous region of
) 12 length £ being given by
AD =7, [4— 21—, 25 @
" wi— A2 @ N S
—i (a)
[Note that Egs. (24) do in principle hold also for |E| < T, (E:0) = ekt 0 31)
A ] At given k@ ki, one determines the wave functions o 0 ekt
(@, v%) and (", v"), defined as solutions of Egs. (22) with 0 0 0 ke

k4 tespectively equal to k, and k. Taking the most general
linear combinations of wave functions at the same energy, one
finds that a generic wave function at energy E within region a

(=1,2) takes the form M
(a) (a) (a)
u: u (@) - u ()
J _ A@ )4 iky j (a) p —iky j
[vw)] = A [Um)]e ’ +A(p.,)[_v<a>} ’
j p p
(a) (a)
@ Up —ik@ @ |%n | ik
+A(h'+)[ (a>]e Ao @l
Uy Uy

(26)

The transfer matrix is fully determined once one re-

covers the relations between the amplitudes AE?,) +),AE;)’_),
A(a)

(. +),AEZ?_) in the two regions. These are determined by the
interface conditions obtained from Eqs. (19). In a compact
notation, these are given by

(a)
A([LH
A(a)
ST OEN | B
(h,4)
(a)
A(h,—)
(b)
A(p»+)
(®)
= Q[@ITOENTHE; )| 07|, @7
(h,+)
®)
Ao

with b = 2(1) if a = 1(2), and the matrix X,[®] defined as

rei® 0 0 0
_igp
Sa[®] = g ) u? AO (28)
0 0 A, w,
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As a result, the transfer matrix for the full ring takes the

form

pwaveLE3 @5 013621 = [YP(E) ™' 25, @194 [@I[YP(E)]
x Ty(E; )IYD(E) 2 [@]
x Q[PIYP(E)TAHE; £).  (32)

Equation (32) is the key ingredient we need to compute the

persistent current in the various regimes of interest. As stated
above, we now derive the analog of Eq. (32) in the case of a
ring made of s-wave superconducting regions.

B. Model Hamiltonian for an s-wave nonhomogeneous
superconducting ring

In the case of a system made of two s-wave superconducting

regions with parameters respectively given by w;,A,u; and
by wy, Az, 17, and connected to each other with hopping am-
plitude 7, the corresponding (spinful) Hamiltonian is given by

G-l
_ i i
H=—w E E {¢;oCit10 +Cj15Cj0)
o j=I

£y
— M Z ch‘,gcj,d + A

o j=1
lr—1

—w Z Z{d},gdj"rl,a + dj'+1,adj»<r}

o j=I

£o 0
—12) ) dodio + 82} djndiy +d) yd) )

o j=1 j=1

— Z I{[c?ndg“7 + d}i”ceho]eﬂ)
o

+ [dngCl,a + C}‘I’Gdl.a]eii(p}

£

P
Y teineiy +egeiy)
j=1

(33)
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Going through the same steps as in the p-wave case, we
eventually find that the transfer matrix of the ring is now given
by

M e E; @3 €15 6] = [TP(E)] T £ [@1€: [@TV(E)]
x TY(E; e)IYP(E)NE @]
x Q[OITP(E)TAE; £2).  (34)

The £,[®],$,[®] matrices in Eq. (34) are simply obtained
by setting A, to O respectively in Egs. (28) and (30). The
matrix [T@(E)] is given by

eikg”u(pa) e—iky’ M(pa) e—ik;“b[;la) eik}l")ugl)

(a)

[?(“)(E)] eikp v(pa) e—ik§?> U(pa) e_ik;’n) Ul(la) eik;’a) U}(la)
= u(tl) M(a) u(a) M(a) s
p P I W
v;@ v,(na) v;,a) U/(,a)
(35

with @, 1@ determined as nontrivial solutions of the alge-
braic system

0 = {E + 2w, cos(ky) + pa}u'® — Agv'?,
(36)
0= _Aau(a) + {E — 2w, cos(ky) — Ma}v(a)’

for ky,k, solving the secular equation
E* = 2w cos(ky) + i * + A2
= [2w; cos(ky) + pal® + A3, (37
and kf,“),k;f) defined by

2 _ A2
cos [k\¥] = __2’u“ — /—E4 ZA“,
wy w2
@ Ma [E* — AZ
COos [kh ] = —E + 4—w2 (38)

Besides the differences in the form of the matrices appear-
ing in Eqgs. (32) and (34), an important point to stress is that
both matrices are block factorizable, with the factorization
corresponding to the possibility of regarding the system as
a sequence of homogeneous regions separated by interfaces.
Indeed, the TM for a one-dimensional system comes out to
be simply the ordered product of the matrices corresponding
to the homogeneous regions and of the ones corresponding
to the interfaces, taken in the appropriate sequence. From
this respect, the matrices corresponding to each homogeneous
region and to each interface are sort of “building blocks”
of the global transfer matrix (see Fig. 4 for a sketch of the
factorizability of the matrix).

IV. CALCULATION OF THE PERSISTENT CURRENT

In this section we compute the persistent current in a number
of cases of interest. To highlight the feature related to the
emergence of MFs at the SN interfaces, it is worth comparing
the results obtained in p-wave systems with the ones obtained
in s-wave systems. Therefore, in the following we perform the
calculation in both cases, by using Eq. (13), with the transfer
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FIG. 4. Graphical representation of the factorizability of the
transfer matrix: for the specific system depicted in the figure, the
transfer matrix is given by M = T, M, T M, T, (from right to left).

matrix computed according to Eq. (32) (p-wave case), or to
Eq. (34) (s-wave case). To keep in touch with the results of
Ref. [29], we begin with the calculation of the current in the
case of a superconducting ring interrupted by a weak link
though, at variance with the discussion of Ref. [29], we will
not assume fermion parity conservation. As stated above, for
comparison, we also compute the current in the case of a ring
made with an s-wave superconductor.

