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Chapter 1
Introduction

Superconductivity is a macroscopic quantum phenomenon discovered by H. K.
Onnes in 1911. He and his colleague observed the disappearance of electric resis-
tivity in Hg at 4.2 Kelvin (K) [39, 52]. This experimental finding opened a new era
of low temperature science. Superconductors exhibit various unusual response to
an electromagnetic field such as perfect diamagnetism, persistent current and flux
quantization. In 1957, Bardeen-Cooper-Schrieffer (BCS) explained the microscopic
mechanism of superconductivity [16]. According to BCS theory, two electrons on the
Fermi surface form a pair due to an attractive interaction mediated by phonons at a
low temperature. The electron pair is called Cooper pair. The coherent condensation
of a number of Cooper pairs causes the unusual response to electromagnetic fields.
The mean-field theory by Bogoliubov enabled us to describe the thermodynamic
properties of a superconductor as well as the linear response to electromagnetic
fields. Before publishing the BCS theory, however, a phenomenological theory by
the London brothers and that by Ginzburg-Landau explained the electromagnetic
properties of superconductors successfully. The assumptions introduced in these
phenomenological theories have been justified by the microscopic theory of super-
conductivity.

1.1 Scope of this book

It is not easy to explain all of the exotic superconducting phenomena within a
short textbook. Fortunately, historical textbooks have achieved such a goal success-
fully [51, 1]. In this textbook, we focus only on the electric transport properties in
superconducting hetero structures such as the differential conductance in a normal-
metal/superconductor (NS) junction and the Josephson current in a superconduc-
tor/insulator/superconductor (SIS) junction. Generally speaking, electric current is
obtained theoretically by calculating the Green’s function of a junction. In this text-
book, however, we do not use such technique at all. The reason is very simple. The
Green’s function is undoubtedly a powerful tool for experts but is not always useful
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language for general researchers in solid state physics. The goal of this book is to
demonstrate exotic transport properties of a junction consisting of an unconventional
superconductor. The contents in the following sections are written to be straight to
the goal. We begin with superconducting phenomena observed in experiments to
make clear theoretical requirements to explain these phenomena. Chapters 2 and
3 are spent relating to theoretical tools and basics of superconductivity, which are
the minimum necessary items to understand the superconductivity. Therefore, read-
ers should study more details on BCS, Ginzburg-Landau, and London theories in
standard textbooks [23, 37, 42, 2, 24]. Chapters 4, 5, and 6 are the main body of
the textbook, where the transport properties of superconducting junctions are ex-
plained in terms of the Andreev reflection. The outline of the theoretical method in
these Chapters are as follows. At first, the wave functions are obtained by solving
Bogoliubov-de Gennes (BdG) equation near a junction interface. Secondly, the trans-
port coefficients are calculated by connecting the wave functions under appropriate
boundary conditions at the junction interface. Finally, the substitution of the result-
ing coeflicients into the current formulas enables us to analyze transport properties
measurable in experiments. Instead of deriving the current formulas, we explain the
physical picture that relates the Andreev reflections to the transport phenomena. In
Chapter 7, we briefly discuss the anomalous proximity effect in a dirty normal metal
attached to an unconventional superconductor.

1.2 Overview of superconducting phenomena
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Fig. 1.1 (Left) An image of the historic plot [39, 52]. The resistance in Hg vanishes at 4.2 K.
(Right) A superconductor excludes magnetic flux at a temperature lower than 7. and a field below
a certain critical one.
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Let us begin a brief overview of superconducting phenomena with the discovery
of superconductivity in 1911. Low temperature physics might be a trend in science at
the beginning of the 20th century. The last inactive gas He became liquid at 4.2 K in
1908. A natural question would be what happen on materials near zero temperature.
The resistance R in a metal was an issue in this direction. It was accepted at that
time that a charged particle (electron) moves freely in a metal and carries the electric
current / under the bias voltage V. The Ohm’s law V = IR holds true in metals for
wide temperature range. According to kinetic theory of gas by Boltzmann, every
particle stops its motion at zero temperature. By extension, a metal might be an
insulator at zero temperature because all electrons stop their motion. According to
this assumption, the resistivity would be infinitely large at zero temperature. On the
other hand, on the basis of experimental results at that time, a group of scientists
inferred that the resistivity would go to zero at zero temperature. An electron is
scattered by the thermal vibration of ions in a metal, which is a source for a finite
resistance. At zero temperature, therefore, an electron under bias voltage would
move freely at zero temperature. The experiments by Onnes was supposed to settle
the debate over. The experimental data on Hg, however, showed the disappearance
of the resistivity at a temperature above zero as shown in Fig. 1.1. This was the
first quantum phenomenon that we observed in our history. The phenomenon was
named superconductivity. The critical temperature dividing the two transport phases
is called the transition temperature 7,. A series of experiments reported anomalies
in thermodynamic property of a superconductor at 7.. The specific heat shows a
jump at 7., which suggested the rapid decrease of the entropy and the development
of an order below T..

We summarize briefly the unusual response of a superconductor to magnetic
field in what follows. The first phenomenon is called Meissner effect. An external
magnetic field H threats a normal metal at a room temperature. Far below the
transition temperature 7 < T, the metal excludes a weak external magnetic field
from its interior as shown in Fig. 1.1. The magnetic flux density B in a superconductor
is zero as represented by

B=H +47M =0, (1.1)

where M denotes the magnetization of a superconductor. The magnetic susceptibility
defined by M = yH results in

1

e (1.2)

X =
A superconductor is a perfect diamagnet at a temperature far below 7, in a weak
magnetic field.

