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Abstruct

In this thesis, we relate Majorana fermions to odd-frequency Cooper pairs in a one-
dimensional topological superconductor. In Chap. [I} we introduce knowledge to understand
this thesis, superconductivity, unconventional superconductors, Majorana fermions, and odd-

frequency Cooper pairs.

In Chap. 2] we investigate the superconducting proximity effect including a topological crit-
ical point in Kitaev chain systems [1]]. Kitaev chain expresses a spinless p-wave superconductor
and is useful to explain the Majorana fermions [2]. First, we focus on the relationship between
Majorana fermions and odd-frequency Cooper pairs. The relationship has been expressed by cal-
culating the Green’s function in a superconducting nanowire [3]] and by spectral bulk-boundary
correspondence [4]. These works, however, do not address the spatial similarity between the
Majorana fermions and odd-frequency Cooper pairs. Our work compares the normal Green’s
function to the anomalous Green’s function at low frequency in the semi-infinite Kitaev chain.
The normal (anomalous) Green’s function is related to zero-energy states of Majorana fermions
(to the odd-frequency pair amplitude). Our result shows that the spatial dependence of Majorana
fermions coincides with that of the Majorana fermions at low frequency in the topological phase

and at the topological critical point.

Furthermore, we describe the superconducting proximity effect including the topological
critical point. Previous works about the proximity effect have used quasiclassical approximation
because it is useful for analytical calculations [S]. The approximation, however, does not
hold because the wavenumber changes greatly to the energy variation. We calculate the odd-
frequency spin-triplet and even-frequency spin-singlet pair amplitude by recursive Green’s

function method [6]]. As a result, we find the odd-frequency pair amplitude causes the proximity
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effect even at the topological critical point although the pair amplitude is suppressed.

In Chap. 3] we discuss the topological phase with multiple Majorana fermions in a nonunitary
p-wave superconductor in terms of odd-frequency Cooper pairs [7]. Kitaev chain, the spinless
p-wave superconductor, hosts one Majorana fermion at the edge. A p-wave superconductor
including the spin degree of freedom, magnetic field, and higher older hoppings can access
the topological phase with multiple Majorana fermions [8]. Few studies have focused on the
behavior of the odd-frequency Cooper pairs in the topological phase hosting multiple Majorana
fermions. In this work, we investigate the relationship between the multiple Majorana fermions
and the odd-frequency Cooper pairs, and the spin structure of odd-frequency Cooper pairs. It is
not easy to focus on the local density of states at the edge of the semi-infinite system because
multiple Majorana fermions are located on the same zero-energy. We considered breaking the
Majorana fermions by changing system size and by applying magnetic fields that break chiral
symmetry. We calculate the system size dependence of low-energy modes corresponding to
Majorana fermions and that of odd-frequency pair amplitude at the edge. The result shows
the behavior of the odd-frequency pair amplitude provides us remnants of multiple Majorana
fermions and the parity of the number of Majorana fermions.

When we focus on the structure of winding numbers characterizing topological states, we
find that accessing the topological phase with multiple Majorana fermions requires nonunitary
pair potential. We investigate how this non-unitary pair potential affects the spin structure of
the odd-frequency Cooper pairs. To express the spin structure of odd-frequency Cooper pairs,
we define the f vector following the d vector that characterizes spin-triplet pair potential. Our
result finds that the direction of the f vector is fixed to the same direction in any topological
phases. Moreover, the spin of the odd-frequency Cooper pairs is tilted toward the direction of
the magnetic field.

In Chap. [ we summarize our work and explain the future works.
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Chapter 1

Introduction

1.1 Superconductivity
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Figure 1.1: Superconducting transition temperature [9]].

Superconductivity shows zero resistance at low temperatures, and complete anti-magnetism,

the so-called Meissner effect. Because the zero resistance enables us to generate a strong

magnetic field, superconductors are used in the magnetically levitated train, MRI, and motors.

In 1908, Kameringh Onness has succeeded in liquefying He. Also, he discovered super-
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conductivity in Hg by observing zero resistance in 1911. In 1957, the BCS theory has been
published to explain the magnetism of superconductivity [10]. Superconductors with higher
transition temperatures have been sought owing to their convenience in the application.

Figure [I.1] shows the history of the superconducting transition temperature. A copper
oxide superconductor [red plots in Fig. |1;1'|] La,_,Ba,CuOy4 has discovered in 1986 [11]. In
1987, a superconducting transition temperature 90K, exceeding the boiling point of liquid N;
77K, has observed in YBayCu3O7 [12]. This makes it possible to carry out superconductivity
experiments at a lower cost than using liquid He. In 2006, a new type of superconductor, an
iron-based superconductor [blue plots in Fig. [I.T]] has been discovered 14]]. In 2015, It
has shown that H3S becomes superconducting at 203K under high pressure [a green plot in
Fig. [I.1]] [15]. In 2020, superconductivity at 288K under high pressure in CHgS has been

discovered. The transition temperature has exceeded 0°C for the first time [16].

1.2 BCS theory

Electron—lattice interaction
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Figure 1.2: Illustration of electron—lattice interaction. Two electrons are attracted through
lattice vibrations to form a Cooper pair. (a) One electron distorts the lattice and (b) another is
attracted.

Electron—lattice interaction generates a couple of electrons (Cooper pair) causing supercon-

ductivity. Let us consider where electrons are moving on the lattice as shown in Fig.[I.2] When
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an electron passed among the lattices, a Coulomb acts between the atomic nuclei and an electron,
and distorts the lattices [Fig. (a)]. Here, the velocity of the lattice distortion (10% m/s) is
much slower than that of electrons (10° m/s). Because the area around the distorted lattice is
more positively charged than the other lattices, another electron is attracted by the Coulomb
force [Fig. @ (b)]. Thus, it is explained how an attractive force acts between two electrons to

form a Cooper pair.

1.3 Unconventional superconductors

There are superconductors with points in which the superconducting gap closes (nodes) in
k space [Fig. [I.3] (c)-(d)] while the most typical superconductor (s-wave superconductor) has
an isotropic gap [Fig.[I.3|(a)]. These are called unconventional superconductors, and classified
into p-wave [Fig.[1.3|(c)], d-wave [Fig.[I.3|(b)], f-wave [Fig.[L.3](d)], etc., depending on how

the superconducting gap is open.

Conventional Uncon\/JeftionaI
L @ (b) (C (d‘

Singlet?rTl = Triplet: T{Tl +IT, M

Figure 1.3: Symmetries of superconductivity. (a) s-wave, (b) d-wave, (c) p-wave, and (d) f-
wave superconductors. s-wave and d-wave (p-wave and f-wave) are classified into spin-singlet
(triplet) superconductors

These unconventional superconductors are not able to be explained by BCS theory describing
the property of conventional s-wave superconductors. Copper oxide superconductors [I1]] such
as YB,Cu307 show high transition temperature [12]] above 30K, which is the limit in the BCS
theory. It has been clarified that they have d-wave symmetry from the characteristic surface

states and transport phenomena. Spin-triplet superconductors such as p-waves and f-waves
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exhibit upper critical magnetic field exceeding Pauli limit the BCS theory estimates.

The pair potential of superconductivity is expressed as follows:

. A A
A(K) = o . (1.1)
Ap Ay
Because spin-singlet (spin-triplet) pair potential satisfies Ayor = —Ay/o (Ago’ = Agr), the pair

potential with spin-singlet and triplet symmetries are obtained as

A 0 Ay

Asinglet(k) =
—Ap 0

A Ay Agy

Atriplet(k) = . (1.2)
A Ay

With these relationship in Eq. (1.2)), the pair potential shown in Eq. (1.1)) is decomposed into

spin-singlet and triplet components

A(k) = (k) (ioy) + (d(K) - o)icy . (1.3)

singlet triplet

where o represents Pauli matrices. The spin-triplet pairing are defined by the vector structure,

so called d vector, as

Atriplet(k) = (d(k) - O-)io-y (1.4)

Ay —An Ay +4n

@dk: ) )
(k) 2 2i

(1.5)

The spin direction of a Cooper pair is orthogonal to the d vector.
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The matrix

AtripletA:‘riplet = (d ’ O')iO'y [—iO'y(d* : 0')]

|d|? + [id x d*], [id x d*], — i[id x d*],
[id x d*], +i[id x d]y |d|? - [id x d*],

|d|?o0 + (id x d*) - o (1.6)

evaluates the magnitude of the spin-triplet pair potential [17]. The cross vector id x d* is
proportional to the spin polarization (o) of the spin-triplet Cooper pair. It can be understood
from [id x d*], = (lATT|2 - |All|2)/2- The superconductivity with id x d* = 0 (# 0) is called a
unitary (nonunitary) state because Agiplet/|d| is a unitary (nonunitary) matrix.

Substances exhibiting spin-triplet superconductivity have been actively searched, recently.
For example, SroRuQy4 [18] has been considered to host the spin-triplet p-wave superconductivity
by experiments such as NMR (Nuclear Magnetic Resonance) [19]] and neutron scattering [20]].
However, the symmetry has not been determined owing to several experiments denying the spin-
triplet state [21, 22]. Other spin-triplet candidate materials are uranium-based superconductors
(UPt3 [23]], UCoGe [24], UTe, [25], ...). These substances are considered to have f-wave
symmetry. Furthermore, in these substances, the superconducting states coexist with or are
adjacent to the ferromagnetic one. From this point of view, it has been pointed out that
the expression of the uranium-based superconductivity is due to ferromagnetic fluctuations.
Although it is difficult to handle uranium-based superconductors, these candidate materials are
attracting the most attention. Except for superconductivity, it has been shown that Hes [26]

realizes a spin-triplet p-wave superfluid state.

1.4 Andreev bound states

In a normal metal/superconductor junction, an electron incident from the normal metal
reflects a hole [Fig. [I.4] (a)]. The phenomenon is called Andreev reflection. The normal

reflection also occurs in which an electron is reflected as an electron. In the junction, the
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(a) Andreev reflection (b)
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o
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Figure 1.4: (a) Andreev reflection in a normal metal/superconductor junction. (b) Andreev
bound states are generated in a normal metal/unconventional superconductor junction, where
the pair potential changes its sign in the direction perpendicular to the interface.

(@, ...
4
\ i 5

Figure 1.5: Symmetries of superconductor and Andreev bound states. (a) p,- and (b) d,-wave
superconductor generate Andreev bound states while (c) py- and (d) d,>_»-wave superconduc-
tors do not.



Unconventional
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N %
TAN

Andreev bound states are suppressed

Figure 1.6: (a) p,-wave and (b) d,,-wave superconductors attached to a normal metal with
impurities. Andreev bound states being generated from spin-triplet superconductivity are robust
against impurities.

incident electron near the Fermi surface cannot enter because of the superconducting gap. The

electron goes through the superconductor as a Cooper.

In a normal metal/unconventional superconductor, in-gap states called Andreev bound states
are generated at the interface [Fig.[T.4](b)]. To create the Andreev bound states, the pair potential
must change the sign in the direction perpendicular to the junction interface. Therefore, the
Andreev bound states appear in p,- [Fig. |'1;5| (a)] and d,y-ones [Fig. |1;5| (b)] although the bound
states do not in s- and p - [Fig. |E| (©)], and d,2_,>-waves [Fig. |'1;5| (d)]. The large barrier at the

interface of the junction strengthens the Andreev bound states.

When the normal metal contains impurities, the incident electron in the metal is scattered.
The hole being reflected at the interface traces the path of the incident electron as shown
in Fig. [[.6l The impurities in the normal metal enhance the interference between electrons
and holes. The enhancement of this interference strengthens the Andreev bound states in the
junction of p,-wave superconductor [Fig. [T.6] (a)] although it suppresses the bound states in
that of d,,-wave [Fig. @ (b)]. This is due to the difference between the spin-singlet and
triplet. Strengthening the Andreev bound states is explained in the anomalous proximity effect

by odd-frequency Cooper pairs [See Sec.[I.7].
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Figure 1.7: (a) The number of holes distinguishes between mugs, donuts, and balls topologically.
(b) topological numbers classify superconductivity.

1.5 Topological superconductors

Topology classifies shapes, and their properties are preserved by continuous transformation.
For example, the number of holes distinguishes topologically distinguishes mugs, donuts, and
balls [Fig.[I.7](a)]. A mug has the same number of holes (one) as a donut and can be transformed
into each other continuously. On the other hand, the number of holes in a donut is different
from that in a ball. The donut cannot be transformed into the ball continuously with keeping the

number of holes.

Topological superconductivity is classified by topological numbers. The topological number
in a topological superconductor is a nonzero integer while that in a trivial superconductor is

zero. The topological superconductor cannot change to the trivial one without closing its gap.

The trivial superconductor has an energy gap both in the bulk and the edge. On the other hand,
in the topological superconductor, in-gap states at the edge exist although a superconducting
gap opens in the bulk. The closure of the energy gap is due to changing the topological number
changes between the bulk and the vacuum. This means that the topological number in the

bulk makes it possible to predict the edge state of the system. This relationship is called bulk-

14



(a) Conventional (b) Topological
Vacuum Superconductor Vacuum Superconductor

gty © T @
n=0 n=0 n=0 n=1

lllllll! f llllllll f

%] %] %] %)

L3 L1 L3 o,

© © < ©

- -~ - -

[%] 1%} 12} 17}

S, kS] 5, -

2 2 2 >

o 1 [} o1 GC)

kel kel kel kel

© © © ©

80 80 g =™ = 8y

9 -1 0 1 9 -1 0 1 9 -1 U 1 9 -1 0 1

Energy Energy Energy Energy

Figure 1.8: Bulk-boundary correspondence in a trivial and (b) topological superconductor.
The topological number being defined in the bulk enables us to predict the existence of the edge
states.

boundary correspondence, and is the most important concept in understanding the topological

superconductivity[27]].

1.6 Majorana fermions

B=120mT

B=95mT

1

didV (2e%/h)

V (V) -200 -100 0 100 200
Vep (uV)

Figure 1.9: Zero-energy peaks of the differential conductance in (a) a NbTiN-InSb nanowire
and (b) an Al-InAs nanowire [29].