A. Persistent current across a superconducting
ring interrupted by a weak link

A p-wave superconducting ring interrupted by a weak link
can be physically realized at a semiconducting quantum wire
with a sizable spin-orbit coupling (e.g., an InAs wire) deposited
onto a bulk superconducting ring pierced by a magnetic flux
®. The combined effect of spin-orbit coupling, Zeeman spin
splitting, and proximity-induced superconductivity from the
bulk superconductor underneath has been shown to make
the wire effectively behave as a one-dimensional p-wave
superconductor [21,22]. As for what concerns a concrete
proposal of an experimental realization of the p-wave HR,
we refer to Refs. [28,29]. Specifically, we assume that the
weak link is actually realized as a physical interruption of
the superconducting ring with a tiny insulating layer, which
cuts the current within the superconductor, thus allowing the
persistent current to only flow across the semiconducting
nanowire. In fact, among other advantages, this geometry
allows for recovering as only detectable current the one
flowing through the semiconducting wire, which is what we
are eventually interested in. An important point to stress is
that it is typically difficult to keep the ring perfectly isolated
from the substrate, so to avoid fermion parity nonconserving
relaxation processes [29-45]. Moreover, in order for the
grand-canonical-like description of our system we employ
here to be reliable, one has to think of a ring in contact with
a substrate, working as an electronic reservoir. Therefore, we
should not expect fermion parity to be preserved here. For
this reason, though one might in principle account for fermion
parity conservation by implementing some pertinent adapted
version of the approach presented in Ref. [37], throughout
all our paper we assume fermion parity not to be conserved
which, nevertheless, does not affect the possibility of probing
emergent MFs by means of an appropriate persistent current
measurement.

In Fig. 5 we provide a sketch of the system we are
considering here, that is, a homogeneous ring interrupted by
a weak link. The corresponding model Hamiltonian can be
recovered from Eq. (14) in the p-wave case and from Eq. (33)
in the s-wave case, by setting to zero the length of one of the
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FIG. 5. Sketch of the superconducting ring interrupted by a weak
link as introduced and discussed in Ref. [29]. A semiconducting
ring (depicted as a solid black line) is deposited on top of a bulk
superconducting ring, interrupted by a tiny insulating layer (light blue
sector). The superconductor induces superconductivity within the
semiconducting wire by proximity effect. All the current circulating
across the system is due to tunneling effect within the semiconducting
wire.

two regions. In the former case, it is given by

-1 [
H,_, =—-w Z{C}L’Cj-H + cj-ch} — K Zc}cj
j=1 j=1

-1
+ A Z{cjch + c}ﬂc;}
j=1

—r{cl{c;ge%q) +626167%¢}, (39)

while in the latter case it can be presented as

—1
_ § § T T
Hy_yy=—w {Cj’o'cj“‘l,a' + Cj+1’ocj,0‘}

o j=I1
6 ¢
T T
o j=1 Jj=1
- ZT{CI,JCZ,Ue%CD +CI,GCI"7€7%¢}' (40)

a

Let us note that, in this case, the flux is fully “loaded”
on the single hopping term. The transfer matrix derived from
Egs. (39) and (40) can therefore be simply expressed in terms
of the ones we provide in Sec. III B by simply setting one of
the two lengths (say £,) to 0. We therefore obtain

Mp_ylE; ¢; @] = [T(E)] 'S [20]1Q2®][ Y (E)ITIE; €],
1)
and, similarly

M,_y[E;6:®] = [T(E) 'S 20]IQROIT(E)TLE; €].
(42)

To compute the current, let us start with the ring described
by the TM in Eq. (41). In Fig. 6 we plot I[®] vs ® for the
values of the parameters reported in the caption, particularly
for a chemical potential © = 0. At zero chemical potential,
the p-wave superconductor lies well within the topological
region, with two MFs y;,yg localized at its endpoints. This
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FIG. 6. Plotof the persistent current /[®] vs ® (in units of @) for
the p-wave mesoscopic ring with a weak link described by Eq. (39).
The parameters are chosen so that © = 0, A = 0.2, and T = 0.5 (in
units of w), £ = 4 (full red curve), £ = 8 (dashed green curve), £ = 40
(dot-dashed blue curve). The estimated Majorana hybridization length
in this case is £,; ~ 5.

allows us to provide a simple interpretation of the curves
we draw in Fig. 6 at different values of the length £ of the
superconductor. The key parameter here is the “hybridization
length” £,, between y, and yg, which we estimate according
to the derivation of the Appendix. At u = 0 and for the values
of the parameters we used, from Eq. (A13) we obtain £, ~ 5.
Therefore, when considering the largest ring (¢ = 40), we
may safely neglect the overlap between y, and ygr across
the superconducting region and accordingly describe the low-
energy excitations of the system by approximating the fermion
operators in the tunneling term of the total Hamiltonian
[second row of Eq. (39)] by means of the truncated mode
expansion in Eq. (A19). As a result, we obtain the effective
low-energy Hamiltonian H g for the ring, given by

o
H e & —€g cos <3>{2FTF -1} 43)

with €y o T and the Dirac fermion operator I related to y,yr
by means of Eqgs. (A22). We now use Eq. (43) as a main
reference to discuss the behavior of the current for large £. In
fact, while one should, in principle, consider the contributions
arising from all the populated single-quasiparticle states at any
energy (which is exactly done in the calculation we performed
based on our TM approach), based upon arguments similar
to the ones provided in Refs. [35,38], in the large-£ limit we
expect that the result for /[®] can be safely recovered by taking
into account only low-energy states of the system. Now, for
—n < & < m, Eq. (43) tells us that the ground state has the I'
level populated. As @ crosses 7, there is a crossing between
the filled- and the empty-I" state which, in the absence of
constraints on fermion parity conservation, makes the system
“jump” from the populated to the empty I"-fermion state, with
the corresponding jump in the current evidenced at ® = 7 in
the blue curve of Fig. 6, corresponding to ¢ = 40. By symmetry
® — —&, an analogous jump is observed at & = —m. The
total current is periodic, with period equal to 27, due to the
sequential level crossings at ® = 27k + 7, with integer k [22].