The magnetic response of a multiply-connected superconductor is more unusual.
We apply a magnetic filed to aring at T > T, as shown In Fig. 1.2, where we illustrate
the cooling process under a magnetic field. When a temperature is decreased down
below T, a ring-shaped superconductor excludes the magnetic fluxes from its arm.
After switching off a magnetic field at 7 <« 7., magnetic fluxes are trapped at a hole
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7> T; T<T

T<T.

Fig. 1.2 Persistent current at a ring-shaped superconductor. At a higher temperature than 7., a
uniform external magnetic field is applied as shown in the upper left figure. Keeping the magnetic
field, the superconductor is cool down to a temperature much less than 7, as shown in the upper
right figure. The magnetic field is excluded from the superconductor due to the Meissner effect.
Then the external magnetic field is switched off as shown in the lower figure. Quantized magnetic
flux @ is left in the ring. The current persists as far as 7 < T.

of the ring. According to the Maxwell equation
4
VxH="Zj, (1.3)
c

the magnetic fluxes left in the hole generates the electric current circulating the
ring. The current is called persistent current because it does not decrease at all even
after passing a long enough time. The results imply that the superconducting current
flows in equilibrium while the ring accommodates magnetic fluxes. We have already
known an example of similar effect in an external magnetic field H. The weak orbital
diamagnetism M = yH of a metal generates the electric current in equilibrium as
shown in Fig.1.3. The susceptibility y is negative in a metal. Together with Eq. (1.3),
we find

c
j=—VXM. (1.4)
4y
The electric current is represented as the rotation of a vector. The total transport
current can be calculated as

J=/ds-j=L/ds-VxM=L dl-M. (1.5)
dnx Js 4y Je

We find J = 0 because it is possible to take the integration path I outside the metal.
The magnetization is absent there, (i.e., M = 0). Namely, the current described as
J o< VXM does not flow out from the metal. As we will see later on, the supercurrent
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Fig. 1.3 Schematic picture of the diamagnetic current in a metal. The diamagnetic current in a
metal cannot flow out from the metal.

can be represented as j o< A and flows out from a superconductor. In addition to the
persistency of the current in a superconducting ring, the magnetic flux at a hole is
quantized as

whe
O = n¢0’ ¢0 = 7’ (16)

where n is an integer number. Quantum mechanics tells us that the quantization of a
physical value is a result of a boundary condition of wave function. As we will see
later on, the macroscopic wave function of Cooper pairs must be single-valued in
real space, which explains the flux quantization.

The perfect screening of a magnetic field is realized when the magnetic field is
weak enough. At higher magnetic fields, the magnetic response depends on the types
of superconductors. The type I superconductor excludes magnetic fields up to the
critical magnetic field H, as shown in Fig. 1.4(a). All the superconducting properties
disappears for H > H,.. The magnetic properties of the type II superconductor is
characterized by two critical magnetic fields: Hc, and Hc, as shown in Fig. 1.4(b).
Such a type II superconductor excludes magnetic field for H < Hc, and become a
normal metal for H > Hc, . In the intermediate magnetic fields for Hc, < H < Hc,,
the metal is superconductive but allows the penetration of magnetic flux as quantized
vortices. The magnetic flux is quantized as ¢ at each vortex. As a result, the profile
of the magnetic flux becomes inhomogeneous in real space. Near Hc,, a number of
vortex form a hexagonal structure called Abrikosov lattice. Ginzburg-Landau showed
that the boundary of the two types superconductors are described by a parameter
k = Ap /&y, where & is called coherence length and Ay, is the London’s penetration
length. The meaning of the two length scales will be explained in Chap. 3. The type
I (type II) superconductors are characterized by k < 1/V2 (k > 1/V2).

Quantum mechanics also tells us that the wave function can be a complex number

w(r) = |y(r)le’. (1.7)

The amplitude |¢(r)|* is proportional to the probability that we observe a particle
there. A phase uniform in real space ¢ does not play any role in the Schroedinger
picture for a quantum particle. As we will see later on, the superconducting state is
described phenomenologically well by the macroscopic wave function,
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Fig. 1.4 B — H curve in a superconductor: (a) type I and (b) type II.

w(r) = \n(r) . (1.8)

Here (r) describes a quantum state consisting of Ny Cooper pairs with Ny ~
10%* being the Avogadro number. Namely, Ny Cooper pairs share the common
phase ¢ and form a phase coherent condensate. This causes the unusual response
to the electromagnetic field. The Josephson effect is a highlight of superconducting
phenomena [31]. The electric current flows between the two superconductors in
equilibrium. Figure. 1.5 shows a typical Josephson junction where an insulating
film is sandwiched by two superconductors. Today we know that the current can be
represented as

J = Jesin(gr — ¢r), (1.9)

where J.. is called critical current and ¢ (g) is called superconducting phase at the
left (right) superconductor.