Majorana fermion is a quasiparticle with no distinction between creation and annihilation.
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The quasiparticle satisfies

y=7' (1.7)

where y and ' represent the annihilation and creation operators, respectively. The Majorana
fermion appears as zero-energy states on the edge of a topological superconductor. The zero-
energy states have been experimentally observed in a NbTiN-InSb nanowire [Fig.[1.9](a)] and an
Al-InAs nanowire [Fig. [I.9](b)], a kind of topological superconductor [28| 29]. The Majorana

fermion is expected as a qubit that is robust against disorder [30].

(a) trivial phase

7A1 7/31 7A2 7/32
(b) topological phase

0090000 -—00 00

YAl YB N

Figure 1.10: Special stuations in a Kitaev chain (a) trivial phase forf = A =0and u < 0, (b)
topological phase for r = A and u = 0.

A Kiaev chain [2], a spinless p-wave superconductor, is useful for explaining the Majorana

fermion. The Hamiltonian of the Kitaev chain is expressed by

t A
H = -5 (c + C]+1) J7i Z (c Cj— —) Z (Ecjcj“ +H.C.) , (1.8)
J J
where c; (cj.) at the site j, ¢, u, and A means an annihilation (a creation) operator, hopping,
chemical potential, and pair potential, respectively. H.c. stands for Hermitian conjugate. We

assume that the pair potential is real.

The operators, satisfying the Majorana condition [Eq. (I.7)], are defined as

N 4ol
cj—c: cj+c;

YA, = 2—1.], YB,j = 5 (1.9)
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YA, = yz ; andyp ; = y; ;are easily confirmed. With the anticommutationrelation {yq,;, Yo’,j/} =

2000707, Eq. (1.8) is transformed as

I
YAJYBj * [(A+1)ya v+ (A=1)ypava)] - (1.10)

iu

H=—

2

We consider special situations in the system with N sites. Fort = A=0and u <0,

. N
il
H:—Tgm,ﬂ&j. (1.11)

This means that A and B at the same site are paired, and the system is topologically triv-

ial [Fig.[I.10|(a)]. Fort = Aand u = 0,

. N-1
—it
H = TEVBJYAJH- (1.12)

This denotes pairings between A and B on adjacent sites. Here, y4,1 and yp y represent isolated

Majorana fermions at each edge [Fig. [I.10](b)]. This situation is located in a topological phase

where Majorana fermions are completely localized at the edges.

(a) p(b) i p0) et
] T N
Sy \\ )/ [\ \/ /
| swave SC N \ /
.  ~~ )

Figure 1.11: (a) A sketch of a Rashba superconducting nanowire. Dispersion in normal states
of a Rashba nanowire for (a) 4 < Vi and (b) Vex = A. A: spin-orbit coupling, Vex: Zeeman field,

w: winding number (topological number).
A Rashba superconducting nanowire, similar to the Kitaev chain, is a feasible model. In

this system, a semiconducting nanowire with strong Rashba spin-orbit coupling and applied

magnetic fields is in proximity to a s-wave superconductor [31} 32] as shown in Fig. [[.T1|a).

This system becomes equal to a p-wave superconductor at low energies [3]. A system with
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Figure 1.12: Symmetries of Cooper pairs including odd-fregency dependence. Red (blue) text
means odd- (even-) functions. Conventional classification is highlighted in gray.

Majorana fermions being constructed from s-wave has been originally proposed in superfluids
of cold atoms [33] 34].

The Hamiltonian

t A A '
]_,_1 oCia T CJ 2Cjtl, (y) + Z Cia (—udo — Vex0'3)a',,8 Cip
Ja.p

/l
ToT
5 E [ Civla (02)apCip— cj o (02)a g Clrt B] E (ch,ch,l + H.C.) ,  (1.13)
j.a.p J

describes the Rashba superconducting nanowire with spin @ (8), Rashba spin-orbit coupling
A, and Zeeman fields V. The system takes the topological phase for \/u? + A2 < V. The

magnitude relationship between the magnetic field and the spin-orbit coupling changes greatly

the shape of the energy band in the normal state (A = 0) of the system [Fig.[I.TT](b) and Fig.[T.11]
(©]

1.7 Odd-frequency Cooper pairs

Odd-frequency Cooper pairs are a special couple of two electrons. In general, pair function

Fy+ describing a Cooper pair obeys Fermi—Dirac statistics

Fcro"(p) = - 0"0'(_p) (1.14)
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(a) invertion symmetry breaklng
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Triplet +
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(b) spin-rotational symmetry breaklng
Even freq. A\ Odd freq.

Singlet + Triplet

Even parity Even parity

Odd freq.

Figure 1.13: Odd-freq spin-triplet even-parity s-wave Cooper pairs are generated from eve-
frequency Coper pairs by (a) inversion symmetry breaking and (b) spin-rotational symmetry
breaking.

with the spin o and momentum p. Here, we assume that the pair function is limited to even-
frequency dependence. Conventionally, the symmetries of Cooper pairs are classified into
spin-singlet even-parity and spin-triplet odd-parity pairings [Fig. [I.12]]. When we limit to one-
dimensional systems, spin-singlet even-parity and spin-triplet odd-parity correspond to s-wave
and p-wave pairings, respectively.

We are also able to consider frequency degrees of freedom w in Eq. (I.14) as follows

Fao-’(p’ w) = 0"0'(_p’ _w) (115)

This relaxing the limitation of even-frequency dependence enables odd-frequency Cooper pairs
to exist. For example, odd-frequency spin-triplet even-parity and odd-frequency spin-singlet
odd-parity pairings are possible [33, [36] as shown in Fig. [I.12] The odd-frequency pairing
means that two electrons form a Cooper pair at different times. Although this fact is difficult for
us to imagine intuitively, the odd-frequency pairings have been theoretically shown to exist as
pair amplitudes.

These odd-frequency Cooper pairs are difficult to exist in the bulk of a single-band su-
perconductor. They are secondarily generated from conventional even-frequency Cooper pairs.

Symmetry breaking plays an important role in the generation of the odd-frequency Cooper pairs.
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The symmetry breaking involves inversion symmetry breaking (constructing edge, surface, and
junction) and spin-rotational symmetry breaking (applying magnetic fields) [Fig. [[.13]]. For
example, because inversion symmetry breaking changes the parity, odd-frequency spin-triplet
even-parity pairing is generated from even-frequency spin-triplet odd-parity pairing [Fig. [I.13]
(a)]. Also, spin rotational symmetry breaking generates odd-frequency spin-triplet even-parity

pairing from even-frequency spin-singlet even-parity pairing [Fig. [[.13](b)].

-_—

Superconductor Ferromagnet

Magnetic inhomogeneity
(intrinsic or designed) -

Figure 1.14: Depiction of the long-range proximity effect in a superconductor and ferromagnet
junction [37].

The odd-frequency pairing causes strange transport phenomena and magnetic responses. For
example, they includes long-range proximity effect [40, 37,4 1]], anomalous proximity effect [42,
43,144, and paramagnetic responses [41,39]. In a ferromagnet/ s-wave superconductor junction,
when the spin direction of a Cooper pair is parallel to that of the ferromagnet, it can penetrate
into the ferromagnet over the long distance [Fig.[I.14]]. On the other hand, a Cooper pair with
the different spin direction from that of the ferromagnet is broken by the magnetization of it.
This long-range proximity effect is due to the SPIN-TRIPLET property of the odd-frequency
s-wave Cooper pairs. The proximity effect is useful as a filter that selects the spin direction of a

Cooper pair owing to the difference of penetration depth [37].
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(a) Anomalous proximity effect (c) Conventional proximity effect
DN S DN S

LS i) i
Odd freq. Even freq. Even freq. Even freq.
Triplet Triplet Singlet Singlet
Even parity Odd parity Even parity Even parity
1

1

0 . .

-0.3 0¢pa 03 -0.3 Ogan 03

Figure 1.15: In (a) anomalous proximity effect, odd-frequency spin-triplet s-wave pairs pen-
etrate into a diffusive normal metal (DN) from a spin-triplet superconductor (S). (b) The local
density of states has a zero-energy peak [38]]. In (c) conventional proximity effect, even-
frequency spin-singlet even-parity s-wave pairs penetrate into DN with keeping the symmetry.
(d) The local density of states has a gap-like structure [38]].

In a diffusive normal metal attached to a spin-triplet superconductor [Fig. [I.15](a)], a peak
of the local density of states [Fig. [I.15] (b)] and a quantized differential conductance appears
at zero energy (bias voltage) [42]. This phenomenon, so-called the anomalous proximity ef-
fect, is in contrast to the conventional proximity effect [Fig. [I.I5] (c)], which exhibits gap
structure [Fig. [I.13](d)] near zero energy in a diffusive normal metal attached to s-wave super-
conductor Figs.[T.15](a) and[I.T5](b). The zero-energy states are robust against impurities in the
diffusive normal metal. This is because a pair function of an odd-frequency S-WAVE Cooper
pair does not change its sign in space. Whereas, Cooper pairs with the sign change, for example,
p-wave, d-wave, . . ., are broken by the impurities because of canceling the pair function.

The anomalous proximity effect helps us distinguish the symmetry of superconductors,
theoretically. For example, in a diffusive normal metal / p,-wave superconductor junction,
odd-frequency spin-triplet s-wave Cooper pairs are generated from even-frequency spin-triplet
px-wave Cooper pairs by translational symmetry breaking [38]. The generated odd-frequency

Cooper pairs cause a zero-energy peak of the local density states; the anomalous proximity effect
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Figure 1.16: (a) diamagnetic response of conventional superconducting ring and (b) paramag-
netic response of odd-frequency superconducting ring [39].
occurs. On the other hand, in a diffusive normal metal / d,2_,»-wave superconductor junction,
odd-frequency spin-singlet p,-wave Cooper pairs are generated from even-frequency spin-
singlet d,>_,» Cooper pairs by translational symmetry breaking. The generated odd-frequency
Cooper pairs, however, are broken by the impurities because of the sign change of the pair
function; the anomalous proximity effect does not occur. This means that the anomalous
proximity effect makes it possible to distinguish between p-wave and d-wave superconductors.
The odd-frequency Cooper pairs also cause a strange magnetic response. Conventionally, a
superconductor excludes the applied magnetic field below the lower critical. This phenomenon,
the so-called Meissner effect, is similar to a diamagnetic response. Furthermore, the Meissner
effect is one of the definitions of superconductivity. In contrast, systems in which odd-frequency
Cooper pairs are dominant attract the applied magnetic field. For instance, these systems include

small topological superconducting disks and rings [45], 46|, 39].
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Chapter 2

Odd-frequency Cooper pairs and
proximity effect in a Kitaev chain junction

including a topological critical point

2.1 Introduction

It has been shown that the odd-frequency Cooper pair pair amplitude related to the Majorana
fermion is inversely proportional to the frequency, recently [4]. This chapter focuses on this
odd-frequency Cooper pairs causing the proximity effect. The existence of the zero-energy
surface Andreev bound states enhances the odd-frequency pairing in junctions of spin-singlet
d-wave or spin-triplet p-wave superconductor [48, 49, 150, 51} 152} 38, |53]]. However, the odd-
frequency spin-triplet s-wave pairs, being generated at the edge of spin-triplet p-wave or f-wave
superconductors, can penetrate into the normal metal with impurities [J5, 42, 43| 44} 54]]. The
phenomenon is the anomalous proximity effect. This effect creates a zero-energy peak of the
local density of states in the normal metal with impurities and a quantized zero-bias conductance

[42,143]144]54]. This is different from the conventional proximity effect in a spin-singlet s-wave

This chapter is based on Phys. Rev. B 101, 024509 (2020) and arXiv:1809.09324 (2020) [1} 147]
©2020 American Physical Society
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superconductor junction [55]].

No anomalous proximity effects have been observed experimentally yet. A diffusive normal
metal/p-wave superconductor junction is the simplest system to investigate this effect [42,43,44]].

No candidate substance has confirmed the p-wave superconductivity.

Therefore, methods for creating p-wave superconductivity form s-wave have been stud-
ied [33) 34, 31} 132]. A semiconducting nanowire including Rashba spin-orbit coupling and
Zeeman fields attached to the s-wave superconductor is the most famous method [31} 32]. In
addition, the low-energy excitation in the superconducting nanowire is equivalent to that in the
p-wave superconductor [3]. The zero-energy peaks of the local density of states have been

observed in several experiments, [28}29].

Quasiclassical approximations are useful for studying the proximity effect analytically [S6,
S7,158]. This approximation substitutes Fermi wavenumber kg for the wavenumber near the
Fermi surface. When the energy is sufficiently greater than the pair potential, this approximation
holds. The quasiclassical approximation is effective in investigating the surface Andreev bound
states that appear in unconventional superconductors [48, 49, 50, 51, 52]. Moreover, this

approximation is also used to explain the anomalous proximity effect [42, 43, 44].

There are, however, situations where this approximation is not available. It is possible to
reach the situation by manipulating parameters in a p-wave superconductor system. Specifically,

the situation is a topological phase around a topological critical point.

The most efficient way is to use a model of spinless p-wave superconductor, the so-called
Kitaev chain, to investigate the vicinity of the topological critical point [2]. By manipulating
the chemical potential, it is possible to transition between the topological and non-topological
phases. Since the topological phase around the topological critical point can exist in the real
model [29], it makes sense to investigate this situation. In this chapter, by using recursive
Green’s function [6]], we demonstrate the behavior of odd-frequency Cooper pairs in the Kitaev

chain in the regime where the quasiclassical approximation becomes invalid.

We first investigate the relationship between Majorana fermions and odd-frequency Cooper
pairs in the semi-infinite Kitaev chain. We compare the spatial dependence of the odd-frequency

pair amplitude and that of the local density of states at zero frequency in the regime containing
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the topological critical point. Here, it has been already known that the zero-energy density
of states corresponding to the Majorana fermion is strongly related to the odd-frequency pair
amplitude [3]]. We discover a strange behavior of odd-frequency spreading towards the bulk at
the topological critical point. Moreover, the behavior is consistent with the spatial dependence

of the zero-energy density of states.

We next investigate the anomalous proximity effect of the Kitaev chain attached to a diffusive
normal metal. Particularly, we compare the odd-frequency spin-triplet s-wave pair amplitude
robust against impurities to the even-frequency spin-triplet p-wave pair potential inheriting the
pair potential. We show that the odd-frequency pair amplitude being enhanced in the topological

phase decrease sharply around the topological critical point.