At variance, as ¢ = 4, the hybridization between the MFs
across the topological superconductor is no longer negligible.
As a result, at low energy the system is described by an
effective Hamiltonian such as the one in Eq. (A24), with
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(a) (b)

-2 0 2 -2n 0 2n

FIG. 7. Plot of the persistent current / [$] vs ® (in units of ®) for
the p-wave mesoscopic ring with a weak link described by Eq. (39).
The parameters are chosen so that A = 0.2 and v = 0.5 (in units
of w). The curves are plotted for various values of u at fixed £.
Specifically (a) ¢ = 16, u = 0.0 (full red curve), u = 0.9 (dashed
green curve), © = 1.5 (dot-dashed blue curve) and (b) £ =40, u =
0.0 (full red curve), u = 0.9 (dashed green curve), u = 1.5 (dot-
dashed blue curve).

a modulation with @ of the energy splitting between the
empty and the filled state, which never closes (avoided level
crossing). In this case, the persistent current is only supported
by Cooper pair tunneling across the weak link, which restores
a 4m periodicity in ® [22]. Again, this is consistent with our
plot in Fig. 6 for £ =4, with the intermediate case £ = 8
lying in between the two “asymptotic” cases. As a further
check, we report in Fig. 7 the plots of I[®] generated by
keeping w = 1,A = 0.2,7 = 0.5 and varying p, with £ = 16
[Fig. 7(a)] and ¢ =40 [Fig. 7(b)] (note that £, ~ 5, as
estimated above). From the plots we draw for © = 0.0,0.9,1.5,
we see that, increasing w toward the critical value u =2
at which the topological phase transition takes place [20],
effectively corresponds to increasing £),. This is expected
from the results of the Appendix, where we show that the
hybridization between y; and yz scales as e */*. Thus,
again our results appear to be consistent with the low-energy
dynamics of our system as inferred from the Appendix and
from the discussion reported in Ref. [22].

By contrast, we now discuss the current across an s-wave
ring. Despite the lack of low-energy MFs in such a system, the
crossover in the periodicity of I[®] from 47 to 27 is known
to take place as the length 5 of the superconducting region
crosses over from values lower than the coherence length &,
to values higher than &, [19]. Such a crossover corresponds
to a crossover in the “physical nature” of I[®]: from a
4m-persistent current in a mesoscopic, effectively normal,
system to a 2z -periodic current, analogous to the Josephson
supercurrent in an SNS junction [18,19]. In Fig. 8 we plot
the exact results for /[®] obtained using our TM approach
for the system parameters w = 1,A = 0.2, = 0,7 = 0.5and
for various values of £. In our specific case, having as model
Hamiltonian the one in Eq. (40), as we are setting to 1 the
lattice step, an acceptable estimate for &y is &y ~ 2w /A. For the
numerical values of the parameters we chose to generate Fig. 8,
this implies & ~ 10. Such an estimate is definitely consistent
with our results: on increasing ¢ from ¢ =4 to £ = 40, we
ultimately see a crossover in the periodicity of I[®] definitely
similar to the one we found for the p-wave superconducting
ring with a weak link, though without the jumps in the current
due to the I"-fermion level crossings. To conclude this section,
let us stress once more that our technique does provide us

PHYSICAL REVIEW B 94, 205125 (2016)
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FIG. 8. Plot of the persistent current /[$] vs ® (in units of ®) for
the s-wave mesoscopic ring with a weak link described by Eq. (40).
The parameters are chosen so that A = 0.2 and T = 0.5 (in units
of w). The curves are plotted for various values of £ at u = 0.
Specifically ¢ =4 (full red curve), £ = 16 (dashed green curve),
£ = 40 (dot-dashed blue curve). The crossover from a 47 periodicity
for £ < & ~ 10 (see text) to a 2;r periodicity for £ > &, is apparent.

with the exact result for /[®] at a generic value of the system
parameters, whether the superconductor is p wave, or s wave,
etc. To recover the final result one just needs to construct the
appropriate TM and to numerically compute a single integral
for various values of ®. Using the standard approach, based on
the solution of the secular equations for the allowed values of
the momenta at fixed ®, and eventually taking the derivative
with respect to @ to obtain the current is, in general, much less
straightforward and, typically, exact results cannot be provided
and different approximations must be implemented to attack
different regimes such as the short-ring, or the long-ring limit
(see Ref. [18] for a careful and valuable discussion about this
point). At variance, as we are showing here, our approach
applies to any specific case, with potentially no limitations
at all. It allows us to recover the full plots of the persistent
current at various system scales, which we show in this section
and in the following one: an original result that complements
and extends the analysis of Ref. [29], where the analysis
of the current was performed by just considering how the
relative weight of the first two harmonics (in @) varies, as a
function of the system parameters. In the following, to discuss
a further application of our technique, we consider a hybrid
ring, made by a p-wave superconducting segment of length
£s and a normal segment of length £ : this can be regarded
as a generalization of the ring with a weak link which, as we
are going to discuss, opens the way to a number of interesting
physical effects.

B. Persistent current across a hybrid N-S ring

In this section we discuss the persistent current across a
hybrid ring, composed of a superconducting segment of length
£s and of a normal segment of length £5. Such a system
can be regarded as a generalization of the ring interrupted
by a weak link discussed in Ref. [29], in which one induced
superconductivity by proximity only in a part of the ring,
leaving a finite normal region of length £y. In Fig. 9 we
provide a sketch of the system we discuss here. Again, for
comparison, we consider both cases of a p-wave and of an
s-wave superconducting region. The corresponding model
Hamiltonian can then be obtained from H in Eq. (14) by
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FIG. 9. Sketch of the hybrid N-S ring with the two regions (red
and blue, respectively) separated by two weak links. A possible
practical realization of such a system is the same as discussed before
for the superconducting ring interrupted by a weak link.

setting £1 — £s, o — €y, A} > A,Ap =0 and from H in
Eq. (33), taken in the same limit. To spell out the behavior of
I[®] in the various regimes of interest, let us first focus onto
the p-wave case. Specifically, we compute /[®P] at given t and
A for w; = wy, = w and for various values of g = £y = £.
To further simplify the calculation we restrict ourselves to the
particle-hole symmetric case u = 0.