superconductor superconductor

\J3 Pp

Fig. 1.5 Two superconductors are separated by a thin insulating barrier. The electric current flows
through the junction in the presence of the phase difference across the junction.
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What is the superconducting phase? Why does the phase difference generate
the electric current? These are essential questions to which we would like to give
answers. As a first step to towards the goal, let us consider an argument by Feynman.
He assumed that the superconducting condensate including Na electrons behaves
as if it were a coherent object. This view might be enable us to introduce a wave
function of the superconducting condensate

l,[/LZ l’lLei‘pL, (//R: I’lRei‘pR, (110)

where np gy is the electron density in the superconducting condensate at the left
(right) superconductor and ¢y (r) is the phase of the wave function. The two super-
conducting condensates interact with each other through a thin insulating barrier.
Let us introduce the tunneling Hamiltonian between the two superconductors. The
rate equation would be given by

.0 0
ZFLE@DL:TI'ﬂR, lha‘pR:TI'J’L (1.11)

where T is the tunneling element of the insulating barrier. The electric current
density through the barrier might be given by

. 0 .
J=—egnL, nL =y (1.12)

The time derivative of density is calculated as

5 "L =0 L + Y 0L = }—_LTI(//R‘//L_ ETI'J/L'J/R, (1.13)
=%Tlm (ei(<ﬁL—<pR) - e‘“‘ﬁL“PR))’ (1.14)

T
= - ZEI\/HLI’ZR SiH(gOL - (,DR). (115)

The electric current results in

2e .
J = E T] S VARLUR Sll’l(gDL - (,DR), (116)

where S is the cross section of a junction. The obtained expression explains well the
Josephson effect. Feynman provides a clear view of superconductivity. His assump-
tion in Eq. (1.10) suggests that the phase characterizes the ground state of many
electrons. However, it would not be easy for us to imagine such ground state of
electrons in a metal.






Chapter 2
Theoretical tools

Today we have already known that superconductivity is a many-body effect of
electrons in a metal and that the attractive interactions between two electrons play
essential role in stabilizing the superconducting state. To describe superconducting
phenomena, we use several theoretical tools. The purpose of this section is to explain
what tools we need and how to use them. The first tool is the creation and the
annihilation operators of a particle.

2.1 Harmonic oscillators

The Hamiltonian of a harmonic oscillator in one-dimension reads,

2
px 1 55 hd
H=—+—- = —-— 2.1
am 2" P gy (&
in the Schroedinger picture. The energy eigenvalues are given by
1
E=hw(n+5), n=0,1,2,---. 2.2)

Let us introduce a length scale xo which balances the kinetic energy and the potential
energy as,
1,5,

2mx(2) = zmw X5 2.3)

The solutions xy = 4/A/mw is the characteristic length scale of the Hamiltonian. By
applying the scale transformation x = xpq, the Hamiltonian and the commutation
relation becomes
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B od 1 ,,, hf( &
H=————+ -mw-x =—|-—+ . 2.4
. . d
[Q’P] =, p= _ld_' (25)
q

When we define two operators as

a =

Lgrim= 2 far @) e Ligmime L fg-
$(q+lp)—\/§(q+dq), a'=—(q-ip)= (q ) (2.6)

we find the commutation relations
1 . . . .
[a,a"] =5 l(g +ip)q —ip) = (g —ip)q +ip)], 2.7)

1 : ) ) ) )
=3 l¢* —igp +ipq + p* — ¢* —igp +ipqg — p*| = —ilg.p] =1, (2.8)

[a,a] =0. (2.9)

The original operators are represented in terms of @ and a' by

1 1
_ T _ T
qg=—(a+a'"), p=—(a-a'). (2.10)
V2 V2i

Using the commutation relation, it is possible to derive

1 .
P’ +q° =5 [-(a-a")a-a")+(a+a)a+a)], (2.11)

1

=3 [-a* +aa’ +a'a-(a") +a* +aa" +a'a+(a")?], (2.12)
=2a%a +1. (2.13)

Thus the Hamiltonian is diagonalized as

H = hw (a*a + %) ) (2.14)

The expectation value should be (a'a) =
coincides with Eq. (2.2). The operator #i
satisfies the relations

n so that the expectation value of H
= da'a is called number operator and

,al =a'aa — aa’a = a'aa - (1 + d'a)a = —a, (2.15)

[A f
[A,a'] =a'aa" —a'a'a = a"(1 + a'a) - a’a’a = a’. (2.16)

Let us assume that |v) is the eigenstate of /i belonging to the eigenvalue v,

alvy =v|yy, (V'|v) =6, (2.17)
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It is easy to confirm the relations

fAalvy =a’aalvy = (-1 + aaalv) = (=a + av)|v) = (v — Dal|v), (2.18)

ad' vy =atad |v) = (a" + a"A)v) = (@' +a"V)|v) = (v + Da'|v). (2.19)

The results suggest that a|v) is the eigenstate of 7/ belonging to v — 1 and that a'|v)
is the eigenstate of 7 belonging to v + 1. Therefore, it is possible to describe these
states as

alvy =Blv-1), a'lv)=ylv+1), (2.20)
with 8 and y being c-numbers. Together with the Hermite conjugate of them
a" =B (v-1|, (vla=y"(v+1] (2.21)
the norm of these states are calculated as
(vla'alv) = 1B, (vlaa'|y) = |yI”. (2.22)
Simultaneously, the left-hand side of these equations can be represented by
latalvy = (vinlvy = v,  (vlaa'|v)y = (vln+ 1v) = v + 1, (2.23)
because of the definition in Eq. (2.17). Thus we find 8 = /v, y = Vv +1,and
ayy =Wy =1y, a'v)y=Vv+1y+1). (2.24)