Also, we focus on the local density of states and zero-bias conductance in the normal
metal containing impurities. In the topological regime, the local density of states has a zero-
energy peak and a quantized zero-bias conductance peak. Both the local density of states and the
differential conductance have sharp peaks being derived from the zero-energy states. We discuss
changes in peak width with respect to the length of the diffusive normal metal and the strength
of impurity scattering. The zero-bias conductance is not quantized while the zero-energy
states exist at the topological critical point. Finally, To distinguish between the topological
and metal-insulator transition in the Kitaev chain, we investigate the spatial dependence of the
even-frequency spin-singlet s-wave pair amplitude in the junction.

Section [2.2] begins with an explanation of the Kitaev chain. We introduce the recursive
Green’s function method in Sec. [2.3]We discuss the behavior of the odd-frequency pair amplitude

in the semi-infinite Kitaev chain and its junction in Secs. [2.4H2.5]

2.2 Kitaev chain

The Kitaev chain that describes a one-dimensional spinless p-wave is expressed as follows:

?{z—tz (c il +c]+lc]) ,ch Cj +Z(chcj'+1 +H.c.). (2.1)

J
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The role of the parameters is the same as Eq. (I.8) Since we are considering completely spin-
polarized states |TT), the spin degree of freedom is ignored. The topological state of the Kitaev
chain is explained by the energy dispersion with zero pair potential [Fig. [2.1]].

E

4

= 2t

~ H
\ / (Topological critical point)

pu=0

u = =2t

> k (Topological critical point)

Figure 2.1: Energy dispersion for the Kitaev chain with zero pair potential. It takes a topological
phase when the Fermi surface is present (|u| < 2¢). At the topological critical point, u is located
at the edge of the energy band. The winding number becomes one in the topological phase. [1]

The Fermi energy crosses the energy band in the topological phase. The non-topological
states of the Kitaev chain mean insulators. In this chapter, we call the transition point from the

topological to the non-topological phase the topological critical point (i = +21).

The topological states of the Kitaev chain are explained by the winding number, a kind of
topological invariant:

1o L (ul <20

w Tr [TH™' (k)0 H (k)| dk = , (2.2)
0 (lul>20)

= I g
with the chiral operator I' = 7, anticommutative with the Hamiltonian. Here, 7, is a Pauli
matrix. The Hamiltonian H (k) in k space is obtained by Fourier transforming the Hamiltonian
in real space and expressing it in a quadratic form H = (1/2) X [CZ’ c_x|H(k)[ck, cik]T with
wavenumber k. In the topological phase, the winding number becomes 1 while 0 in the non-
topological phase. The definition of the winding number is not allowed at the topological critical
point where the superconducting gap closes. Therefore, the winding number does not change

continuously from the topological phase to the non-topological phase.
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2.3 Green’s function method

This section shows how to calculate the odd-frequency pair amplitude and the local density of
states from Hamiltonian through Green’s function. The retarded and advanced Green’s functions

are defined as [59]]

GMY(E, j, j') = {[(E+ (=)iso) I - H]'},

R(A) R(A)
_ G (E) F (E) 2.3
~R(A) ~R(A) ’ '
with the energy E, an infinitesimal positive number ¢, an identity matrix /. The Green’s
function in Eq. (2.3)) allows the calculation of the odd- and even-frequency pair amplitude, the

local density of states, and the differential conductance. The retarded Green’s function given by

Eq. (2.3)) expresses the local density of states as follows:
. 1 R
p(E, j) = —Im [ij(E)] . 2.4)
T :

The differential conductance in the Kitaev chain junction is obtained by the Lee—Fisher

formula [60]:

e’ [to+T,, - -

Gns(E, j) = 0 Tr 5 (=G j+1Gjjr1 = Gj41,,G 1 + G ;G je1 + Gjr1,1Gj ) |

(2.5)

with G_j,j’ = (G?,]’ - Gf’J,)/ZZ
The Matsubara Green’s function being obtained by the frequency replacement E + (—)id —

iwy in Eq. (2.3)) is useful for calculating the pair amplitude. The pair amplitude representing the

correlation of two electrons satisfy the Fermi—Dirac statistics:
Fjj’o-o-’(iwn) = —Fj'jo-'a-(—iwn), (26)

with the spin o and ¢’ two electrons in a Cooper pair. This statistic limits the symmetry of
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Cooper pairs to the following four types: even-frequency spin-singlet even-parity (ESE), odd-
frequency spin-triplet even-parity (OTE) [35]], even-frequency spin-triplet odd-parity (ETO),
and odd-frequency spin-singlet odd-parity (OSO) [36]. Since no magnetic field is applied in
this chapter, the Cooper pairs existing in the Kitaev chain system are odd-frequency spin-triplet
even-parity and even-frequency spin-triplet odd-parity. The pair amplitudes in the Kitaev chain

systems are described by

| £y jGwn) = Fj j(=iwn)] | 2.7)

Fiorj(iwy) = Fj j(iwn) N Fjaj(—iwy) = Fj i1 (—iwy)
2 2

FOTE()) =

| = =

fFO3)) = (2.8)

We also focus on the even-frequency spin-singlet even-parity pairing in a s-wave supercon-
ductor junction. The pair amplitude is expressed as follows:
ESE
f

N Qe . ~ .
Tl—lT(]) ) [Fj,j,T,l(lwn) + Fj,j,T,l(_lwn)] 2.9)

in consideration of the spin degree of freedom.

2.4 Semi-infinite Kitaev chain

Kitaev chain
T
J=1

Figure 2.2: Illustration of a semi-infinite Kitaev chain. j: site. [1]

From the viewpoint of the spatial dependence, we examine the odd-frequency pair amplitude
and zero-energy states in a semi-infinite Kitaev chain as shown in Fig.[2.2] The relationship be-

tween Majorana fermions and odd-frequency Cooper pairs has been investigated by comparing
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Green’s functions [3]]. No attention, however, has been paid to the similarity of the spatial de-
pendence between them. By the recursive Green’s function, we compare the spatial dependence

of odd-frequency pair amplitude to that of zero-energy states [see App.[2.8.1| with detail].
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Figure 2.3: (a) Comparison of the normal Green’s function —Im[G ] and the anomalous
Green’s function Im[F; 1] at the edge j = 1 of the system. The horizontal axis represents the
chemical potential. w,: Matsubara frequency. Im[F| ] : the odd-frequency pair amplitude.
wp/t = 107, In the topological phase |u| < 2¢, -Im[G1,] corresponds to the zero-energy
states being derived from Majorana fermions. Comparison of the odd-frequency pair amplitude
Im[ fOTE ()], the zero-energy local density of states p(E = 0, j), and the probability density of
Majorana wave function |a j|2 for (b) u/t = 1.9 (topological phase) and (c) u/t = 2 (topological
critical point). w,/t = 107, 6./t = 107. We calculate the three values being normalized by
the values at the edge j = 1 of the semi-infinite Kitaev chain. A/t = 0.1. [1]

We plot the normal and anomalous Green’s function as a function of the chemical potential
p in Fig.[2.3(a). The normal —Im[G;] and Im[F ;] anomalous Green’s function are related
to the zero-energy local density of states and the odd-frequency pair amplitude being derived

from the Majorana fermion, respectively. For the low frequency w,/t = 107>, their values are
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equal to each other in the topological phase [Fig.[2.3|(a)]. Their relative error for u = 0 becomes
about 10™°. These Green’s function —Im[G1;] and Im[F} ] being maximized for u = 0, is
suppressed as the chemical potential increases. Near the topological critical point u = 2t¢, their
values decrease sharply. These Green’s functions become almost zero (~Im[G ;] ~ 107> and

Im[F; ;] ~ 1077) in the non-topological regime.

For A = t, the similarity of the Green’s functions in the low frequency shown in Fig.[2.3|can

be shown analytically.

o ,
N ——=  (topological)

lim {Im [Gy,;] +Im [Fi;]} = lim { @+ = 0. (2.10)

wn—0 @n—0 w_zi):ﬂ (non-topological)

[Detailed calculations are written in App. . Equation (2.10) shows that Im[G ;] + Im[F 1.1]
depends on the chemical potential p in the non-topological phase, whereas on hopping ¢ in
the topological phase, at the low frequency. As the chemical potential moves away from
the topological critical point toward the non-topological phase, Im[G1,] + Im[F} 1] quickly

converges to zero.

The Majorana wave function in the semi-infinite Kitaev chain is expressed as follows [61]:

aj= a;C/! {cos [B(j—1)] + sin [B(] — l)]} , (2.11)

tan 8

with B = arctan (/412 — 4A2 — u2/p) and C = vVt — A/ Vr + A. Figures [2.3/(b) and (c) show
the comparison of the odd-frequency pair amplitude Im[ f°TE(;)] [Eq. ], the zero-energy
local density of states p(E = 0, j) [Eq. (2.4)], and the probability density of Majorana wave
2

function |a|°. These normalized values are plotted as a function of the site ;.

In the topological phase, the spatial dependence of the three values is equal to each other
as shown in Fig. [2.3] (b). The spatial vibrations are derived from Friedel oscillations whose
wavelength is inversely proportional to k. When this vibration appears, (1/2)% + A? < 2 is
satisfied [61]. Even at the topological critical point, the spatial dependence of these three values
is equal to each other [Fig. [2.3c)]. Their spatial dependent features are, however, dramatically

different from that in the topological phase [Fig.[2.3(b)]. In the region close to the bulk (j > 40),
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they become constant without vibration.

It has been known that the odd-frequency pair amplitude is localized at the edge. At the
topological critical point, it is, however, surprising that the odd-frequency pair amplitude spreads
toward the bulk of the Kitaev chain [Fig.[2.3(c)]. Our finding shows the possibility of realizing
odd-frequency superconductivity in the bulk of the semi-infinite system at the topological critical

point.

Analytically, we confirm the existence of the odd-frequency pair amplitude in the bulk. In
the low-frequency limit and for 0 < A < ¢ and |u| < 2¢, the odd-frequency pair amplitude as a

function of site j is written by

2

sin[G-D] . (.12

I [£7E()] = Im [£7TE(1)] €317 eos [/ = 1)] + =

being based on the Majorana wave function in Eq. (2.11])

We limit the parameters as j > 1, A/t = @ (0 < @ < 1), and u/t = 2. The spatial

dependence of the odd-frequency pair amplitude is obtained as follows:

OTE/ : 2
Im [f (])] N (l+a) (2.13)

Im [fOTE(D)] | 2a
with B = arctan(i@). This equation shows that the odd-frequency pair amplitude converges
to a constant value near the bulk of the system at the topological critical point. For @ = 0.1,
Im[ fOTE(;)]/Im[ fOTE(1)] becomes 30.25, which is equal to the plot at j = 100 in Fig. 2.3{(c).

Our findings overturn the fact that odd-frequency Cooper pairs are localized at the edge of the

system.
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2.5 Kitaev chain junction

Nomal metal Diffusive normal metal Kitaev chain

T T T
j=1 j=L j=L+1

Figure 2.4: TIllustration of a normal metal/diffusive normal metal/Kitaev chain junction. j: site,
L: the length of the diffusive normal metal. [1]

We examine the proximity effect in a Kitaev chain junction as drawn in Fig.[2.4] The normal

metal/diffusive normal metal/Kitaev chain junction is represented by the Hamiltonian:

W:—IZ(C c]+1+c]+lc]) 'UNZC Cj— 1 Z c;cj

J J<L L+1<j
+ 30 (Addel, +He )+ Y Ve, (2.14)
L+1<j 1<j<L

with the random potential V; € [-W, W], the length of the diffusive normal metal L, the

chemical potential un in normal region j < L

Numerically, we demonstrate the pair amplitude as a function of the site including topological
critical point. In the topological phase far from the topological critical point, a quasiclassical
approximation holds and kr& > 1. To connect with the observables in the experiment, we also
investigate the local density of states in the diffusive normal metal region and the differential
conductance The recursive Green’s function method [6] is useful for calculating these values
numerically [The specific formulation is shown in App. [2.8.1]]. These calculations are averaged

with the 10° impurity samples.
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Figure 2.5: (a)—(c) The odd-frequency spin-triplet even-parity fOTF and (d)—(f) even-parity
spin-triplet odd-parity fETO pair amplitude as a function of the site j in the normal metal
(N)/diffusive normal metal (DN)/Kitaev chain (KC) junction. (g)—(i) the even-frequency spin-
singlet even-parity pair amplitude fTElS—]iT as a function of the site j in the normal metal/diffusive
normal metal/s-wave superconductor (S) junction. We select the parameters as uyn/t = 0.5,
A/t =0.1, w,/t =107, L = 50, and W/t = 3. (a) (d) u/t = 0, 0.5, 1 for the topological phase,
(b) (e) u/t = 1.95,1.99, 1.999 for the topological phase near the topological critical point, (c)
(f) u/t = 2 at the topological critical point and u = 2.1, 2.5 for the non-topological phase.
(g) u/t =0, 0.5, 1 for the metallic phase, (h) u/t = 1.95, 1.99, 1.999 for the metallic phase
near the metal—insulator transition point. (i) u/t = 2 at the metal—insulator transition point and
u/t =2.1,2.5 for the insulating phase. [1]

Additionally, we describe the odd-frequency spin-singlet even-parity pair amplitude in a

normal metal/diffusive normal metal/s-wave superconductor junction. This system is expressed

.{.

by substituting } . ¢l ey and c; TcT. JRE respectively, in the Hamiltonian

Jl

[Eq. 2.14)]. In this system, the s-wave superconductor region becomes the metallic (insu-

for ¢'c and cj.c

lating) phase for |u| < 2¢ (Ju| > 2t). Therefore, the topological critical point in the Kitaev chain
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corresponds to the metal—insulator transition point in the s-wave superconductor.

First, we describe the pair amplitude as a function of the site in the Kitaev chain junc-
tion [Fig. @] At the interface between the diffusive normal metal and the Kitaev chain, the
odd-frequency pair amplitude hosts a sharp peak in the topological phase far from the topolog-
ical critical point, as shown in Fig. a). The peak height is 10% times larger than the value
at j = 150. In the Kitaev chain region (L + 1 < j), the odd-frequency pair amplitude vibrates.
As explained in the semi-infinite system [Sec. [2.4]], this vibration is also derived from Friedel
oscillations. On the contrary, the pair amplitude penetrating into the diffusive normal metal

does not vibrate [Fig. [2.5(a)].