In Fig. 10(a) we plot 1[®] vs ® for £ = 4,16,40, with the
values for the system’s parameters chosen as in the caption.
The behavior of I[®] depends on the system size in relation
to the length scales determined by the system parameters. At
w = 0 the p-wave superconductor lies within its topological
phase, with corresponding localized MFs emerging at its
endpoints. Taking again £, as a reference length scale, when
£ < €y, the two MFs are hybridized into a Dirac mode
I'. As a result, the MFs have no significant effects on the
current, which is 4 periodic, consistently with the expected
behavior of the system as a mesoscopic normal ring [22].
On increasing ¢, when ¢ > £,;, the hybridization between
the MFs becomes negligible and, accordingly, in the absence
of fermion parity conservation, /[®] becomes 27 periodic,
with jumps at ® = 7 4 27k. In addition to the periodicity,
also the shape of I[®] depends on ¢. This is due to the

(a)

I[]

-2n 0 2n -2n 0 2n

FIG. 10. Plot of I[®] vs ® for a hybrid normal-superconducting
ring. (a) Plot of I[®] vs & for a hybrid normal-p-wave super-
conducting ring for w; = w, =1, A =0.2, 7 = 0.5, © = 0, which
correspondsto €y ~ 6,Ex y ~ 16,forly = £y = 4 (solidred curve),
s = £y = 16 (dashed green curve), {5 = £y = 40 (dot-dashed blue
curve). The crossover to a sawtooth behavior is evident for £ = 40.
(b) Plot of I[®] vs ® for a hybrid normal-s-wave superconducting
ring for wy =w, =1, A=0.2, t =0.5, for {5 =€y =4 (solid
red curve), {5 = €y = 16 (dashed green curve), s = £y = 40 (dot-
dashed blue curve). There is no crossover in the functional form of
I1[®], but a mere scaling of /[®] that is NE;,'.
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I 32

FIG. 11. Plot of the normal and Andreev reflection coefficients at
the SN interface and of the normal transmission and CAR coefficients
for the p-wave superconductor-normal hybrid ring discussed in
Sec. IV B as a function of £5. To generate the plot we have chosen
the system’s parameters so that w; =w, =1, A =0.2, 7 =0.5,
which corresponds to £, &~ 6. The various curves correspond to
the coefficients as: Full blue curve: Andreev reflection coefficient
at the SN interface; dashed blue curve: normal reflection coefficient
at the SN interface; full red curve: normal transmission across the
superconducting region; and dashed red curve: crossed Andreev
reflection across the superconducting region. Apparently, for 5 >
£, all the processes are suppressed, except the Andreev reflection at
the SN interface, with the corresponding coefficient saturating to 1.

Kondo-like hybridization between the MFs and the excitation
modes within the normal region of the ring, which takes
place when £ > &k j, with the Kondo-Majorana hybridization
(KMH) length £k yy ~ [(2w)?/72] [44]. At the onset of KMH,
I[®] is expected to cross from a discontinuous sinusoidal
dependence on & to a sawtoothlike shape [44]. Physically,
this can be understood by recalling that, as £ becomes large,
the systematic cancellation of contributions from high-energy
states makes only low-energy states in the normal region next
to the Fermi level contribute to /[®]. The physical processes
at the SN interfaces that determine these states can be inferred
from Fig. 11, where, as a function of £, we plot the scattering
coefficients across the superconducting regions corresponding
to normal reflection at the SN interfaces and to normal
transmission across the superconducting region, as well as the
coefficients corresponding to Andreev reflection (AR) at the
interfaces and to “crossed Andreev reflection” (CAR) across
the superconducting region [41,45]. As it clearly appears from
Fig. 11,assoonas {g > £y, all the coefficients drop to 0 but the
one corresponding to AR, which saturates to 1. This evidences
that, as £ > £g, AR is the only physical process that takes place
at low energy, which implies the sawtooth behavior in I[®]
evidenced in Fig. 10(a). By comparison, in Fig. 10(b) we plot
I[®] vs ® for the same values of the various parameters as in
Fig. 10(a), but for an s-wave superconductor. Here we see that,
on increasing ¢, the current still shows the crossover from a
47 -periodic curve to a 2 -periodic curve, but that the absence
of low-energy Majorana modes eventually hybridizing with the
modes in the normal region as £ > &k s yields no crossover
in the functional form of I[®] from a sinusoidal to a sawtooth
behavior. The only relevant additional feature that takes place
on varying ¢ is, indeed, the expected scaling of I[®] ~ £~}

205125-10



TRANSFER MATRIX APPROACH TO THE PERSISTENT ...

2n

FIG. 12. Plot of /I[®] vs ® for a hybrid normal-superconducting
ring. (a) Plot of I[®] vs & for a hybrid normal-p-wave su-
perconducting ring for wy =w, =1, A=0.2, 1 =0.5, uy =0,
which corresponds &k 5 ~ 16, £5 = £y = 40 and pus/w = 0.0 (solid
blue curve), us/w = 1.5 (dashed green curve), us/w = 1.9 (dot-
dashed red curve), and ps/w = 1.95 (dot-dot-dashed black curve).
(b) Same as in (a), but for a hybrid normal-s-wave superconducting
ring for wy=w, =1, A=02, 1 =05, uy =0, €s =€y =40
and ps/w = 0.0 (solid blue curve), us/w = 1.0 (dashed green
curve), us/w = 1.5 (dot-dashed red curve), and us/w = 1.9 (dot-
dot-dashed black curve). (a) A clear smoothing of the sawtooth
dependence of /[®] on ® towards a sinusoidal plot as u s /w increases
towards the critical value pug/w = 2, at which Majorana fermions
disappear.

(see discussion in the next section). Thus, the crossover in the
functional form of I[®] can actually be regarded as a direct
evidence for the existence of low-energy Majorana modes at
the endpoints of the topological superconductor in the p-wave
hybrid ring.