The relation v > 0 must be true because v is the norm of a|v) as shown in Eq. (2.23).
The recursive relation Eq. (2.24)

alvy =\v|y = 1), (2.25)
Ay =v(v = D|y = 2), (2.26)
a“ vy =Av(v=1)---(v =M + )|y - M), (2.27)

however, suggests that v — M can be negative if we can chose large enough M. To
avoid such unphysical situation, we impose the boundary condition of the series of
the recursive relation. The eigenvalue of 7 include zero so that

aloy =0, (2.28)

deletes the physical state. The relation in Eq. (2.28) defines the vacuum of a particle
|0). Finally we obtain

alny =vVnln =1y, a'lny =Van+1ln+1), #n) = nln). (2.29)
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These relations represent the mechanics of harmonic oscillators. The operator a @
is called annihilation (creation) operator because it decreases (increases) the number
of oscillator by one. The ground state is then given by |0) where no harmonic
oscillator exists. The m-th excited state |m) describes the state in which m oscillators
are excited on the vacuum as

G
Vm!

Next we discuss the wave function in the Schroedinger picture which can be
obtained by multiplying (g| to the relation a|0) = 0. The representation becomes

|m) = [0). (2.30)

0 = (glal0) = —<qu +ipl0) = L (ql0) + ——(q|0> (2.31)
V2 V2T R dg
We obtained the differential equation
d
=$410) = —4{4|0). (2.32)
q
The solution is given by
(qloy = Ce™3’. (2.33)

The left-hand side is the definition of the wave function at the ground state and
the right-hand side is Gauss’s function. The wave function at the excited states are
calculated as

—(gla'|0) = = (g - L) cete?
{q|1) =(gla"|0) = N (q dq)Ce T, (2.34)
(qln) =—=(gl(a")"|0) = — (q _ i)nce-éqz. (2.35)
Vn! Valv2" dgq

This sequence generates the series of Hermite’s polynomial.

The observable values are calculated as the average of operators. Here the average
has double meanings: the average in quantum mechanics and the average in statistical
mechanics. The average of an operator Q is defined by

Q) ——Tr[ -ﬁﬂa], ==Tr [e-ﬁ‘H], (2.36)

where H is the Hamiltonian under consideration and 8 = 1/kgT corresponds to
the inverse of temperature with kp being the Boltzmann constant. To proceed the
calculation, we define Tr in the average and explain several identities for the trace of
matrices. Let us assume that |p) is the eigen state of H belonging to the eigenvalue
of €,
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HIp) = &lp), PIp) = Spprs D IP)PI = 1. (2.37)
p

When we choose |p) as the basis of the trace, the partition function can be calculated
as

==Tr [e—ﬁﬂ] = S plePHpy = D e, (2.38)
4 4

The first theorem says that a value of the trace does not change under the unitary
transformation,

)= D Aqpl) DS AqpAiy = D\ A Apa = b0 (2.39)
P r p

The second equation is the definition of the unitary matrix of A, (i.e., ATA=ATA =
1). The trace of Q is transformed as

DAplQlpy =Y > d|Ay yQApgla) = )
p

P q.9 q9.q9'

(q'lQlq), (2.40)

\
Z A ohpg
p

= > (qlQlg). 2.41)
q

The second theorem says a value of the trace does not change under the cyclic
permutation of operators

Tr[ABC) = Tt[C AB] = Tt[B C A]. (2.42)

It is easy to confirm the relations

Tr[AB] =) ApgByp = BypApq =TrlB Al (2.43)
r.q P.q
Tr[(A B) C] =Tr[C (A B)]. (2.44)

By using these theorems, we try to calculate the average of number operator in the
Hamiltonian

H = Z & a; ap, [ap,a;,] =0pp, lap,ap] =0, (2.45)
P

where p indicates a quantum state. The average of the number operator is calculated
by

(az,aq) = Tr[e_ﬁﬂa;aq] = Tr[aqe_ﬁﬂa;], (2.46)

[ —

[x| — [ —

Tr[e M (e'm{aq e‘ﬁw) a;,]. (2.47)
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The Heisenberg operator is represented as
1) = Mae PN, 951 = P H,a,]e PN, (2.48)

We find [H, a,] = —€,a, because of the relation

Ha, = Z € a; ap ag = Z €(=0p.q +aq a;)ap =a,H - €4aq. (2.49)
p p

By substituting the results into Eq. (2.48), we obtain the differential equation
IBI(B) = —€,1(B). (2.50)
The solution is given by
1(B) = age P, (2.51)

The average can be represented as

(a;aq) = Tr[e_'BHaL gl = —Tr[e B SH ag e PH a}], (2.52)

[ — [ —

y N 1 g
Tr[e_ﬁHaqa ",]6_5‘1'8 = :Tr[e_ﬁH(é,,,q + a;aq)]e_e‘lﬁ, (2.53)
=(a}ag)e P + 5, ge™P. (2.54)
We reach the final results of average,

<a;aq> =6p,q ”B(Gq)a (2.55)

1 1 €
B =—— == h -1 2.
ng(eg) wef_1 2 [cot (ZkBT) ] , (2.56)

where npg is the Bose-Einstein distribution function. The results are consistent with
a fact that Eq. (2.45) describes the commutation relation of bosons.