The even-frequency pair amplitude has no vibration in the Kitaev chain region in the topo-
logical phase far from the topological critical point [Fig. [2.5(d)]. The pair amplitude 0.44 at
J = 25 is smaller than the odd-frequency pair amplitude 19.28. Our results show that this

proximity effect is dominated by the odd-frequency Cooper pairs.

We next focus on the topological phase near the topological critical point. The odd-
frequency pair amplitude decreases and the wavelength of the vibration in the Kitaev chain
increases [Fig. [2.5(b)] as the chemical potential increases. The odd-frequency pair amplitude
is reduced, dramatically. The peak height becomes 1.4% of that for u/t = 1.999. As shown
in Fig. [2.5(c), however, the proximity effect into the diffusive normal metal is still caused. On
the other hand, even-frequency spin-triplet pair amplitude barely penetrates into the diffusive
normal metal [Fig.[2.5(f)]. In the Kitaev chain region, the odd-frequency spin-triplet even-parity
and even-frequency spin-triplet odd-parity pair amplitudes are mixed at the topological critical
point [Fig. 2.5(f)].

The odd-frequency pair amplitude is reduced to ~ 1072 in the non-topological phase. Also,
the even-frequency pair amplitude decreases in the non-topological phase as the chemical poten-
tial increases. However, the pair amplitude is still nonzero in the Kitaev chain region Fig. [2.5[f).
In the topological phase and at the topological critical point, the even-frequency pair amplitude
in the Kitaev chain region hardly changes with the increase of the chemical potential Figs.[2.5(d)—

P3(6).

To distinguish between the topological and metal—insulator transitions, we plot the even-
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frequency spin-singlet even-parity pair amplitude as a function of the site j in the normal
metal/diffusive normal metal/s-wave superconductor junction in Figs. 2.5(g)-{2.5(i). In the
metallic phase far from the metal—insulator transition point, the even-frequency pair amplitude
vibrates rapidly in the s-wave superconductor and enters into the diffusive normal metal without
vibrations, as shown in Fig.[2.5(g). As shown in [Fig.[2.5(h)], the pair amplitude oscillates at the
boundary between the diffusive normal metal and Kitaev chain, and its wavelength becomes long
in the s-wave superconductor near the metal-insulator transition point. Owing to the zero Fermi
wavenumber, the oscillation of the even-frequency pair amplitude in the s-wave superconductor is
removed at the metal—insulator transition point [Fig.[2.5(i)]. The even-frequency pair amplitude
in the s-wave superconductor decreases as the chemical potential increases. Similar to the
even-frequency spin-triplet odd-parity pair amplitude in the Kitaev chain junction shown in
Fig. [2.5(i), the pair amplitude keeps the nonzero value. Even in the insulator phase, the even-
frequency spin-singlet even-parity pair amplitude enters into the diffusive normal metal unlike

the even-frequency spin-triplet odd-parity in the Kitaev chain junction.

To provide a summary of the proximity effect, the behavior of the odd-frequency spin-
triplet even-parity pair amplitude is far from that of the even-frequency spin-triplet odd-parity
pair amplitude. In the topological phase, the odd-frequency pair amplitude, localized at the
interface between the diffusive normal metal and the Kitaev chain, decreases dramatically at
the topological critical point. The odd-frequency pair amplitude is almost eliminated in the
non-topological phase while the even-frequency spin-singlet even-parity pair amplitude remains
in the Insulating phase in the s-wave superconductor junction. Therefore, we can emphasize
that the odd-frequency pair amplitude is suppressed by the topological transition of the Kitaev
chain. This is due to the existence of Majorana fermions accompanied by the odd-frequency

pair amplitude in the topological phase.
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Figure 2.6: (a)—(c) the local density of states as a function of the energy, and (d)—(f) the
differential conductance (j = —10) as a function of the bias voltage eV, in the Kitaev chain
junction. Parameters are selected as A/t = 0.1, un/t = 0.5, W/t =1, L = 20, §¢/t = 1078, (a)
Jj =10, and (b) j = —10. The Kitaev chain belongs to (a)(d) the topological phase for /¢t = 0,
0.5, 1, to (b)(e) the topological phase near the topological critical point for u/t = 1.95, 1.99,
1.999, and to (c)(f) the topological critical point and non-topological phase for u/t = 2 and
u=2.1.[1]

In order to connect the odd-frequency pair amplitude to the physical quantities in the ex-
periment, we show the local density of states and the differential conductance in Fig. [2.6]
Figures [2.6(a)—(c) show the local density of states p (E, j) /No in Eq. at j = 10 (the dif-
fusive normal metal region) in the normal metal/diffusive normal metal/Kitaev chain junction.
The local density of states is normalized by that at the Fermi energy in the infinite system of
the clean normal metal. The zero-energy peak of the local density of states is generated in the
topological phase [5]], as shown in Fig.[2.6](a). The peak is due to the Majorana fermion enhanc-
ing the odd-frequency pair amplitude in Fig. 2.5(a). As shown in Fig.[2.6|(b), the height of the
peak becomes smaller and the width of the peak is narrower with the increase of the chemical
potential. At the topological critical point, the local density of states at zero energy, however,
remains as depicted in Fig. [2.6] (c). The zero-energy states are linked to the presence of the
odd-frequency pair amplitude [a red plot in Fig.[2.5c)]. This correspondence has been shown by

the quasiclassical approximation [62]]. The zero-energy states disappear in the non-topological
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phase as shown in Fig. [2.6] (c). The disappearance of the zero-energy states is connected with

the suppression of the odd-frequency pair amplitude [a blue plot in Fig. (©)].

(a) (b)
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= b =}
s e S
= -
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Figure 2.7: The peak width of differential conductance in the normal metal/diffusive normal
metal/Kitaev chain junction for (a) the length of the diffusive normal metal L and (b) the strength
of the impurities W. The peak width is defined by half-width at half maximum. Parameters are
selected as A/t = 0.1, un/t = 0.5, = un/t = 0, 6./t = 1078, j = —10, (a) W/t = 1, and (b)
L =20. [1]

We plot the differential conductance as a function of the bias voltage in the normal
metal/diffusive normal metal/Kitaev chain junction in Figs. [2.6] (d)-2.6] (f) Figures [2.6] (d),
[2.6(e), and Fig. [2.6(f) describe plots in the topological phase, that in the topological phase near
the topological critical point, and that in the non-topological phase, respectively. Owing to the
zero-energy surface Andreev bound states and the chiral symmetry, the zero-bias conductance
peak is quantized [54] in the topological phase, as shown in Fig. [2.6] (¢). The peak width
decreases with the increase of the chemical potential [Fig. [2.6](e)]. Because the zero-bias con-
ductance peak is not limited to the quantized value in the absence of a gap [54]], the quantization
is removed at the topological critical point [Fig.[2.6(f)]. The peak of the conductance disappears
in the non-topological phase [Fig. 2.6(f)]. To realize the perfect resonance nature at eV = 0
more clearly, The standard deviation is also plotted in App.[2.10|to investigate the effect of the
impurities on the zero-bias conductance peak.

We focus on the effect of the impurities on the peak width of the conductance. The peak
width is about the Thouless energy and is reduced by the impurities [63]. We plot the peak width

of the conductance as the half-width at half maximum in Fig. The detailed calculation to
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obtain the half-width at half maximum is written in App. [2.8.2] The peak width as a function
of the length of the diffusive normal metal L and the strength of the impurities W is described
in Fig. [2.7(a) and Fig. 2.7(b), respectively. Figures[2.7] (a) and [2.7] (b) show the peak width of
differential conductance oc exp(ciL + ¢a;W) with ¢; < 0 and ¢, < 0. The result indicates that
the impurities highlight the peculiarity of the conductance at zero-bias voltage. Also, the peak

width of the zero-energy local density of states is shown in App. 2.10]

Table 2.1: Summary of proximity effect in the Kitaev chain junction. We show the presence O
or absence X of the proximity effect, the oscillation, the zero-energy peak of the local density
of states, and the quantization of the zero-bias conductance peak in each phase. A indicates that
there is no resonance due to the impurities, but the proximity effect occurs and the zero-energy
peak exists. © represents the strong resonance due to the impurities. [1]]

Odd-frequency Even-frequency Zero-energy Zero-bias
spin-triplet spin-triplet peak of conductance
even-parity odd-parity the local peak

Spatial Spatial density of
Phase Penetration oscillation Penetration oscillation states Quantization ~Width
Topological © X O X O O wide
Topological near
topological critical © O O X O O narrow
point
Topological
critical point O O A x A x x
Non-topological X X X X X X X

Table 2.2: Summary of the proximity effect in the s-wave superconductor junction. We show
the presence O or absence X of the proximity effect, the oscillation, the zero-energy peak of the
local density of states, and the zero-bias conductance peak in each phase. [1]

Even-frequency Zero-energy
spin-singlet peak of
even-parity the local Zero-bias
Spatial density of  conductance
Phase Penetration oscillation states peak
Metallic O X X X
Metallic near
metal-insulator O O X X
transition point
Meta.l-'lnsulaFor o o o o
transition point
Insulating O O X X

Our results about the proximity effect in the Kitaev chain and s-wave superconductor junction

are summarized in Table [2.1{and Table respectively.
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2.6 Conclusion

In this chapter, we investigate the odd-frequency pair amplitude as a function of the site in
the Kitaev chain systems. In the semi-infinite Kitaev chain, the odd-frequency pair amplitude
being localized at the edge is suppressed at the topological critical point. We have shown that,
unlike the case of the topological phase, the odd-frequency pair amplitude spatially spreads
towards the bulk of the semi-infinite system at the topological critical point. Also, we have
found that the normal Green’s function being related to the zero-energy states is equal to the
anomalous Green’s function corresponding to the odd-frequency pair amplitude, numerically
and analytically. Our results have confirmed that the Majorana fermion and the odd-frequency
Cooper pairs have a one-to-one correspondence in the low-frequency limit.

Additionally, we discuss the proximity effect in the Kitaev chain attached to the diffusive
normal metal. The odd-frequency pair amplitude being enhanced at the interface between the
diffusive normal metal and Kitaev chain in the topological phase is reduced near the topological
critical point. The odd-frequency spin-triplet even-parity pair amplitude behaves quite differently
from the even-frequency spin-triplet odd-parity pair amplitude. The absence of the zero-energy
states being generated by Majorana fermion reduces the odd-frequency pair amplitude at the
topological critical point. The odd-frequency Cooper pairs, however, cause the proximity effect
even at the topological critical point. Furthermore, the zero-energy peak of the local density of
states and the zero-bias conductance peak of being quantized exist in the topological phase. The
zero-energy peak of the local density of states becomes reduced and the zero-bias peak of the
conductance is removed at the topological critical point.

We have examined the proximity effect in the Kitaev chain systems. Our work leads to
research in more experimental systems including Rashba superconducting nanowire similar to

the Kitaev chain.

2.7 Derivation of Majorana wave function

We describe the derivation [61]] of the Majorana wave function used in Eq. (2.11)), Sec.[2.4]

The Majorana wave function in the semi-infinite Kitaev chain has been expressed, analyti-
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cally [61]. The semi-infinite Kitaev chain is represented by the Hamiltonian:

Wz—tZ(c cj+1+c]+1c]) ,uZ(c Cj ——) Z(ch Civl +H.c.). (2.15)

Jj>0 j>0 j>0
The Majorana operators
deCj+C;, Bj:i(cj.—c]'), (216)
rewrite the Hamiltonian [Eq. (2.15)] as
i

. P iu .
Hu =5 Z [(t=A)ajbjer — (t+A) bjdjn] - > Z ajb;. (2.17)

j>0 Jj>0

By using Heisenberg equation [ j»H] =0, we obtain the relation of Majorana wave function:
(t+ANaj+(t—-Aaj1+pua; =0, (2.18)

with the Majorana wave function a; instead of the Majorana operator d;. By applying Z-

transform

Zlaj] =) 7 7ay, (2.19)
=1
Z lajm] =2Z [a;] - a1, (2.20)
Zlaj-] =2"'Z[q)], (2:21)
to the relation Eq. (2.18),
Z [aj] = @z (2.22)
! Z2 + AZ + [t+§ . .

is obtained. The Majorana wave function

aj=aCi7! {cos B - D]+ — 5 sin 8 - 1)]} , (223)
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with 8 = arctan (/412 —4A2 — u2/u), C = Vi — A/ Vi + A, and A € (0,1), is derived by the

inverse transformation to Eq. (2.22)),

2.8 Numerical calculation

2.8.1 Recursive Green’s function method

The recursive Green’s function method [6] is useful for calculating the pair amplitude, the
local density of states, and the differential conductance numerically faster in Secs. [2.4] and

The Green’s function in a finite system is defined as follows: The definition of the Green’s

function in the N site system is written by
G=(z-H", (2.24)

with an identity matrix /, the Hamiltonian H, and the degree of freedom f (f = 2 for the Kitaev

chain). Here, z, H, G € C/NXIN 1n the Kitaev chain, f =2 holds. Frequency z is classified as

follows:

iw, (Matsubara Green’s function)
Z=9 E —-id. (advanced Green’s function) (2.25)

E +i6. (retarded Green’s function)

with Matsubara frequency w,, energy E, and an infinitesimal positive number 6.. The Hamil-

tonian is represented by block matrices as

iof 0
AN
H = o , (2.26)
i
0 AN
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with a zero matrix O and ~ standing for a 2 X 2 matrix. Also, we write the Green’s function of

the Hamiltonian [Eq. (2.26)] as follows: Similarly, the Green’s function is written by

[ <(v) 4 (V) (V) |
Gl,l G1,2 T GI,N
SN s '
G=| 2 722 ’ (2.27)
% (N) < (N)
_GN,1 . GN,N_

where the superscript (N) of le(jjv) means the N site system.

L -l
Gu, = (z-a-#6i) (2.28)

i+1,i+1 —

is the most basic relation in the recursive Green’s function method. When the Eq. (2.28) is

applied repeatedly and the initial value Gvgll) = (¢ — )~ is used,
G = (3 - - iGV H! (2.29)

holds.