To further substantiate the above picture, in Fig. 12(a) we
again plot /[®] vs ® for the system parameters numerically
set as discussed in the caption. In drawing Fig. 12, we hold
Ly = g fixed at 40 (with A and w chosen so that £,;, ~ 6),
as well as the chemical potential within the normal region
un = 0. At variance we vary the chemical potential within the
superconducting region us starting from pus = 0 till ug/w ~
1.95 (after which the loss of numerical precision appears
not to give us reliable results). As highlighted by Kitaev
[20], as us/w = 2 the p-wave superconductor undergoes a
(topological) quantum phase transition, characterized by the
disappearance (for pus/w > 2) of the localized MFs at the
endpoints of the superconductor. On approaching the phase
transition from within the topological region, the closer the
system is to the quantum critical point, the larger is the effective
2. While the actual numerical estimate of £,, as a function
of, e.g., us/w at fixed A can in principle be provided from
Eq. (A5) of the Appendix, here we just focus on the consistency
of our exact results with the expectation one gets from the
above discussion. In fact, the estimated KMH length for the
system used to derive /[®] in Fig. 12(a) is &k ~ 16 [see
the discussion in the caption of Fig. 10(a), which is drawn
at the same values of w and t]. In Fig. 12(a) we plot I[D]
for L5 = £y = 40, we see full KMH in the normal region
for uy =0, as evidenced by the sawtooth behavior of the
current and by the corresponding 27 periodicity in ®. On
increasing pg towards the critical value corresponding to
the topological quantum phase transition, the nonnegligible
hybridization between the MFs across the superconducting
region is expected to compete with KMH and eventually
to suppress it (in fact, this can be regarded as a “Majorana
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analog” of the competition between Kondo effect and RKKY
interaction in the two-impurity Kondo model [46—49], just as
the KMH can be regarded as the Majorana analog of the onset
of the Kondo cloud in a Kondo system [44]). Consistently with
the expectation, we see that, on increasing (g, the sawtooth is
smoothed (with a sizable reduction in the critical current) and
clearly evolves back towards a restoration of the 47 periodicity
that characterizes the regime €5 < £, (see discussion above).
For comparison, in Fig. 12(b) we draw similar plots generated
in the s-wave case. No particular changes in the functional
form of the current appear, except the reduction in the value of
the current at a given . In our view, this result does actually
enforce the reliability of a persistent current measurement as a
tool to detect the presence of MFs at the endpoints of a p-wave
superconductor in the topological phase.

It is important to stress once more that, while our approach
allowed for readily studying the additional consequences of
KMH in the case of a hybrid ring with an extended normal
region, due to the increasing complexity of the system, this
would be hardly doable within an alternative approach, without
resorting to some ad hoc approximations and possibly washing
out some relevant physical effects. This enforces once more the
importance of having an exact analytical formula that applies
independently of the specific values of the system parameters.
Besides the possibility of exactly computing the current in a
number of different physical systems by simply evaluating the
integral in Eq. (13) for different values of ®, our approach also
provide a remarkable tool to write, for large enough systems,
I[®] in a power series of the inverse system size which, as
we are going to discuss in the following, greatly simplifies
the various calculations, by even providing explicit analytic
results for the current, in some simple cases.

V. THE LARGE-RING LIMIT

As the ring size goes large, one may recast the integral
formula for /[®], Eq. (13), in an expansion in inverse powers
of the length that gets large. As we discuss in the following,
this leads to a number of simplifications in the calculation of
the current, similar to the ones implemented in Refs. [35,38],
even leading, in some cases, to a closed-form analytic formula
for I[®] vs ® at given system parameters. In the following, we
discuss a few examples of calculation of the persistent current
in the large-size limit, also showing how a number of known
results can be easily recovered within our formalism, once the
appropriate limit is taken.

A. The limit of long superconducting region

The limit of long superconducting region is defined by
sending ¢, — oo in the system described by the model
Hamiltonian in Eq. (14) (p-wave case), or by the Hamiltonian
in Eq. (33) (s-wave case), after setting A; = 0, so that region
1 is normal, and by keeping ¢, finite. In this limit one expects
to recover the results for a the Josephson current across an
SNS-hybrid junction. To show that this is, in fact, the case, we
start by rewriting det{ M ,_yave[E; ®; £1; £2] — I} as

det{Mp-wave[E; D, KI;EZ] - I}
= c det{T; '(E; ) — [YP(E)] ' Z, ' [@]Qi[ D]
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o« [T(l)(E)]Tl(E; gl)[T(l)(E)]—l EI—I[CD]
x Q[PITP(E)], “

with ¢ being an overall factor independent of ® and, similarly,
by rewriting det{ M_yave[E; ©; €1; £2] — I} as

det{ M wave[E; @; €15 42] — T}
= ¢/ det{T, ' (E; &) — [TO(E)] ' 2] ' [@1Q[ @]
x [YOENT(E; e[ TD(E)] ' S [@]
x L[PITP(E)]}, (45)

with, again, ¢’ being a constant independent of ®. As a next
step, we define the matrix M, as

M, = [TO(E)] " =5 ' [@1 [@IT V()T (E; £1)
LrOETE [ RIQ[@IYP(E)], (46)
for the p-wave hybrid ring, and
M, = [TPE)] £ [@1 [@ITV(E)IT (E; £1)
x [TOE)] £ @I [@ITA(E)], (47)

for the s-wave hybrid ring. From Eqgs. (46) and (47) we see that
the current in the p-wave and the s-wave hybrid ring 7, ;[ P]
can, respectively, be written as

1
I,:[®] = “oni /r dE 3¢ In[W, ([E; O]]

1

4mi

dE 3o {Indet[ T ' (e;62) — M, ]
r

—{Indet[T; ' (e; £) — M, ,]}'}. (48)

where we have used the reality of the persistent current to go
through the last step in Eq. (48). In order to systematically
take the £, — oo-limit, we recall that one has eventually to
deform the integrals over I' in Eq. (48) into integrals over
the imaginary axis, which corresponds to E — iw. Along the
imaginary axis, from the dispersion relations for particlelike
and holelike excitations within the superconducting region,
one obtains that the corresponding momenta are defined by

Hown i |+ AL
2(ws —A3) 2\ w3 — A7

cos [kf)] =

(49)
; 2 2
2) Howr o+ Aw
cos|ky/ | =———— 4+ - | —L,
)= s —ap T2y - al
in the p-wave case, and
; 2 AZ
cos [kP] = _fe LT +2 2,
P 2w, 2 w3
(50)
%) i |w?+ A2
cos[kP]= -2 4 = | =2
[ h ] 2w, + 2 w%
in the s-wave case. To solve Egs. (49) we therefore set
) _ T o_T
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. Uown i [0?+ A2
sin = + — L 52
= wi—ay Yo wizar P

while to solve Egs. (50) we set

with

o_T o_T
kp _E+QS1 kh —E

) " i o+ A%
] =—+ - | ——=. 54
sinfq,] 2w, 2 w% >4)