2.2 Free electrons in a metal

The Hamiltonian for free electrons in a metal is given by
Ho= Y, [druie [—
a=T,]
[Wa gy} =60 =1 up, {Yargp} =0, @58)
{A,B} = AB + BA. (2.59)

h2v2
om €F

] Ya(r), (2.57)
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To diagonalize the Hamiltonian, we apply the Fourier transformation of operator

@ = a ! r, 2.60
Valr) = o= ; Ck.ae (2.60)

where V,, is the volume of a metal. The basis functions satisfy the normalization
condition and completeness,

v, / dr & ® KT = 5 1, (2.61)
vol

1 ik-(r-r’) 1 / ik -(r-r’
— DV e = dk &%) = 5(r - 1), (2.62
o ; G (r=r) )

where d represents the spatial dimension of the metal. The anticommutation relation
of ck o can be derived as

Garipat =y [ar [ar wangjenetrearr. a6
VO
0w 1./dre_i(k_m'r = 00,50k p (2.64)
VO!
{ck,arcpp} =0. (2.65)

Substituting the Fourier representation, the Hamiltonian becomes,

1 —ik’r |t h*V?2 ik -
Ho = Z /dr . Ze k rCIL’,a [_W C e | e*T e, (2.66)
a=1,] kK’
/dr Z itk—k")r T Wk o = Z ka c;’ack’a, (2.67)
a= l Viol P el

where & = h2k?/(2m) — eF is the kinetic energy of an electron measured from the
Fermi energy e = hzké/ 2m).
Let us check the average of number operator given by

1 1 _
(ck oCpod) ——Tr[e HH T’ cpal = ETr[cp,,le Bﬂc;ﬂ], (2.68)
=2 TP UB) ) (2.69)
1(B) =M ey ge P, (2.70)

Since [H,cp,a] = —&pcp. 1, it is possible to replace 1(B) by ¢, e Pér as discussed
in Eq. (2.51). The average is then described as
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1 )

(et opy =z TrlePHep ac) e, 2.71)
1 ,

==Ti[e PH (64 16k p — ¢ ,cp.0)]e PP, 2.72)

= a,ﬂ5k,pe_ﬁ‘f" - (cz’acp’/ﬁe_ﬁfl’. (2.73)

Therefore, we reach the expression

(k- oCp.1) =02 Okp (&), (2.74)
IR S N &k
nr (&) —m =5 [1 tanh (ZkBT)] , 2.75)

where np is the Fermi-Dirac distribution function. Egs. (2.64) and (2.65) are the
anticommutation relations of fermion operators. It is easy to show (ck oCp,2) = 0
and (¢, ,cb ) = [1 = np(&)16a,1 Ok p-

In usual metals such as Au, Al, and Pb, a crystal with volume of 1 cm? contains
Ny ~ 10?3 metallic ions. Therefore, the density of free electrons is about 10> cm™3.
AtT = 0, Nu electrons occupy all the possible states from the band bottom up to the
Fermi energy €. The Fermi energy is typically 10* Kelvin and is much larger than
the room temperature of 300 K. The Fermi velocity v = fikg /m is about 103 cm/s
which is 1/100 of the speed of light ¢ = 3x 10'° cm/s. Electrons on the Fermi surface
have such high kinetic energy due to their statistics. In addition, the degree of the
degeneracy at the Fermi energy is large. The quantum mechanics suggests that the
large degree of degeneracy in quantum states are a consequence of high symmetry of
Hamiltonian. In metals, electrons in conduction bands always interact with another
bosonic excitations such as phonon and magnon. In addition, the Coulomb repulsive
interaction works between two electrons. Electrons often break the high symmetry
spontaneously by using such interactions. As a result electrons can decrease their
ground state energy because the symmetry breaking lifts the degeneracy. Indeed
a number of simple metals becomes ferromagnetic or superconductive at a low
enough temperature. Fig. 2.1 shows the periodic table of elements, where elements
colored in red or pink are superconductors and those in blue are ferromagnets.
The table implies that superconductivity is a common feature among metals at a
low temperature. Time-reversal symmetry is broken due to the short range repulsive
interaction in a ferromagnet and translational symmetry is broken due to the coupling
with the lattice distortion in a charge density wave compound. The phase transition
of the second kind describes well the appearance of such ordered phases at a low
temperature. The transition to superconducting state is also a phase transition of the
second kind which is caused by the attractive interaction between two electrons. The
superconducting state breaks gauge symmetry spontaneously. In what follows, we
will see the physical consequence of the breaking gauge symmetry.
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Superconducting Elements

Superconducting

Superconducting under high pressure or thin film

Rb| Mettalic but not yet found to be superconducting

F Nonmetallic elements

. Elements with magnetic order

. Superfluid

Fig. 2.1 The periodic table of elements. Elements colored in red or pink are superconductors. [26]

2.3 Coherent state

Superconductivity is a macroscopic quantum phenomenon. This means that the su-
perconducting state including N4 electrons could be described well by a macroscopic
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wave function . The Feynman’s explanation of the Josephson effect suggests that
the wave function can be described by

¥ = VNe'?, (2.76)

where the phase 6 is uniform in a superconductor. In the field theory, let us assume
that the W is an operator obeys the bosonic commutation relation

v, ¥f1=1, [¥,¥]=0. (2.77)