We derive the relation in Eq. (2.28)). We separate the Hamiltonian into four matrices as

H = , (2.30)

He |Hp
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with

u f 0]
imou 7
Hy = AT : (2.31)
f
0 i
.
0
Hg=| |, (2.32)
-f_
Hc = :ov 0 ﬁ], (2.33)
Hp = u] (2.34)

With the inverse matrix formula for the block matrix, the Green’s function is transformed as

G=(zd-H)

2y — Hy —Hpg
= (2.35)

-Hc zIp — Hp

with identity matrices /4 and Ip with the same size as H4 and Hp, respectively. The Green’s
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function can be specifically expressed as below:

1-1

A+ A-1BS lcA™! | -A-1BS!

-s~lca-! s-1
[ vy (V) <(N) |
G1,1 GI,Z GI,N
<(N)  (N) :
G2,1 G2,2 :
=| _ . (2.36)
< (N) < (N)
GN,I GN,N_

with A =zl —Hy, B=-Hp,C=—-H¢c,D =zIp— Hp,and S =D — CA~!'B. Therefore, the

recurrence relation Eq. (2.28) Thus, the recurrence relation in Eq. (2.28))

-1
<(N) _ -1
G\ = (p-cas)
v (N Al
= (z —a-1GY 111)v_1f) : (2.37)

is derived.

*(N)

We explain the connection between G| and G(MMI)VI The Green’s function after the connec-

tion is represented by

é(M+N) é(M+N)
MM ,M+1

G = X (M+N) % (llll/I/I+A]111-)'- ' (2'38)

GM+1,M GM+1,M+1
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The Green’s functions at the connected site are established as

. . -1 -1
Gl = (Gmw) - iG\\Vr ] : (2.39)
» -1

S(M+N)  _ [ (5N ot 5 (M)

Greipan = [(Gl,l ) - GM,MI] ; (2.40)
X (M+N) _ 4(M+N)y/4(N)
G = G iGN, (2.41)
X (M+N) _ 4(N)yi 4(M+N)
Gl =GIVEGYY. (2.42)

with a hopping matrix 7 between connected sites.

We describe the Mobius transformation to calculate the Green’s function in the semi-infinite
system. We explain the left-hand Md&bius transformation among the left-hand and right-hand

Mobius transformations The left-hand transformation is defined as

B
oY = (AY + B)(CY + D)7!, (2.43)
C D

with A, B, C, D, Y € CN*N_ For Mobius transformation, the relation
Ee (F.Y) =(EF)egY, (2.44)

with E, F € C2NX2N holds.

By using Mdbius transformation, the relation Eq. (2.37)) is arranged as below:

N,N N-1,N-1
v (N 1
=i -t - A6
0 i1
_ % (N-1)
- oGy i no1s (2.45)

where we substitute A = O, B=7"!,C=-i,D=(¢-)f !, and Y = (v}j(\,]\i_lll)v_l in Eq. (2.43).
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The left matrix of the Mobius transformation written in Eq. (2.43) is defined as

0 i
X = (2.46)
—i" (Z-wi!
By using the Mobius transformation repeatedly in Eq. (2.45)), GVEVN])V follows
<(N) _ < (N-1)
Gyn=XoGyN_ 1y
— = (N-2)
=Xo(Xeo GN—z,N—z
1 &0
= X" G} (2.47)
The matrix X is diagonalized as
Ay |
X=0 o, (2.48)
2
y A . A3
A2 Ay

with the eigenvalues A1, A5, A3, and A4 satisfying |41]| < |42] < |43| < |A4|. The infinitesimal

imaginary number being added to energy eliminates the degeneracies of eigenvalues. With

Egs. (2.44), (2.47), and (2.48), (v}](\,N])v is transformed as
/"\N—l
%(N) _ 1 -1 _ &)
GN,N_Q Y N_1 QO oG
A~
]\]lv_1 -1 ()
=0e _le(oec)) (2.50)
AN—I
2
By substituting A = 1V\11V_1, B = é, C = é, D = ]\12\/—1’ and Y = Q‘I.Gvi,ll) in Eq. (2.44), GV,(VNI)\,

46




becomes

— v\
v =0e [AY IY(AIZV 1) ] 2.51)
When we assume
a b
Y = , (2.52)
c d
N-1 N-1
_ 4 (ﬂ) b
v v a
lim AV (AY1) = lim (*2 ) ul
N—oo 1 2 N—>oo A N-1 A N-1
(#) e (2)
3 4
=0 (2.53)

is shown. In the infinite limit of the system size, the Green’s function at the right edge of the
semi-infinite system is obtained by

(2.54)

from Eq. (2.51). We can obtain the Green’s function GV‘I’; at the left edge of the semi-infinite

system by replacing 7 (+7) with 7 (¢) in Eq. (2.46). The Green’s function at the required site is
calculated by using Eqgs. [2.28] (2.29)), (2.39)-(2.42).
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2.8.2 Calculation of peak width

f(x)
Half-width at
half maximum

O X

Figure 2.8: The peak width is defined by the half-width at half maximum. [1]
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Figure 2.9: The method for obtaining the peak width by the false position method. [1]

We explain the method for obtaining the peak width being calculated in Fig. Sec. 2.5
As shown in Fig. [2.8] the peak width is defined as half-width at half maximum. The recursive

Green’s function enables to get the output f(x) from the input x:

E/A (for the local density of states)
X = , (2.55)

eV /A (for conductance)

p(E,j)/No (for the local density of states)

fx) (2.56)

Gnsle?/h]  (for conductance)
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It is, however, difficult to calculate f(x), analytically. Therefore, the half-width at half maximum

is calculated, numerically. We search for the solution of
1
f@) = 31(0). @.57)
This is equivalent to solving g(x) = 0 shown below:
1
§(x) = F() = 5£(0). 2.58)

The half-width at half maximum is obtained by using the false position method Algorithm|[I]and

solving g(x) = 0.

Algorithm 1 False position method [1]]

1: Initial value: ag,bg, Solution: ¢ € [aq, bo]
2: fork=0,1,2,... do
3. e, = 2x8br)-biglar).

o glbp)-glar) >

4: if g(br)g(ck) < 0 then
5: Qg+l = Ck;

6: brs1 = by;

7: else

8: bis1 = ci;

9: Ap+] = Ag;

10: end if

11: if |g(cr)| < dor|ars — bis1| < € then
12: break

13: Cr — C;

14: end if

15: end for

We describe the false position method being depicted in Fig. [2.9] We first set the initial
values a, by where the solution of g(x) = 0 s contained in [ao, bo]. As shown in Fig.[2.9|(a), we
define ¢ as the intersection of the line (ao, g(0))—(bo, g(bo)) and the x-axis [Fig.[2.9(a)]. For
g(ao)g(co) < 0, weselecta; = apand by = ¢ because one solution exists in in [ao, ¢o] [Fig.[2.9]
(b)]. For g(cp)g(bg) < 0, we select a; = cg, by = by because one solution exists in [cg, bo].
As depicted in Fig. (c), we next define the intersection of (ay, g(ay)) and (b1, g(b1)) as
c1 By repeating the above operation until the convergence condition is satisfied, the solution is

obtained as the half-width of half maximum. Specifically, we select the parameters as ag = 0,
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bo=1,6=10"'2and e = 10714

2.9 Analytical approach for Green’s function

For A = t, We derive the Green’s function similarity [Eq. (2.10)]
—Im [Gl,l] =Im [Fl,l] s

written in Sec.[2.4] We use the recurrence relation shown in Eq. (2.29)

(i e\l
Gl = (z-a-iG0F) (2.59)
with
iw, 0 —u 0
Z= , U= ; (2.60)
0 iwy 0 u
B N B
i= —1 2.61)
AN -1 1

We substitute G; and ¥ for (V?gl)l and Z — u, respectively. Because of the singularity of 7, the
matrix X in Eq. (2.46) cannot be diagonalized to obtain the Green’s function at the edge of the

semi-infinite system. The Green’s function G satisfying Eq. (2.59) is transformed as follows:

. . -1
Giy1 = (V - fGifvT)
Vil — &i —&i
—&i V22 — &i

1 V22 — &i 8i
= SR ’ o, (2.62)
Vi1V22 Vi1 +Vv22)8&i gi Vi — &
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with g;

w=26),-(0), (@), + (6,

gi+1 is expressed by v as follows:

g1 viitva—4g;
2 vivae — (vin+v22) g
1 Vil — v22)?
= —{4+ 11 ~ v20) } (2.64)
Vil + Vv vitvae — (it +v2) &i

We separate situations into g = 0 and u # 0.
Equation (2.64) is simplified for u = 0 as

212
8i =8 = (2.65)

iwy,

In the infinite limit of the system size, Eq. (2.62) satisfies

v 1 722 — 8o 8o

© z11z22 — (211 + 222) 8o

(o)

8o 211 — 8o

1 w2 +2t> =212
= (2.66)
iwp(wy +417) | _pp2 w2 + 21

where —Im[(Gw)11] — o0 and —Im[(Gs)11] — oo in the low frequency limit w, — 0. By

focusing on Eq. (2.60)), the relation of the Green’s function is shown as

u)l:r_r)lo {Im [Gl,l] + Im [Fl,l]}

= Jim, {im(G.c), [+1m (), [}

_wn

lim
w,—0 CL)% + 4t2
=0,

© - lim {Im[G1,]} = lim {Im[Fy,]}. (2.67)
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For u # 0, denoting o and 8 as We redefine « and g for u # 0 as follows:

@ =V +Vv

= 2iw,, (2.68)
B=viivn
— 0’ - (2.69)

In the infinite limit of the system size, go [Eq. (2.64)] is written by

8o _ @~ 48w
2 B-age
B+41% £ \/ (B +412)* — 4o
2«
By using Eq. (2.62), G is expressed by
. 1 Wy — 1L~ 8o 8o
Go = 3 5 . 2.71)
TWn T T A8 8o iwy + H— 8o

By assuming the plus sign in Eq. (2.70) and using Eqgs. 2.68(2.70)), two types of the Green’s

function lim,,, ,0 @g« and lim,,, o Im [g«] are obtained as below:

1
lim @ge = lim = {—wﬁ — > +47 4 \/(—w% — 2 +412)° + 16w,%r2}

w,;,—0 w,,—0 2

0 (Non-topological)

= , (2.72)
—1? + 41> (Topological)
1 2482 2_412\?
lim Im [geo] = lim —= |—cw, — & + \/(—wn _H ) + 162
wp,—0 wp—0 4 [ Wy,
1 (-4 |u2—4z2|)
~ lim - -
w,—0 4 Wy Wy
0 (Non-topological)
= . (2.73)

—co  (Topological)
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Equations 2. 71(2.73)) provide

— lim Im
wn—0

(6],

Wy — Im [gOO]

2
n

lim
=0 W5 + U + ageo

0 (Non-topological)
potos , (2.74)
oo (Topological)
. Im [go]
im
=0 —wy = 12 = ageo

0 (Non-topological)
. (2.75)
oo (Topological)

The fact, that the Majorana fermion exists in the topological phase and does not appear in the

non-topological phase, corresponds to Eq. (2.74]). Similarly, we next assume the minus sign in

Eq. (2.70). Then, we obtain

— lim Im
wn—0

lim Im
w,—0

The fact, that the Majorana fermion exists

oo (Non-topological)

= , (2.76)
0 (Topological)
oo (Non-topological)

= polos . (2.77)
0 (Topological)

in the topological phase, conflicts with Eq. (2.76).

Therefore, it is correct to choose the plus sign in Eq. (2.70). With Egs. (2.74), and (2.75),

the similarity of the Green’s function is proved as

lim {Im [Gy1] +1Im [F,]}

v

= lim {Im[(G
w,—0
o,
= lim {
w,—0 —Wy
wl+412
=0,

o - limo {Im [Gl,l]} = limo {Im [Fll]} .

o0

v

G

Jul ¥ (G5), ]

(Non-topological)
(Topological)
(2.78)

(2.79)
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Peak Width of LDOS
Peak Width of LDOS

§ I I I I . 10_5 = I
10 20 30 40 50 60 1 1.5 2

L 4

Figure 2.10: The peak width of the local density of states at zero energy for (a) the length of the
diffusive normal metal L and (b) the strength of the impurities W in the normal metal/diffusive
normal metal/Kitaev chain junction. uny = ¢ =0, A/t = 0.1, ./t = 108, j=L/2, (aW=1,
and (b) L = 20. [1]]

0.3

K 0.2

0.1

_4 —9 0 2 A
eV /A 1073

Figure 2.11: Standard deviation o of differential conductance for the bias voltage eV in the
normal metal/diffusive normal metal/Kitaev chain junction. A/t = 0.1, ux/t = 0.5, W/t = 1,
j =-10, and 6./t = 108, We focus on the topological phase for u = 1.99, 1.95, 1.999. [1]
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2.10 differential conductance in a Kitaev chain junction

In this section, we investigate the effect of the impurities on the local density of states and
the differential conductance in the normal metal/diffusive normal metal/Kitaev chain junction
shown in Sec. 2.5 Similar to the peak width of the conductance, we plot the half-width at half
maximum of the local density of states as a function of the length of the diffusive normal metal L
and the strength of the impurities W in Figs. (a){2.10|(b). As aresult, we find the following
behavior of the peak width of the local density of states oc exp(c;L + ca;W) with ¢; < 0 and
¢y < 0.