From the explicit formula for T;(lp o(E — iw;l,) along
the imaginary axis in the p-wave and in the s-wave case,
respectively given by

+q;, (53)

with

Ty o (E — iw;€2)

e
i~hemiapste 0 0 0
)
0 iLeltrsta 0 0
= . 2) yx ’
0 0 iézet[q},.il 12 0

i~ e—ilgpmTt

0 0 0
(55)

we may readily compute the integrals in Eq. (48) in the limit
£, — 00, obtaining

l oo
I,[®] = T / dwdeInG, (E — iw), (56)

oo

with gp,s(E) = M(p,s);(Z,Z)(E)M(p,x);(4,4)(E) - M(p,x);(2,4)(E)
Mp.5).4,2(E) and assuming (as done in Refs. [35,38]) that

(1) All the poles of G(E) lie over the real axis.

(2) G(E) is real if E lies over the real axis (and does not
coincide with a pole of G).

Equation (56) yields the dc-Josephson current in the
infinite-¢, limit, in which the ring can be regarded as an
idealized model for an SNS junction. In the specific case of
s-wave superconductors, Eq. (52) has been derived in Ref. [35]
for a single-channel junction starting from the S-matrix
approach to effectively one-dimensional SNS junctions [32],
and generalized in Ref. [38] to a multichannel junction. In fact,
acomparison between Eq. (56) and Egs. (7) and (9) of Ref. [35]
also clarifies the identification between M, ; in Eqgs. (46) and
(47) and the transfer matrix for the whole SNS junction, as
introduced and discussed in Ref. [35] for the s-wave case. After
resorting to the effective SN'S-junction model, at a second stage
one may implement the technique developed in Refs. [35,38]
to write /[®] in a systematic expansion in inverse powers of
£,. Basically, one considers that because one has

Tl(E — iw; fz)

iteiat 0 0 0
O
. 0 i~temiant 0 0
- 0 0 i—0 p—ilai 1t 0 ’
0 0 0 illei[q::”]*gl

(57)
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with

+-—, (58)

(1)]: w1 i o
" 2w1 2w1

sin [

then, only low-|w| regions do effectively contribute to the
integral in Eq. (56). As aresult, one may first of all approximate
gV ~ G +io(w), with

in(d) =
sin(g) = 20,
» (59)
olw)= ——,
2wy cos(q)

then, in integrating Eq. (56), one may rescale w — w¢; and
eventually set the rescaled w at 0 in all the contributions to
the argument of the integral in which w appears divided by
£, as w/¢;. Going along this procedure, one may compute
the leading contribution to the current [0(6;1)] by trading
the original model Hamiltonian for a reduced boundary
model, such as the one presented in Ref. [31] for the s-wave
superconductors and the one used in Ref. [44] for the p-wave
superconductor, which allows for recovering simple, closed-
form analytical formulas for 7[®].

B. The limit of long normal region

We now discuss the complementary limit of a long normal
region, with £g less than, or comparable to, the coherence
length of the superconducting region &,. We first discuss
the general formula and then consider the case of a hybrid
s-wave superconducting ring as a specific example. In order
to address the large-£y limit, let us first of all rewrite
det{Mp-wave (s-wave) [E; D3 L5 €] — 1} as

det{ M p_wave (s-wave) LE; @; €15 £2] — I}
=cp det{T(E; £)) — K, [E; O; 4,1}, (60)
with ¢, ; being constants independent of @, and
K,[E; @; 6] = [YV(E)] ' Q' [@15:[@][ Y P (E)]
x T3 (E; 0)[TP(E)] ' Q5 ' [@]

x Zi[@ITI(E)],
|

2ew sin(krg)

I1[®] =
[] 27‘[£1

PHYSICAL REVIEW B 94, 205125 (2016)

K [E; @; 6] = [YV(E) Q@11 TP(E)]
x T3 '(E; )[TP(E) Q5 ' [@]
x Zi[@ITV(E)]. ©61)

Equations (61) correspond to the standard identification we
have employed so far, that is, region 1 has to be identified
with the normal region and region 2 with the (either p-wave,
or s-wave) superconducting region. Therefore, £, = €. Now,
in order to recover the large-£y limit, we strictly follow the
derivation of Refs. [35,38], that is, once we have deformed the
integration path to the imaginary axis, we assume that only
low-w (= —i E) regions do effectively contribute the integral
in Eq. (13). This allows us first of all to approximate the inverse
dispersion relation within the normal region as

kpn = kp £ilw), (62)
with —2w; cos(kr) = @1 and AM(w) = ﬁn(k,) On substitut-

ing Eqgs. (62) into Egs. (61), we may eventually rewrite Eq. (13)
as

1, (@] = —2etnsinkr) /oo B g,z @ 00])
T — In{8,[z; ®; 2]},
b 27‘[ 61 @ 0 Z P 2 2
(63)
with
z 0 0 O
" o fo] — 0 z! 0 o0
Sip,s [z; ®; €] = det 0 0 Z 0
0 0 0 z!
e—ikrti 0 0 0
O eik]:[] 0 O
1 O 0 ekt 0
0 0 0 e—ikrts
x K [E =0;;05] ¢. (64)

To illustrate the effectiveness of our simplified Eqgs. (63)
and (64) we now discuss the application to the case of a
hybrid s-wave superconducting ring. For simplicity we make
the assumptions w; = wy = w and pu; = 0. As aresult, using
Egs. (63) and (64), we obtain the simplified expression for the
current

doal®; £11(z° + 2) + dpb[P; L2127

/"O dz{
> g
0 Z

2+ 14 a[®; 6123 + 2) + b[D; £1]22 } ©

with a[®; €>], b[D; £»] being long, though straightforward to derive, functions of the matrix elements of K [E = 0; ®; ¢5].
Eventually, by means of simple manipulations Eq. (65) can be expressed as a closed-form formula only of the four roots z ;[ ®; £,]
(j =1,....,4) of the polynomial equation z* + 1 + a[®; £,](z> + z) + b[®; £,]z> = 0, which take the generic form

a[d; ¢
s ) = ~ 20l

' V8 + a?[@: £,] — 4b[®; L]