As a result, the number of particle N and the phase 6 are also operators which do
not commute to each other. The commutation relation results in

[W,¥7] = VNele VN — e VNVNe? = N — e Ne'. (2.78)
We will show that the relation
[N,0] =1, 2.79)

is a sufficient condition for the the right hand side of Eq. (2.78) being unity. Beginning
with Eq. (2.79), we first prove the relation

[N,6™] =miom™ . (2.80)
Eq. (2.79) corresponds to the case of m = 1. Atm — m + 1,

[N,0™ '] =NO™0 — 0" 'N = (mio™ ' + 9" N)§ — "' N, (2.81)
=mi@™ + 0" (i + ON) — 0" 'N = (m + 1)i0™. (2.82)

Therefore, a commutator becomes

Loy o 0 (D) X d (=
[N, e ] N,ZO — 0’"1_20 - mig" —Z%Z;) —6", (2.83)
=iie’i(’ =10, (2.84)

Thus Eq. (2.78) results in [¥,'¥7] = 1. Although Eq. (2.79) is only a sufficient
condition, it has an important physical meaning. Eq. (2.79) suggests that N and 6
are canonical conjugate to each other. Thus it is impossible to fix the two values
simultaneously. Namely if we fix the number of electrons, the phase is unfixed. On
the other hand, when we fix the phase, the number of electrons is unfixed. The
former is realized in the normal metallic state, whereas the latter corresponds to the
superconducting state.

To imagine the phase fixed state, let us consider the classical coherent light
so called laser beam. Light is described as a state of number of photons. Let us
introduce the bosonic annihilation (creation) operator of a photon a (a") with the
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vacuum a|0) = 0. The coherent state |C) is defined as an eigenstate of the annihilation
operator,

alC) = alC), (2.85)
where the eigenvalue a = |ale’¥e is a complex number. The coherent state is
decomposed into a series of

00 a.‘. n
0 =Y e Iy =“Lo). 2.56)

n=0 \/m

According to the definition, we find

al|C) =ch\/r_1|n— 1) =aZcm|m) =ach_1|n— 1), (2.87)
m=0 n=1

n=1
and obtain the relation c,,Vn = ¢, . By applying the recursive relation repeatedly,
the coefficients of the series is represented as

a a a a”

Cn =%Cn—1 - % . 1cn_2 = .= \/700’ (2.88)
o0 an‘

IC) = (2.89)
CO;:O\/n_

A constant ¢ is determined by

(€IC) = laol? ZZ( = () = e |ZZ' e = 1. @50)

n=0 m=0

The coherent state is then described as

e ot IR (aa)”
IC)y =e 211" N —|ny = ezl N 20, (2.91)
. 1 . 1 : &
=¢2lal 1+(|a/|e“p"aT)+§(|a/|el"’“aT)2+~~+—'(|a|e"ﬂ"a')"+~~ |0).
n:

The number of photon is not fixed in the coherent state. In addition, all photons are
generated on the vacuum with the same phase of ¢, . Such a coherent state is realized
in the classical coherent light.

Ginzburg-Landau theory of superconductivity describes phenomenologically the
equation of motion for the wave function ¥(r) = m €97 In the microscopic
theory, the normal ground state of free electrons in a metal is called Fermi’s Sea and
is described by
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IN) = ]_[ ¢ oy (2.92)
|k|<kp,a=T,]

When the number of states for |k| < kg is N, the number of electron is fixed at 2N.
According to the BCS theory [16], the superconducting state is described by

[S) = 1_[ (uk + vkei‘/’cik’lc;’T) |0), (2.93)
k| <kp
with u,% + v,% = 1. A pair of two electrons are created with a phase of ¢ independent

of k. The superconducting condensate is described by the coherent superposition
of such electron pairs. It is clear that the number of electrons is not fixed in the
superconducting state in Eq. (2.93).



Chapter 3
Mean-field theory of superconductivity

The mechanism of superconductivity in metals was explained by Bardeen, Cooper,
and Schrieffer (BCS) in 1957. Although the variational wave function method was
used in the original paper, we often use the mean-field theory to describe the su-
perconducting condensate today. The mean-field theory is advantageous when we
calculate various physical values and generalize the theory to inhomogeneous super-
conductors or superconducting junctions. The energy of the superconducting state in
Eq. (2.93) is lower than that of the normal state in Eq. (2.92) when a weak attractive
interaction works between two electrons on the Fermi surface [16]. BCS showed
that the Fermi surface is fragile in the presence of the attractive interactions between
two electrons. In a metal, the repulsive Coulomb interaction mediated by a photon
always works between two electrons. In the Coulomb gauge, the coulomb interaction
is instantaneous. The attractive interaction, on the other hand, is not instantaneous
because the velocity of phonon v,;, =~ 100 m/sec is much slower than vg. Thus
such retardation effect in the attractive interaction enables two electrons to form a
pair. The classical image of the pairing mechanism may be explained as follows. An
electron comes to a certain place (say r) in a metal at a certain time (say ¢t = 0) and
attracts ions surrounding it. The coming electron stays around r( within a time scale
given by 7, ~ h/er. On the other hand, it takes t,, ~ 1/wp > ¢, for ions to move
toward ro, where wp is called Debye frequency. At t = t,5, the electron has already
moved away from r(. But remaining ions charge the place positively, which attracts
another electron. Two electrons on the Fermi surface form a Cooper pair due to such
an attractive interaction nonlocal in time. The classical image of the interaction is
illustrated in Fig. 3.1

3.1 Pairing Hamiltonian

The interaction between two electrons is described by the Hamiltonian

21
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electron
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Fig. 3.1 The schematic image for electron-phonon interaction. (a) The first electron modifies the
lattice structure locally and leaves away. (b) The local positive charge attracts the second electron.