To show the robustness of the zero-bias conductance, we plot the standard deviation of

differential conductance Gns being defined by

L RS0 _ g
o= J — > [eW -6 (2.80)
max =1

with the differential conductance G%\IS being calculated for the /th time and the average con-
ductance Gl(\?svg') being calculated by different impurities. For u = 1.95, 1.99, and 1.999, the
standard deviation of the conductance is plotted in Fig. There is almost no variation in the
conductance at zero-bias voltage. The result shows that the proximity of the zero-energy states

is robust against impurities [64]. Thus, we support the robustness of the zero-bias conductance

against impurities, numerically.
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Chapter 3

Odd-frequency Cooper pairs in a p-wave
superconductor with multiple Majorana

fermions

3.1 Introduction

The number of Majorana fermions, corresponding to the winding number, that can exist at
each edge of the Kitaev chain is one. Considering higher-order hopping and magnetic fields in a
p-wave superconductor with spin degrees of freedom allows us to access topological phases with
multiple Majorana fermions [8,165]. There is a one-to-one correspondence between the Majorana
fermions and the odd-frequency Cooper pairs [66, 3, 14} [1]. Specifically, in the low-frequency
limit, the amplitude of the normal Green’s function (corresponding to the Majorana fermions) is
equal to that of the anomalous Green’s function (the odd-frequency pair amplitude) 3,4, 1]]. The
odd-frequency pair amplitude, accompanying the Majorana fermions, has a 1/w dependence,
where w is frequency [4]. In addition, the sum of the odd-frequency pair amplitude is related to
the winding number that is extended to a finite frequency in a limited semi-infinite system with

chiral symmetry: spectral bulk-boundary correspondence [4), 67]].

This chapter is based on arxiv:2112.01009 (2021) [7]

57



This chapter aims to distinguish the number of Majorana fermions in terms of the odd-
frequency Cooper pairs and to elucidate the spatial dependence and spin structure of the odd-
frequency pair amplitude, in the p-wave superconductor with the multiple Majorana fermions.
In the semi-infinite system with the multiple Majorana fermions, it is not easy to distinguish the
topological phases with the different topological numbers (winding number) by focusing on the
local density of states at the edge. This is because these Majorana fermions appear as the same
zero-energy states. Therefore, we have concentrated on the odd-frequency Coper pairs that have
been useful for understanding the topological properties and transport phenomena of the Kitaev

chain [1, 68]].

First, we investigate the system size dependence of the odd-frequency pair amplitude with
and without magnetic fields that break chiral symmetry. The system size dependence provides
three pieces of information: the parity of the number of the Majorana fermions at the edge, the
number of low-energy modes corresponding to the Majorana fermions with different localization
lengths, and the fingerprints of the Majorana fermions. Also, we present the spatial dependence
of the odd-frequency f vector representing odd-frequency pair amplitude and the spin structure
of odd-frequency Cooper pairs. Here, the vector is defined by imitating the d vector that
characterizes spin-triplet superconductivity. We find the following two results. The vector
is fixed in the same direction in any topological phase. The spin direction of odd-frequency
Cooper pairs tends to point toward the direction of the magnetic fields. Our findings show that
odd-frequency Cooper pairs can be an indicator for the detection of multiple Majorana fermions

and the distinction among topological phases.

This chapter is organized as follows. In Sec.[3.2] we introduce the model of a p-wave
superconductor with multiple Majorana fermions. In Sec. [3.3] we explain how to calculate
odd-frequency pair amplitude from Green’s function. Then, we provide the system size depen-
dence of low energy mode corresponding Majorana fermions and odd-frequency pair amplitude
in Sec. In addition, we present the spatial dependence of the odd-frequency f vector rep-
resenting odd-frequency pair amplitude and the spin structure of odd-frequency Cooper pairs
in Sec.[3.5] In Sec.[3.6] we discuss a model for detecting evidence of the multiple Majorana

fermions. Finally, We conclude our work in Sec. 3.7
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3.2 A p-wave superconductor with multiple Majorana fermions

A h: Magnetic field

<)
o !

Majorana fermion
H o o M.
4 , p-wave superconductor | 1‘L
Figure 3.1: A Sketch of a p-wave superconductor (red tube) with magnetic fields. The
superconductor lies in x direction. The magnetic fields (d vector) are applied in the y-z (x-y)

plane. Hopping is considered up to the third nearest neighbor sites: (1, t2, £3). j: site, L: the
number of sites in the system.

As the model for investigating the multiple Majorana phases, we introduce a p-wave super-
conductor with magnetic fields [8] shown in Fig. [3.1]

The Hamiltonian of the system on the lattice is written as

7‘(:7”[N+7‘{h+'7‘(s, (3.1)

_ T . _ T . T .
Hn = —u Z (cj’gc],g) Z t, (CJ.JCJW,(r + cj.ﬂ/ﬂc],g) ,
Jo

J,ov

— Z (h . 0')0.,0./ Cj',o'cj,o'"

j,o,o’

H = 3 |Avoc] pel,y , +He . (3.2)
Jj.o

where ¢ -, u, t,, h = (hy, hy, hy) = (0, hsin@, hcos 0), and A, (€ R, assume spin-polarized
case: the component d, = 0 of d vector) denote the annihilation operator with a spin o at a

site j € [1, L], chemical potential, the v-th (v = 1,2, 3) nearest-neighbor hopping, Zeeman
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potential, and pair potential, respectively [8]. H.c. means Hermitian conjugate and o are Pauli

matrices.

The Hamiltonian of the system with L sites can be expressed in the block matrix form as

where H = (1/2)[C],C],..

<>
Il

~>
=
Il

h =

0 h

i oa

. il
il

o il

LCIHIC, G, . .

-—u—hz ihy
—ihy  —u+h;

0 0

0 0
-—tl 0 Ap
0 - O
Ay 0
| 0 -Ay O
5, 0 0 0
0 - 0 0
0 0 7 0
[0 0 0 1]

Hh 3 O
f] fz fg
i fh b
ioa
hoiloa
0
0
M+ hy
~ih,
.
Ay
o |
n
, b=

60
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By applying Fourier transformation to Eq. (3.1I), we get the Hamiltonian in k space as

H(k) = Y e(k)c) ko= D (W-0)ggch cro

k,o k,o,0’
+ ) [ sinke] , +Hel, (3.5)
k,o

where k is the wavenumber and (k) = —u — 2t; cos k — 2t cos 2k — 2t3 cos 3k. Equation (3.5)

is rewritten in matrix representation:

(k) —h, ihy 2iAp sink 0
—ih, e(k) +h 0 2iA|| sink
H(k) = ’ Z N , (3.6)
—2iAypsink 0 —&(k) + h; ih,
0 —2iA}| sink —ihy —e(k) — h,
where H (k) = (1/2) Xx CZH(k)Ck + const. with the base Cy = [cy 1, ci |, cik - cik l]T'
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1 1
N W

MF

1o/t

Figure 3.2: A topological phase diagram in the p-wave superconductor with the magnetic fields
as a function of 1, and 73: Ay = 0.18¢1, A} = 1.8¢;. The topological phases with the multiple
Majorana fermions (MFs) (w > 2) are available for t,, t3 > t;. Parameters: 8 = n/4, h/t| = 2,

u/ty = 1. [1]

The winding number, telling us the number of the Majorana fermions at the edge of the

system, is calculated from the Hamiltonian in k space shown in Eq. (3.6):

-1 T
w=-— [ Tr[CH '(k)oxH(k)] dk
Ari J_,

0 (trivial)
- (3.7)

1,2,3,4 (topological).

I' = 1,0, defined for i, = 0, means the chiral operator satisfying {I", H(k)} = 0. In this system,
the topological phase with w > 2 can be achieved by controlling the parameters [[8] as shown in
Fig. The d vector (d = [(A}} — Ap)/2, (Ap + Aj)/2, Aqy]), characterizing the spin-triplet

pairing, having more than one component and long-distance hoppings (#; and #3) are necessary
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conditions to get 3 and 4 MF (Majorana fermion) phases.

(a) 0 MF: tz/fl = 2.75, [3/l1 =0.5

5/ | ]
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(b) LMF: to/ty =1, 13/t; =1 (C) 2MF: 1o/, =0.25, 13/t = 1.25
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Figure 3.3: (a)—(e) Energy bands of normal states (A1; = A} = 0) in Kk space. (a) 0 MF, (b) 1
MF, (c) 2 MF, (d) 3 MF, (e) 4 MF phases, where MF means the Majorana fermion. Parameters:
O=n/4, h/t; =2, u/t; = 1.

The importance of long-distance hopping can be understood from the energy dispersion of

the normal states in k space. The energy dispersion, shown in Fig. [3.3(a)-{3.3](e), is calculated
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as E = g(k) = h by the diagonalization of the upper left 2 X 2 block matrix in Hamiltonian
[Eq. (3.6)]. The number of Fermi points (intersections of energy bands and E = 0) is more
in the 2, 3, and 4 MF phases [Figs. [3.3(c)-3.3(e)] than in the 1 MF phase [Fig. [3.3(b)], with
the exception in the 0 MF phase [Fig. [3.3(a)]. To have several Fermi points, £(k) needs to
contain high-frequency components such as cos 2k and cos 3k. Higher-order hoppings #, and
13 are a prerequisite for accessing the 3 MF and 4 MF phases in this system [In the strict sense,

higher-order hopping promotes the sign changes in the real and imaginary parts of Eq. (3.21))].

3.3 Calculation of pair amplitude by Green’s function

To relate the multiple Majorana fermions and the odd-frequency Cooper pairs, we calculate
the ground state energy corresponding to Majorana fermion and the odd-frequency pair ampli-
tude. The ground state energy can be obtained from the diagonalization of the Hamiltonian in the
real space H in Eq. (3.3). The odd-frequency pair amplitude is calculated from the Matsubara
Green’s function. For the large system, we use the recursive Green’s function method [6]] to
calculate the Green’s function at the required site numerically.

The Green’s function at the site j, j’ is defined as

Gliw, j,j) = {liol - H]‘l}j,j/

Gj,j’ (la)) Fj,j’ (la))

5 3 (3.8)
Fijp(iw) Gjj(iw)

where I represents an identity matrix. G(G)[F(F)] means the normal Green’s function in
the electron-electron (hole-hole) space [the anomalous Green’s function in the electron-hole
(hole-electron) space] with the 4 X 4 sizes, and w is Matsubara frequency. Each local Green’s
function can be decomposed into spin components T and |. For example, the anomalous Green’s
function is expressed as

F: F: o
Fj,j' _ |1 S0 L0l ’ (3.9)

Fipir Fijll
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and G, G, and F are described, similarly.

The Matsubara Green’s function shown in Eq. (3.8)) gives the odd- (even-) frequency spin-

triplet s-wave (p-wave) pair amplitude:

fo(e) — [fxO(e)’fyO(e)’sz(e)]

o(e) _ ro(e) o(e) o(e)
u e T e

= 2 ’ 2i ’ le ’ G0
o : 1 ] .
() = A [y i) = Fy (i) 1D
N [ Fimee (o) = Fi jee (i)
foor(J) = 5 2
+Fj,j+1,«r,af(—i“’) ; Fi1joo (Ziw) (3.12)

where the superscript © and € stand for the “odd” and “even” frequencies, respectively. Note that
we only focus on the odd- (even-) frequency spin-triplet s-wave (p-wave) pair amplitude although
there are Cooper pairs with other symmetries. Here, we define the odd- and even-frequency pair

amplitude as the vector form £°(®) to discuss the spin state of these Cooper pairs.

To get the Matsubara Green’s function in the large finite system efficiently, we use the

recurrence relation of the recursive Green’s function method [6]. The recurrence relation
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increasing sites to the “right” in

the recursive Green’s function is given by

g(L”) = (EL)”og(LO), (3.13)
(n) (n) (n)
Gn—2,n—2 Gn—2,n—l Gn—Z,n
— | bo ™ _ | (n) (n)
=L = ’ gL - Gn—l,n—Z Gn—l,n—l Gn—l,n ’
L du (n) ) (n)
i Gn,n—2 Gn,n—l G”J”
oI o 0O 0 0
a,=0 o I|. bL=|0 0 0],
0O 0 O it o o
O 0 O —bist T 0
cw=l0 0 O, du=| -ff;' o0 I} (3.14)
—f; —f; —f}L (ia)—u)fgl 0O O

where Gﬁ"]) means the local

Green’s function at the j,j’ site in the system with n sites. The

operator g represents the left-hand Mobius transformation defined as

ey = (AY + B)(CY + D)”! (3.15)

with the square matrix A, B, C, D, and Y with the same size as each other. Similarly, the
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recurrence relation increasing sites to the “left” is obtained by

g = (Er)" 08y, (3.16)
(n) (n) (n)
N L GE;f) GE;@Z) GEJS
=R = cx dn » 8r T |Gy Gyy Gzl
- Gy} Giy Gij
000 00 #!
aR=|[ 0 0|, br=1{0 0 O
0170 00 0
~f ~f —f3 0 0 (iw-uwi'
ck=|0 0 0|, dr=|[ 0 i (3.17)
0 0 0 o7 -#i!
The local Green’s function after connecting gﬁm) and gl(z") is written as follows:
G52 Goamet Gl
e I R P i (3.18)
G Gy Gl

We can get the local Green’s function at the required site in the finite system by combining

Eqgs. (3.13)(3.16), and (3.18).

3.4 Low energy states and odd-frequency pair amplitude

In this section, we would like to elucidate the property of the Majorana fermion. In the semi-

infinite system with the multiple Majorana fermions, it is, however, not easy to distinguish the

topological phases with the different topological numbers (winding numbers) by focusing on the

local density of states at the edge. This is because the energy states hosting Majorana fermions

belong to the same zero energy. Therefore, we have investigated the system size dependence of

the low energy spectra and that of the odd-frequency pair amplitude. Moreover, we have added
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the perturbation breaking the chiral symmetry which removes the multiple Majorana fermions.

(a) LMF: fo/t;=1,13/t; =1 (b) 2MFs: 1o/t =0.25, 15/t = 1.25
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Figure 3.4: (a)-(d) Low energy spectra as a function of L in the (a) 1 MF (b) 2 MF (c) 3 MF
(d) 4 MF phases. For i, # 0 (O and A plots), the chiral symmetry protecting Majorana fermion
is broken. ATT =0.181, All =1.8t,0 = 7T/4, h/l] =2, ,u/t1 =1.

To describe the interference of Majorana fermions at both edges, we have shown the spatial
dependence of the low energy spectra as a function of the system size in Figs.[3.4(a)-3.4(d). They
have been calculated by the diagonalization of the Hamiltonian in the real space in Eq. (3.1).
The energy modes are labeled Eq, E,, E3, and E4 in ascending order. These four values of
energy correspond to the Majorana fermions, and these energy spectra are normalized by the
effective energy gap Eg at each system size. For example, in the 1 MF (2 MF) phase, Eg is the
second (third) smallest energy.