4 " 4

a?[®; 4]

1
+v_,~§\/—2+ —

— b[®: 2] + u,

@[®; 6] + 8a[P; £r] — 4a[P; £>10[P; L]
2\/8 — a2[®; L] — 4b[®; £,]b[D; £,]

(66)
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with u;,v; = &1. Taking into account that ]T}zl z;j[®; £€>] = 1, one eventually obtains from Eq. (65)

I[®] =
[] 47TE1

2ew sin(kr)

4
0o Y In*[z;[®; £:]] ¢ (67)
j=1

Just as in the case of a long SNS junction [35,38], Eq. (67) only involves data at the Fermi level. This is an additional example
of the remarkable simplifications to which our approach leads, in the large ring limit.

VI. FINITE-TEMPERATURE RESULTS

It is not difficult to generalize our derivation to a system
at temperature 7 finite, though much lower than the critical
temperature for the superconducting part of the ring. In fact,
at finite 7', Eq. (13) generalizes to Eq. (1), with

F[®;T] =) Ef(E), (68)
E

and f(E) =[1 + ef/T]7! being the Fermi distribution func-
tion (having set the Boltzmann constant k = 1). Now, the
integration path I" in Eq. (11) must be replaced with the
integration path T’ obtained as the union of small circles
I',, each one surrounding once one, and only one, energy
eigenvalue. As illustrated in Fig. 13, [" can be deformed
to a path obtained as the union of small circles, each one
surrounding once one, and only one, pole of the Fermi function,
that is, a fermionic Matsubara frequency times the imaginary
unit i, iw,, = 2xTi(m + %). As a result, the finite-T current
can be presented as

I1[®;T] = —eT Z do{detiM[iw,; @] — I}, (69)

that is the appropriate generalization of Eq. (13) to the finite-T
case.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have presented a technique to exactly
compute the zero-temperature persistent current across an
HR pierced by a magnetic flux @ as a single integral of a
known function of the system’s parameters. Our approach

Im(E) Im(E) __Im(E)

() (b) (©

Re(E) Re(E) T R

FIG. 13. Sequence of deformations in the integration path [
eventually allowing us to express /[®; 7] as a sum over the fermionic
Matsubara frequencies w,, = 2n T (m + %): (a) The path [" obtained
as the union of small circles, each one surrounding one, and only
one, energy eigenvalue. (b) The integral over I can be deformed
to an integral over the union of the two closed path run through
counterclockwise. (c¢) The integral over the two closed path in (b)
is equal to the integral over a closed path surrounding the poles of
the Fermi function (i w,,, displayed as blue full circles in the figure),
run through clockwise. The corresponding overall sign is eventually
canceled by the —1 at the residue of the Fermi function at i w,,.

(

makes use of the properties of the transfer matrix of the
ring, which allows us to circumvent technical difficulties
associated with the secular equation for the energy eigenvalues
of the system. A straightforward generalization of the zero-
temperature formalism allows us to also compute the current
in a ring at a temperature 7 finite, though much lower than
the superconducting gap. While in general one may readily
numerically compute the integral/sum yielding the current
at a given value of the flux &, a remarkable simplification
takes place in the limit of a large ring size, where resorting
to a systematic expansion in inverse powers of the ring
length allows for deriving the current in analytic closed-form
formulas, applicable to a number of cases of physical interest.

As an example of application of our technique, we
exactly compute the persistent current through a p-wave
superconducting-normal ring as well as in an s-wave
superconducting-normal ring. As a side result, we recover
at once the crossover in the current periodicity, the effects
of localized MFs in the p-wave case (including the signature
of the topological phase transition), the large-size limit, etc.,
which were previously approximatively derived by means of
various approximation schemes, different from case to case
[28,29,35,38].

Throughout all the paper, we grounded our approach
on a description of the ring in terms of a noninteracting
lattice model Hamiltonian for the normal part of the ring,
in terms of a non-self-consistent mean field Hamiltonian
for the superconducting part. The system is assumed to be
“clean,” that is, no disorder effects are taken into account
and no interaction between the electrons is assumed. As a
further development of our research, we plan to generalize
our approach, so to introduce the effect of disorder by means
of a pertinently chosen impurity potential and by eventually
ensemble averaging over the disorder realization [50,51], and
the effect of the interaction, by adopting a pertinently adapted
version of the fermion renormalization group approach intro-
duced in Refs. [52-54] for weakly interacting systems and
generalized in Ref. [55] to the strongly interacting case. This
might potentially provide an useful method to also spell out the
dynamics of fractionalized excitations in correlated systems
[56-58]. Moreover, by simply sending to infinity the length
of the superconducting part of the ring, our approach provides
an exact formula for the Josephson current across an SNS
junction, which can be readily applied to cases hard to deal
with using alternative techniques, such as in the case of the
anomalous Josephson effect in nanowires [59-61].

These, and other potentially interesting generalizations of
our approach, do actually lie beyond the range of this paper,
and we plan to address them as a future development of our
work.
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APPENDIX: EXACT WAVE FUNCTIONS FOR SUBGAP
STATES AT A FINITE-LENGTH KITAEV CHAIN

In this Appendix we discuss in detail the derivation of
the exact wave function of subgap states in an open Kitaev
chain, of finite length £5. To do so, we employ a simplified
and pertinently adapted version of the solution of the Kitaev
model with open boundary conditions [62,63]. While for
finite-¢g we find a single Dirac fermion level, which can be
either empty or filled with a corresponding finite energy gap
Ey, as £ — 00, the states become degenerate in energy at
the Fermi level, and appropriate linear combinations of the
corresponding wave functions become localized at the two
endpoints of the chain, eventually corresponding to the two
zero-energy Majorana solutions of Kitaev’s model [20]. The
starting point is the dispersion relation in Eqs. (23) which, for
subgap solutions (|E| < A,,) yields the allowed values of the
(complex conjugate) particle and hole momenta defined by