Hr = %Zﬁ / dr / dr'yl (Ve =) be(r). (1)

The total Hamiltonian we consider is H = Hy + Hj, where Hj is given in Eq. (2.57).
By applying the Fourier transformation in Eq. (2.60), we obtain Hj in Eq. (2.67) and

1
_ T T
H; =% Z Z Vg Chy+g.a Sko—q.p Ck2B Chyar (3.2)
vl @B k) kg
1 .
V(r) = V,e'lm. (3.3)
Vvol Zq: 1

We assume that V; satisfies following conditions,

1. The interaction is attractive and independent of ¢, (i.e., V, = —g).

2. The interaction works between two electrons at k, = —k and 8 = a.

3. The scattering event by the interaction happens in a small energy window near
the Fermi level characterized by hwp.

Under these conditions, the interaction Hamiltonian becomes

_ ! Nt
Hr = Ve l;; V(k, k") € gy Cr.p CT €k, Ls (3.4
V(k,k') = — g O(—|&]| + hwp)O(-|&| + hwp), (3.5)

where g > 0 is a constant. The total Hamiltonian
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H = ka C.a Ckor ~ 8 Z’Z/C—k'l Chr .1 k1 Ck s (3.6)
k Kk

Vol

>V = Z O(—|&| + hwp), 3.7)
k

k

is called pairing Hamiltonian or BCS Hamiltonian. The interaction at the final
expression in real space is given by V(r — r’) = —gé(r — r’) which is short-range
in space and instantaneous in time. These properties are different qualitatively from
the effective interaction mediated by a phonon. In this sense, the BCS Hamiltonian
is a model Hamiltonian that describes many-electron states in the presence of a
specialized attractive interaction between two electrons on the Fermi surface. As
we will see below, however, the mean-field theory of the BCS Hamiltonian explains
well the superconducting phenomena observed in experiments. This suggests that
the attractive interaction between two electrons is indispensable to superconductivity
and its dependence on space-time plays only a minor role.

3.2 Mean-field approximation

The interaction term in Eq. (3.6) is nonlinear. It is impossible to have an exact
solution of the ground state. Here, instead of solving Eq. (3.6) exactly, we apply
the mean-field approximation to the interaction term. We introduce the average of
operators

Ae'? =

Z (Ck,1 Cok, 1) (3.8)

Vol

which is called pair potential and plays a central role in describing superconductivity.
Generally speaking, the right-hand side is a complex number. Thus, the left-hand side
is decomposed into the amplitude and the phase of the pair potential. Before solving
the mean-field Hamiltonian, the meaning of the pair potential should be clarified.
The product of two annihilation operators decreases the number of electrons by
two. If we consider a ground state in which the number of electrons N is fixed, the
quantum average results in

<N|Ck,TC—k,i|N> o (N|IN-2) =0. 3.9

When the pair potential in Eq. (3.8) takes a nonzero value, the number of electrons is
not fixed in such a ground state. The coherent state of the laser light can be a possible
candidate of the ground state. Let us replace a product of electron operators by a
boson operator phenomenologically as ax = c_ 1 c—x,|. Since ag|C) o |C), the pair
potential can have a nonzero value in the coherent state. Thus Eq. (3.8) determines
a character of the ground state automatically.

Our next task is to linearize the BCS Hamiltonian by using the mean field in
Eq. (3.8),
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k1 ok, ={C,p Ck, 1) + [, ek — (e ek )]s (3.10)

T T T cF T i
i = ap+ | e~y e 3.11)

These are the identities. The first term on the right-hand-side is the average on the
left-hand side. The second term is considered to be the fluctuations from the average.
In the mean-field theory, we assume that the fluctuations are much smaller than the
average and expand the nonlinear term within the first order of the fluctuations. The
interaction term becomes

!t
Z T k,TZ Cot Coke s (3.12)
%
_Z (! x| k’ A [ K’ k’ <C—k',le’,T>]

X Z (ki cor ) + [crr e,y — (o ek, )] s (3.13)
X

_ VvolAe_i‘p ! T VvolAe_i‘p
_{ gz 2, G - g
k/

ViolAe'? ’ ViolAe'?
VY RAC LRI Z Cho1 Cok] — MvolB€ i (3.14)
g . g
V2 A |
V;l2 Yo Z [Ae Yepqeok, ) + Al oot Tkl ;T] (3.15)

On the way to the derivation, we have used the complex conjugation of the pair
potential

e = Z (€ i) (3.16)

The mean-field Hamiltonian for superconductivity has the form

Hur = Za’fk C,Z’a Ck.a ~ Z [Ae “ep ook, + A k.| “k T] Pt > G17)
k,a k

i 2
_N [ H & Ae'? Ck,T] VyolA?
= ¢ ~Ck, —i " + . (3.18)
; [ e N N e 2 B g
To diagonalize the mean-field Hamiltonian, we solve the eigen equation,
it (3.19)
[Ae A