With the chiral symmetry, since multiple Majorana fermions phases can be achieved, the
smallest energy modes, related to Majorana fermions, approach zero as the increase with the
system size [solid line plots in Figs. [3.4(a)-3.4(d)]. In the 1 MF phase, shown in Fig. [3.4(a),

E| decreases and approaches zero with an oscillation as the system size increases. In the 2 MF
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phase, shown in Fig.[3.4(b), E and E» go to zero with degeneracy. These two energy modes are
less oscillating. The three energy modes in the 3 MF phases show different behavior compared
to the 2 MF phases as shown in Fig. [3.4[c). The energy E; approaches zero faster than E, and
E5 with the increase of the system size, and it has a large fluctuation while these degenerate
E, and E3 have little oscillation. In Fig.[3.4(d), the four energy modes in the 4 MF phase are

divided into two ones, and the energy ones E; and E; are fluctuating for L < 1000.

The O and A plots in Fig. [3.4] depict the energy spectra as a function of the system size for
h./t; = 107,1072. The nonzero h, means the perturbation breaking the Majorana fermions
which are protected by the chiral symmetry. In the 1 MF phase shown in Fig. [3.4(a), the energy
spectrum does not change regardless of the magnitude of the perturbation. In the 2 MF phase,
the degenerate energy modes do not go to zero but converge to a nonzero value as shown in
Fig. b). The converged value is on the order of Eyp/Eg ~ hy/t;. In the 3 MF phase,
when a large perturbation is applied, the two degenerate energy modes become constant with the
increase of L [Fig. c)]. The nonzero value is about Enig/Eg ~ 10k, /t;. Although the other
energy mode changes to a gentle slope, it decreases toward zero. Figure [3.4(d), in the 4 MF
phase, shows that the four energy modes converge to nonzero values. These converged values
are on the order of Eyg/Eg ~ hy/t; or 10k, /t;. From these results, it can be seen that it is not
easy to detect the zero-energy state in the phase with an even number of Majorana fermions when

magnetic fields are unintentionally applied in the x direction that breaks the chiral symmetry.

69



LMF: to/ti=1,15/t1 =1 (b) 2MF: 1/t =025, 15/t = 1.25

®

_ 04 _ 104
= 20 =120
- . 1t (U OO 00 000U
[N o
1.5}
= & 0. ]
g | g 06] |
. —th=0 047 —Chx=0
8 0.5 O: hy/r; =107 8 O: hy/1; =107
"%; | A/t =102 "é 0.2) A:njt =102
O “100 200 300 400 500 O 2,000 ,000 6,000
System size L System size L
(c) 3MF: 1o/t =2,13/t; =15  (d) AMF: to/t; =1,15/t1 =2
> 104 o= 104
&1 25 0.8
g 0.8/ S 6 |
< 0.6 b o
© [4y) A N
0.4} —h =0 - < — =0
8 ol O:h/n=10"| 0.2 O: h /=107
M 5 A: b/t =102 a3 A/t =102
© I I I ©
O ,000 4,000 6,000 ®) 2,000 4,000 6,000

System size L System size L

Figure 3.5: The x component of the odd-frequency pair amplitude at the edge j = 1 as a
function of the system size L in the (a) 1 MF (b) 2MFs (c) 3MFs (d) 4MFs phases. 6 = /4,
A = 0.18t1, Ay = 1.8t1, h/ty =2, u/ty = 1, w/t; = 1073. For hy # 0 (O and A plots), the
chiral symmetry protecting Majorana fermions is broken. [7]]

To correlate the multiple Majorana fermions and odd-frequency Cooper pairs, we demon-
strate the odd-frequency pair amplitude enhanced by Majorana fermions. According to a spec-
trum bulk boundary correspondence, the x component of the odd-frequency f vector is closely
related to the number of Majorana fermions in this system [Appendix [3.9]]. For that reason, we
have focused on the x component of the odd-frequency f vector as a function of the system size
in 1, 2, 3, and 4 MF phases [Figs. @Ka)«@kd)]. These values are calculated by the Matsubara
Green’s function as written in Eqs. (3.8)), (3.11), and (3.16).

We first explain the case where the system has chiral symmetry [the solid lines in Figs.[3.5(a)-
[3.5(d)], similar to the energy spectra shown in Fig.[3.4] In the 1 MF phase, the odd-frequency
pair amplitude increases sharply near L = 50 with an irregular oscillation, and saturates for
the large L as shown in Fig. [3.5(a). Although the 2 MF case is similar to the IMF one, the
pair amplitude is enhanced with a regular oscillation [Fig. [3.5(b)]. In the 3 MF and 4 MF
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cases, these odd-frequency pair amplitudes have two plateaus, and they are fluctuating before
the first plateaus as shown in Figs. [3.5(c) and [3.5(d). These two plateaus are corresponding to
the two energy modes shown in Figs. [3.4(c) and[3.4(d), and they tell us the existence of multiple

Majorana phases.

Additionally, we have investigated the change in the odd-frequency pair amplitude when
the chiral symmetry is broken. The O and A plots in Figs. [3.5(a)-3.5(d) show how the odd-
frequency pair amplitude at the edge of the system changes with increasing the system size for
hy/t; = 107 and 1072, respectively. When the order of the perturbations /, is similar to that
of the Matsubara frequency w, the single plateaus in the 1 MF and 2 MF phases and the double
plateaus in the 3 MF and 4 MF phases are still kept [the O plot in Figs. [3.5(a){3.5(d)]. Even if
small magnetic fields that break chiral symmetry are applied, the odd-frequency pair amplitude

at a finite frequency tells us the remnants of the multiple Majorana fermions.

For the large perturbations compared to the Matsubara frequency, the single plateau in the
1 MF phase does not change [the A plot in Fig. [3.5(a)]. The two plateaus in the 3 MF phase
are transformed into one plateau structure [the A plot in Fig. [3.5(c)]. The odd-frequency pair
amplitude, in the even number of Majorana fermions phases, is suppressed, and the single and
double plateaus vanish [the A plot in Figs. [3.5(b) and [3.5(c)]. It is because that the energy
modes, enhancing the odd-frequency Cooper pairs, with the same localization length are mixed

by the chiral symmetry breaking and the degeneracy at the almost zero energy can be solved

[This can be read from Figs. [3.4(c) and [3.4(d)].
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3.5 Spatial dependence of odd-frequency pair amplitude
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Figure 3.6: The spatial dependence of the odd-frequency f vector in the (a) 0 MF (b) 1 MF (c)
2 MF (d) 3 MF (e) 4 MF phases. 6 = n/4, App/t; = 0.18, Ay /t; = 1.8, h/ty =2, pu/t; = 1,
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1.4 x 1072
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The next important thing to understand the relationship between the multiple Majorana
fermions and odd-frequency Cooper pairs is the spin texture of odd-frequency pair amplitude.
To evaluate the spin texture, we define the f vector of the odd-frequency pairing as Eq. (3.10)), as
well as the d vector of the spin-triplet superconducting pair potential. In this section, we analyze
what kind of spatial dependence the odd-frequency f vector has and how the spin texture of it is

related to that of the d vector.

Figure 3.6 shows the spatial dependence of the odd-frequency vector. It is calculated by the
recursive Green’s function’s formulation [Eqgs. (3.13), (3.16), and (3.18)] In the 0 MF phase, the
components of the odd-frequency f vector are small, and spreads throughout the system with
oscillations as shown in Fig.[3.6(a). In the 1 and 2 MF phases, the odd-frequency pair amplitudes
are strongly localized at the edge of the system [Figs. [3.6(b) and [3.6(c)]. On the other hand, in
the 3 and 4 MF phases, the pair amplitudes have large values with oscillations at the edge, and

it spreads toward the center compared to in the 1 and 2 MF phases [Figs. [3.6(d) and[3.6(e)].
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Figure 3.7: Energy bands (E > 0) of superconducting states in k space. (a) 0 MF, (b) 1 MF,
(c) 2 MF, (d) 3 MF, (e) 4 MF phases. (f) The comparison of lowest energy states in each phase.
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These behaviors of the odd-frequency pair amplitudes can be explained by the magnitude
of the superconducting gap in k space. This is because the spread of the odd-frequency pair

amplitude in a superconducting state is about the coherence length & o 1/A where A means

74



a superconducting gap. Figures [3.7(a)-{3.7(e) depict the electron part (E > 0) of energy
dispersions in 1-4 MF phases. These energy bands are calculated by the diagonalization of the
Hamiltonian [Eq. (3.6)] under a periodic boundary condition. The smallest gaps in the 0, 1, 3,
and 4 MF phases are located near k = 1 while that in the 2 MF phase be near k = 7. We also
show a comparison of the superconducting gap sizes in Fig. [3.7(f). Comparing Figs. [3.6(a)—(e)
and Fig. we can find that the magnitude of the spread of odd-frequency pair amplitude is in

ascending order of the minimum gap.
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Figure 3.8:  The direction of the odd-frequency f vector: f* = [Imf?,Re 1y Ref?]=
[1I1£%/]| sin 6 o COS @ fo, [l£°7|| sin 6 fo sin @ o, |I£°7|| cos 0] in the (b) 0 MF (c) 1 MF (d) 2 MF
(e) 3 MF (f) 4 MF phases. The unit vector £*’/||f*’|| (upper figure) and the angle of the vector
@ o, 00 (lower figure) are plotted as a function of site j. We focus on near the edge of the
system (j € [1,140]). 6 = n/4, Ayp/ty = 0.18, Ay /ty = 1.8, h/ty = 2, u/t; = 1, L = 5000.
w/ti = Eg/2: (a) 2.3 %1073, (b) 3.3x 1072, (c) 2.9 x 1072, (d)12><10‘2 (e) 1.4 x 1072 - o

and 9}0 @yo and 0o when hy — —hy,. [7]
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To see anisotropies of the odd-frequency pair amplitude, we illustrate the direction of the odd-
frequency f vectors f* = [Imf°, Re /ysRef?] [Fig. a)] normalized by themself, as shown
upper panels in Figs. b)f). Also, we depict the angle of the vectors 6o, {tanf o =
\/(Irnfxo)z + (Refy)?/Ref?, 0 € [0,7]} and ¢yo, {tangpo = Refy/Imf, @0 € [0,27]} to

capture their direction clearly in lower panels in Figs. [3.8(b)-{3.8(f). Particularly, we focus on

near the edge of the system j € [1,140] to correlate the vectors to the edge states. In the
trivial (0 MF) phase, the sign of the y and z components changes frequently [Fig.[3.8(b)]. On
the other hand, in the topological (1-4 MF) phases, the sign of the x component change near
the edge but ¢ and 6o become constant with small oscillations slightly away from the edge
[Figs. [3.8[c){3.8(f)]. Moreover, the odd-frequency f vector, in each topological phase, points in
almost the same direction [This behavior is not seen in the even-frequency f vectors as shown

in Appendix [3.10]]. The fixed vectors point slightly positive from the x axis to the y and z axis.

To investigate the effect of the magnetic fields on the orientation of the odd-frequency f
vector, we change the sign of 4,. Here, the sign of &, does not depend on the winding number
[Appendix . The angles ga}o and 0}0 represent ¢ ro and 6 ro when the sign of £, is inverted,
respectively. As can be seen from Figs. [3.8(b)-{3.8(f), 6§ ro becomes 7 — 6 yo for the sign inversion

of hy, while ¢ o does not change. In other words, the sign inversion of 4, inverts the sign of f;.

It can be understood from the analytical calculation in the bulk that the y component of
the magnetic fields affects the z component of the even-frequency f vector. We calculate

even-frequency spin-triplet f vector in the bulk |*| as

£ = < [(Bgr + AR sink +2(Agy = Ay)eh: sink + (Agy + Ay k] sink
+ (ATT + All)wz sink + 4ATTAll(ATT + Au) sin3 k + (ATT + Au)sz sin k]
1
1y = 3 1A = Ak sink = 2(Aqy + Ay )ehe sink + (Aqy = Ay ki sink
+ (Au - ATT)U)Z sink + 4ATTAU Sil’l3 k + (Au - ATT)SZ sin k]

1
FE = 51280 = Ay hyhe sink +2(Agq + Ayy)ehy sin k| (3.19)

Z

xodd-frequency spin-triplet pair amplitude does not exist in the bulk
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with

A =k} +2[15 + w? +2(A% + A7) sin® k — 87] b} + 8(AL, — A])eh sin® k + hy

+2(w” +4AnA | sin® k — €5 + ' + 2[2(A%T + A7) sin® k + &7 | w?

+ 16A%, A sin® k +4(A% + Ay)e” sin® k + €*
by taking the inverse [Eq. (3.8))] of the Hamiltonian [Eq. (3.5)] in k space and using Eqs. (3.10)
and . As you can see Eq. , /% is an odd function of hy while f7 and f are even
functions of it. The sign change of f? vector, caused by the operation hy, — —h,, is inherited
from the nature in the bulk. This is because a translational symmetry breaking generates
odd-frequency spin-triplet even-party Cooper pairs from even-frequency spin-triplet odd-parity

ones.
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Figure 3.9: The spatial dependence of the spin of the odd-frequency Cooper pair states
(°) o if® X £°°. (a) 0 MF, (b) 1 MF, (c) 2 MF, (d) 3 MF, (e) 4 MF phases. 6 = n/4, h/t| = 2,
u/ti = 1. w/t; = Eg/2: (a) 2.3 x 1073, (b) 3.3 x 1072, (¢) 2.9 x 1072, (d) 1.2 x 1072, (e)
1.4x 1072,

In this system, the nonunitary state is important for accessing the phase with multiple
Majorana fermions. The matter can be understood from the structure of the winding number

that is mentioned in Appendix [3.8] To investigate the nonunitary state of the odd-frequency
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Cooper pair {o°), we calculate a cross vector {o°) o« if® x f°* from the odd-frequency f vector.
The cross vector takes a nonzero value for the nonunitary states.

The spatial dependence of the cross vectors in the 0—4 MF phases, shown in Figs. [3.9(a)—
[3.9(e), are similar to that of the pair amplitudes in Figs. [3.6(a)-{3.6(e). They are on the order
of about the square of the pair amplitude. In the first place, the spin state of pair potential
(o) oc id xd* is obtained as id xd* = [0, 0, (A%T - Ai)/2] where we assume d; = 0 and Ay and
A, are real. Since the magnetic fields, applied along y = z direction, tilt the spin state of the
odd-frequency Cooper pairs in the direction of y = z, only the x components of {(o°) o if® x f**

is zero. This result can also be easily confirmed in a Kitaev chain [Appendix [3.TT]|.