A2 — E2
costkp) = =37 A7) AZ) 2\ w2 = Az

cos(ky) = (A1)

2( 2(w? — A?) AZ) A2
Equations (A1) are readily solved by setting k, =7 —

qr +iq; and k, = (kp)* =7 — qg — iq;, with

wi

cos cosh = —
(gr) cosh(q;) 2w? — AD)

sin(gg) sinh(gy) = 2 (A2)

As a result, the general formula for a subgap solution will
be given by

U . Ul _igni —ai
|:vj:| =(—1)1{A(p,+)|:v:|€ 4qrJ o=q1J

+A(py_)|:_v:|elqkjequ + A(h,+)|:v*:|elqR]e q1]

+An [_“v*}e"qkf et } (A3)
with u,v solutions of the algebraic system
{E +2wcos(k),) + p}u — 2i Asin(k,)v =0,
2i Asin(k,)u +{E — 2w cos(k,) — ujv =0. (A4)

The actual energy eigenstates are determined as nontrivial
solutions such as the one in Eq. (A3) satisfying the boundary

conditions on the “ghost sites” given by [}'] = [Zf::] =0.1Itis
therefore straightforward to verify that this implies the secular
equation for the energy eigenvalues given by

[Im m(uv*)]? sinh?[g; (£ + 1)]

= [Re e(uv™)]* sin’[gr(€ + D]. (A5)
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Equations (A3), (A4), and (AS5) can be used to estimate
the energy of the subgap levels and the corresponding wave
function for any value of 1. Indeed, we use them to numerically
estimate the energy gap and to accordingly infer the overlap
scale between the localized MFs at given values of the
system’s parameters. Specifically, if one is only interested
in the low-energy physics of a finite-size one-dimensional
topological superconductor coupled to normal conductors at
each of its endpoints, the whole topological superconductor
can be traded for an effective Hamiltonian involving only
the low-energy subgap degrees of freedom discussed above,
with parameters effectively determined by the actual system
parameters. To illustrate how the procedure works, let us focus
onto the simple case u = 0, £ even. In this case, k, and kj, are
simply given by

T
kp =3 +Hik(E),

L (A6)
kp = 7 iIME),
with
Sinh[A(E)] = - 4z - B2 (A7)
2\ w?2— A2

As aresult, Eq. (A3) can now be presented as

B
J

+A(h,+>[ *]l T+ Ao, >[ ]l B

(A8)
with
Mp ZL e%sgn(E)z?
Up 2 lisgn(E)e” ssen(E)y
(A9)
up| 1 —zsgn(E)e ssgn(E)d
v, | — ﬁ g ssen(E)Y ’
and
2w sinh[A(E)]
¥ = atan —|E| . (A10)

Itis straightforward, though tedious, to show that the secular
equation for the subgap energy eigenvalues is now given by

(€ + DA(E) = % sinh™! [%w sinh[,\(E)]], (A11)

which is solved by setting

E|= e = cosh[A(E)]
T cosh[(£ + DA(E)]

~ 2A exp {—z sinh™! [ (A12)

=l

Therefore, from Eq. (A12), we readily estimate that the
hybridization length scale between the MFs £, is given
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by

A -1
~ 1 -1 —

Ly {smh [m]} . (A13)
From Eq. (A3) we may therefore construct the wave

functions corresponding to the positive- and to the negative-

energy subgap solutions. As a result, one obtains for the

positive subgap energy solution of the BAG equations

iy iy
u; £ e:2 Lio—i R ez i
J =clez ; ile J)\(E)+l€ 7 ; i .Ie.l)\(E)
Vi - -
./ + 2

e 2

—iet [_"‘fﬁ}ﬂei”‘”} (A14)
ez
with
21\/' 2sinh[M(E)] A1)
4\ sinh[E[E] — M(E)]

and £[E] = sinh™! [%’” sinh[AL(E)]]. Similarly, one obtains for
the negative-energy subgap solution of the BdG equations

_iy _iy
Uu; £ e 2 Lo e leT 2V L
J — —clea iy e IME) _ o3 iy i J @I ME)
vi|_ —ie2" ie

. iy Ly
£ | 1e2 i i _t|1e2 P
2 ) i—J ,—JME) P 3 ] . j _JAME)
+e |: . 121{|z e +ie o0 i’e .

(A16)

From Egs. (A14) and (A16) we therefore find that the
eigenmodes corresponding to the =+ solutions are respectively
given by

91~

14
Iy = Z{[u_;]icj + [v,-]ic;},
j=1

14
Fo= {lule; + [w;Teel),

j=1

(A17)

which shows that, as expected, one recovers the relation

r,=r. =T. (A18)
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On inverting Eqgs. (A17) and truncating the mode expansion
of the real space lattice operators by retaining low-energy
modes only, we therefore get

¢~ [u;14T + [v; 15T,

ch ~ (w14 + [u; 4T (A19)

Now, on calling {d_j,dj-} and £y the length of the normal
part of the ring, the fermion operators on the normal side, one
may rewrite the tunneling contribution to the Hamiltonian in
Eq. (14) as

H, = —r{[cJ{d(N + leczN]e%(b + [dZNcl + chl]efﬁq’}.
(A20)
Using the truncated expansions in Eqgs. (A19) and the
explicit form of the wave functions evaluated at j = 1,¢, one
eventually approximates Eq. (A20) as

i

H, = tL{yL[eiq)dgN — €_4¢dgN]}

+itplyrle™1%d; + €141}, (A21)
with
YL = eI 4,
yr = —ife 'i0 — &) (A22)
and t; = tg = Y1, with
U+ = —e 'Y,
V)4 = —e7F,
upp = —e '3,
vey =e 5. (A23)

Finally, to recover the energy bias between the Dirac modes,
we add a term of the form

Hr =2¢{2T'T — 1} = —2€iy v&. (A24)

In general, 7 ,¢g are smooth functions of . The dependence
of € on u can be inferred by numerically solving Eq. (AYS), as
we did in the main text, to also derive the dependence of €,
on the chemical potential.
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