3.6 Discussion

i i

e Fe
] N .

y // ) F M

,,,,, 7 <

,,,,,,,,,,,,,,,,,,,,, | SOl fro /e

) S
E.asc - ;
/AMF _ 2MF  _i13ME_ _© 4MF_

Figure 3.10: A Schematic view for detecting spin-dependent odd-frequency Cooper pairs in a
topological spin-triplet superconductor by the scanning tunneling spectroscopy. A ferromagnetic
(FM) tip with impurities contacts the edge of a topological spin-triplet superconductor (SC). [7]]

In this section, we propose a method for detecting the spin structure of the odd-frequency
Cooper pairs. When the spin direction of the odd-frequency spin-triplet s-wave Cooper pair is
equal to that of the ferromagnet, it can penetrate into the ferromagnet over a long distance as
compared to the case where the spin directions are different [40, 69, 70,71} 72,|37]. In addition,
the odd-frequency spin-triplet s-wave Cooper pairs are robust and resonate in impurities. This

behavior has been known in the context of the anomalous proximity effect in a diffusive normal
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metal attached to a spin-triplet p-wave superconductor junction [} 42} 43\ 44) 54, [1].

Taking advantage of these properties of the odd-frequency s-wave Cooper pairs, we propose
a way to observe the electronic density of states of a topological spin-triplet superconductor by
the scanning tunneling spectroscopy with a ferromagnetic chip containing impurities as shown
in Fig. Then, the local density of states is expected to have a zero-energy peak or splitted
ones. From the height of this peak, it may be possible to observe one or two plateau structures

in Fig. and the structure of the odd-frequency f vector with a fixed orientation as shown in

Figs. 38(b)-B8().

3.7 Conclusion

In this chapter, we have shown that the spatial profile of the odd-frequency spin-triplet
s-wave Cooper pairs can become an indicator for detecting and distinguishing the topological
phases with different numbers of Majorana fermions in a spin-triplet p-wave superconductor with
magnetic fields. It is not easy to distinguish the topological phases with different numbers of
Majorana fermions by only focusing on the local density of states at the edge of the semi-infinite
system. To solve this difficulty, we have considered the situation where the energy level of
Majorana fermions deviate from zero by choosing the finite system size and applying additional
magnetic fields to break the chiral symmetry. The induced odd-frequency pair amplitude at the
edge as a function of the system size has two plateaus when the two energy modes with different
localization lengths exist, such as in the 3 and 4 Majorana fermions phases. While the weak
magnetic fields that break the chiral symmetry gap out the zero energy states in the even number
of Majorana fermions phase, the odd-frequency pair amplitude at the edge as a function of the
system size keeps its original shape. This result means that the odd-frequency pair amplitude
tells us the fingerprints of the existence of the multiple Majorana fermions. The strong magnetic
fields that break the chiral symmetry suppress the odd-frequency pair amplitude in only the even
number of Majorana fermion phases. The suppression allows us to distinguish between the even
and odd numbers of Majorana fermions.

The structure of the winding number tells us the importance of the nonunitary superconduct-

ing states to access the multiple Majorana phases. Therefore, we have defined the odd-frequency
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f vector on the analogy of the d vector that characterizes the spin-triplet pair potential. Using
the odd-frequency f vector, we have obtained the following three results. The odd-frequency f
vectors near the edge are oriented in the same direction in each topological phase, unlike the
even-frequency ones. By inverting the sign of the magnetic fields with keeping the winding
number, we have found that the magnetic response of the odd-frequency f vector inherits the
properties of the even-frequency one in the bulk. The nonunitary spin states of the odd-frequency
Cooper pairs that are defined by the cross vector if Xf* tend to point in the direction of the applied
magnetic fields. Our results mean that the presence of the nonunitary spin state of odd-frequency

Cooper pairs can feature the existence of a topological phase with multiple Majorana fermions.

3.8 Structure of the winding number

The winding number, defined in Eq. (3.7), characterizes the topology of the p-wave su-
perconductor system shown in Fig. In this Appendix, we investigate the structure of the
winding number in the system.

The structure of the winding number is expressed by the off-diagonal component of the

off-diagonalized Hamiltonian:

)
U'H(k)U = , (3.20)
g o
where U is the 2 X 2 matrix diagonalizing the chiral operator I' = 7,0, and H(k) is obtained in

Eq. (3.6). When k change from —x to z, the number of times of the determinant

det A = &°(k) — hj — h? + 4AnAy sin® k

+2isink[ (A — Ayp)e(k) = (Agp + Ay)h] (3.21)

going around the origin on the complex plane corresponds to the winding number. Two matters

can be seen from Eq. (3.21)) as follows.

* The winding number does not depend on the sign of 4,.
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* The nonunitary pairing (Ay; # A|)) is important to reach the multiple Majorana fermion

phases. [The term 2i sin k Ay — Ay))e(k) changes the sign of the imaginary part of det H

more.]

In Sec. 3.3] we investigate the magnetic field response of the odd-frequency f vector by
changing the sign of /4, so as not to change the phase. Additionally, we calculate the cross vector

if® x £°* to investigate the nonunitary state of the odd-frequency Cooper pairs.

3.9 Spectral bulk boundary correspondence

4AMFs
31 3MFs

2MFs

Im[ 2]

ma

4w Zj.
- —
S

1MF

OMF

200 400 600 800 1000
jmaX

Figure 3.11:  Sum of the odd-frequency f vector Imf, from the edge j = 1 to jmax as a
function of jyax. This value represents Feqge [Eqs. [3.23]and [3.24] in the spectral bulk boundary
correspondence [Eq. (3.22)] in a semi-infinite p-wave superconductor with magnetic fields at a
infinitesimal frequency. 6 = /4, A1r/t1 = 0.18, A /t1 = 1.8, h/t; =2, u/t1 = 1, w/ty = 1072,
0 MF: tz/l‘l =2.75, tz/tl = 0.5, 1 MF: tz/tl =1, t3/t1 =1, 2 MFs: tz/tl =0.25, t3/t1 =1.25,3
MFs: l‘z/tl =2, t3/t1 = 1.5, 4 MFs: t2/t1 =1, t3/t1 =2. [m]

Spectral bulk boundary correspondence is a relationship that connects a winding number

being extended to a finite frequency and the odd-frequency pair amplitudes. The relationship is
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defined in a semi-infinite system with chiral symmetry, and is written as

iné’(;i;e(iw) = Whulk, (3.22)

whuk = 5T [[G ()9 G~ (iw)] 3.23)

Fge(iw) = Tr; [T G (iw)],

with a Matsubara Green'’s function G (iw) and a chiral operator I". For an infinitesimal Matsubara

frequency, wyyx becomes equal to the winding number.

In the p-wave superconductor with magnetic fields shown in Fig.[3.1] the second equation in

Eq. (3.23) can be transformed as below:

dd I i
F:dge = Z [FJVJ7T’T - Fjvj’lsl + Fj’j’TsT - FJ’Jsval]

J

=40 ) Imf2(j,2) (3.24)
J

where we use the chiral operator I' = 7,0, anticommuting with the Hamiltonian H(k) in
Eq. , the relation F = —F*, and Egs. —. The sum of the odd-frequency vector
Imf, from the edge j = 1 tO0 jmax [Fedqge in Eq. @] is plotted as a function of jp.x in
Fig. 3.11] For a sufficiently large jmax, Wouik matches the winding number (the number of
Majorana fermions). In Sec. we focus on f among the components of the odd-frequency
f vector. This is because this component is most closely related to the winding number that is

extended to a finite frequency.
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3.10 Spatial dependence of even-frequency pair amplitude
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Figure 3.12: The spatial dependence of the even-frequency f vector in the (a) 0 MF (b) 1 MF
(c) 2 MF (d) 3 MF (e) 4 MF phases. 6 = /4, Ay3/t1 = 0.18, Ay /t1 = 1.8, h/t; =2, u/t; =1,
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1.4 %1072,
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To compare the odd-frequency f vector to the even one, we calculate the spatial dependence
of even one that is calculated by Egs. and (3.12). The spatial dependence of even-
frequency f vector in 0—4 MF phases is shown in Figs. [3.12)(a)-3.12(e) . In the trivial (0 MF)
phase [Fig.[3.12(a)], the pair amplitudes oscillate throughout the space similar to odd-frequency
pair amplitude in Fig.[3.6(a). In the topological (1-4 MF) phases [Fig.[3.12[b)-(e)], these values
are constant near the bulk in Fig. [3.6(a). Particularly, in the 3 and 4 MF phases, the amplitudes
oscillate near the edge as well as ones of odd-frequency in Figs.[3.6(d)and[3.6{e). The proportion
of each component |f¢|, | fy], and |f7] in 1-4MF [Figs. b)e)] are not equal unlike
odd-frequency components [Figs. [3.6(b)-3.6(e)].
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Figure  3.13: The  direction of the even-frequency f  vector:

¢’ =[Refs, Im f§, Imf7] =[||£¢’|| sin 6 re cos @ e, ||| sin 6 e sin @ re, ||£¢/|| cos @ re] in the
(b) 0 MF (c) 1 MF (d) 2 MF (e) 3 MF (f) 4 MF phases. The unit vector f¢’/||f¢’|| (upper figure)
and the angle of the vector ¢, 6 e (lower figure) are plotted as a function of site j. We focus
on near the edge of the system (j € [1,300]). 6 = n/4, Ayp/t1 = 0.18, A} /t1 = 1.8, h/t) = 2,
w/ty =1, L =5000. w/t; = Eg/2: (a)2.3x 1073, (b)3.3%x 1072, (c) 2.9x 1072, (d) 1.2 x 1072,
(e) 1.4 x 1072 (p}e and G}G: @se and 6 e when hy, — —h,,. [7]
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To investigate the proportion of the pair amplitude | f¢|, | fy], and | f7] in detail, we depicted
the direction of the even-frequency f vector [upper figures in Figs. [3.13(b)-3.13|e)], that is
defined in Fig. [3.13|a), and the angle 6 and ¢ [lower figures in Figs. [3.13(b)-3.13(e)] for
j € [1,300] in the L = 5000 sites system. In the 0 MF phase, as shown in Fig.[3.13a), the even-
frequency f vector oscillates around the negative direction of the x axis. In the 1MF phase, the
direction is almost along the negative direction of the x axis without oscillation [Fig. [3.13]c)].
The even-frequency f vectors in 2MF, 3MF, and 4MF phases are roughly oriented in the
direction of between —x and —z axes, that of y axis, that of between —x and y axes, respectively
[Figs. d)f), and also see Figs. d)f)]. The angle ¢’,. and go}e stand for 6 fe
and ¢ re when hy — —h,, respectively. While ¢ s does not change ((,0}e = @) with the respect
to the sign change of &y, 6 e change to 7 — 6y as shown in Figs. [3.13[(b)-{3.T3(f).

In this appendix, we have got two important results. The even-frequency f vector in each
topological phase does not point in the same direction, unlike the odd-frequency one. Similar
to the odd-frequency f vector, the sign inversion of /4, inverts the sign of the z component of the

even frequency f vector. These results support the discussion about the odd-frequency f vector

in Sec.[3.4]
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3.11 Spinstructure of odd-frequency Cooper pairsin a Kitaev

chain
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Figure 3.14: Energy bands of the Kitaev chain without pair potential for (a) # = 0 and (b)
h/t; = 1 in k space. The spatial dependence of the spin of the odd-frequency Cooper pair
states (0°) o if® x £°* for (c) h = 0 and (d) h/t; = 1 in real space: w/t; = 107>, L = 5000,
ATT/tl =0.1, Au =0.0= 71'/4, ,u/t1 =0.5. [7]

In Sec. [3.5] we have shown the spatial dependence of the spin states of the odd-frequency
Cooper pairs (o°) in a p-wave superconductor with magnetic fields. The Kitaev chain, the
simplest model expressing a spinless p-wave superconductor, is useful for investigating the effect
of magnetic fields on the spin structure of the odd-frequency Cooper pairs. The Hamiltonian in
Egs. (3.1), and (3.5) (3.6) one can be rewritten as one in the Kitaev chain by replacing A, 1,
and 13 — 0.

The dispersions in the bulk of the Kitaev chain without pair potential (Ayy = A} = 0), shown

in Figs.[3.14(a) and[3.14[b), were calculated by the diagonalization of the Hamiltonian in k space

that is based on Eq. (3.6). Without magnetic fields, the up and down spin states are degenerate
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to E = =2t cos k — u [Fig. a)]. For h/t; = 1, these states splitto £ = —2¢tjcosk —u+ h
[Fig. BT4(b)].

The cross vector if® xf°* is proportional to the spin polarization of the odd-frequency Cooper
pairs (o°). Figure c) [Figure d)] shows the cross vector if® x f°* in the Kitaev chain
without [with] magnetic fields. The spin of pair potential (o) o« id x d* = [0, 0, A%T /2] points
in the z direction. Without the magnetic fields, only the z component of if® x f** exists since the
spin state of the pair potential is inherited, as shown in Fig.[3.14(c). When magnetic fields in the
y = z direction are applied, the cross vector has the y component in addition to the z component
[Fig. 3.14(d)]. These results indicate that the spin of the odd-frequency Cooper pairs inherits

that of the pair potential, and tends to point in the direction of the magnetic fields.
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Chapter 4

Summary

In this thesis, we have shown that odd-frequency Cooper pairs help us to understand one-
dimensional topological superconductors hosting Majorana fermions. In Chap. [2 we have
investigated the proximity effect in a Kitaev chain junction near a topological critical point.
We have demonstrated that the odd-frequency Cooper pair causes the proximity effect even at
the topological critical point. In Chap. [3] we have examined topological phases with multiple
Majorana fermions in a p-wave superconductor. We have indicated that the odd-frequency
pairing could be a good index for distinguishing between the topological phases.

The model being dealt with in this thesis is difficult to construct directly in experiments.
We need to calculate in a system close to experiments. For example, calculations of transport

phenomena in systems composed of superconducting nanowires are required.
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