The solutions are given by



3.3 Gap equation and thermodynamic properties 25

U, —ve'?
vee |’ Uk

for E = Ej and E = —Fy, respectively. Here we define

/1 /1
Ek=\/§,f+A2, ug = 5(1+§—’;), Vi = 5(1—2—,;)- (3.21)

The results are summarized as

& A _ we -we?|[Ex 0 Ug Ve (3.22)
A" =& | Ve uy 0 —Ex||-we™ w |- :

By substituting the results into Eq. (3.18), the Hamiltonian is diagonalized as

: (3.20)

; E O Y1 ViolA?
Hur = |74 17401 H F+ 2 o)
Zk] k7L o —E Y el g
+ Vool A?
=ZEk(7k,T7k,T+7ik,l%k,l—1)+ ng , (3.24)
%
with
Yk, U v e'® Ck,
[TT}=[_ p HTT], (3.25)
’y*k,l Ve Uy cfk,l
Ck, U —vge'® Yk,
[CTT}z[V ko H TT}. (3.26)
—k,| k€ Uk V,k,l

The last relationships are called Bogoliubov transformation [19, 20]. The opera-
tor yk o is the annihilation operator of a Bogoliubov quasiparticle and obeys the
fermionic anticommutation relations

MkarYy 5} = Ok plaps (Ve Vpst =0, Vial) =0. (3.27)
The last equation defines the *vacuum’ of the Bogoliubov quasiparticle, where |0)

represents the superconducting ground state. The creation of a Bogoliubov quasipar-
ticle describes the elementary excitation from the superconducting ground state.

3.3 Gap equation and thermodynamic properties

The remaining task is to determine the pair potential A in a self-consistent way. By
the definition of the pair potential Eq. (3.8) and the Bogoliubov transformation in
Eq. (3.26), we obtain
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. g ’ . . .
Aot =K D ((ukyk,T — ey ey} uya, l)>, (3.28)
VO
k
& NV e g \vAe¥ Ey
= urvie'? (1 -2np(E)) = tanh . (329
Vvol % r Vvol ; 2Ek 2kBT

On the way to the last line, we have used the relations,

(7,1,07’1:,5) =np(Ex) 6k p Sap.  (Yik,a¥Ypp) = 0. (3.30)

The amplitude of A should be determined by solving Eq. (3.29). Thus Eq. (3.29)
is called gap equation. We note that the equation has a solution only for g > 0
(attractive interaction). To proceed the calculation, we introduce the density of states
per volume per spin,

1

NE =

D0 — &), (3:31)
k

The gap equation becomes,

o [ g N VE + A2
1=¢ dé ——=—tanh [ ————|. (3.32)
0 [e2 + A2 2kpT
At zero temperature T = 0, the integral can be carried out as
o N@) ropdg
1 =g/ dé —=— ~gNy _— (3.33)
0 VE* + A? 0 VE + A?
h hwp \*
—gNoIn ‘Z (%) + 1| = gNo In(hwp /A), (3.34)

where Ny is the density of states at the Fermi level per spin per unit volume. The
amplitude of the pair potential at 7 = 0 is then described as

1

Ao =2hwpe Mo, (3.35)

As discussed in a number of textbooks, it is impossible to expand the right-hand
side with respect to the small parameter gNy < 1, which implies the instability of
the Fermi surface in the presence of a weak attractive interaction. Just below the
transition temperature 7., it is possible to put A — 0 into the gap equation,
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e dg ¢

1= =2 tanh 3.36
gNO/ : tan (ZkBTc)’ (3.36)
=gNoIn Jwp tanh fop | _ N / oodfln(f) cosh™2(&) (3.37)
—EN0 N 2T 2usT. ) 5 ), : '

hwp 4y 2hwpyo

~ 0N = ) 3.38
gNo [ln(ZkBTc) +1n( - )] gNoln( pr ( )

On the way to the last line, we considered Aiwp > T, and used

/ dx In(x) cosh™%(x) =1In(4yo/7), (3.39)
0

Inyy =0.577 Euler constant. (3.40)
From the last line, we obtain

7. = 2M9DY0 —1jgn©) - Y0, (3.41)
nkp wkp

The relation of 2Ag = 3.5kpT, has been confirmed in a number of metallic super-
conductors. Figure 3.2 show the dependence of the pair potential on temperature. As

04F

0.3

0.2

A/2mkgT,

0.1

0.0k !
0.0 0.5 1.0
T/T,

Fig. 3.2 The amplitude of the pair potential is plotted as a function of temperature. Here we solved
the gap equation numerically.
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shown in Appendix A, the pair potential just below 7. depends on temperature as

8 [T.-T
7¢(3)

A = nkgT, (3.42)

By using the energy of superconducting state in Eq. (3.24), it is possible to calculate
the partition function and the specific heat of a superconductor,

Eg = Z exp [— {Z Ex(ngo— 1)+ VvolAz/g} /kgT]|, (3.43)
nk,(rzo’l k,O'
2
= exp(-VsaA?/gkpT) | | eB/50T [] (1 + o E /kBT) . (3.44)
k k

The thermodynamic potential of the superconducting state per volume is represented
by

Qg = —kgT— log E A D
= - 0gEg = — —
B Vvol g=s 8 Vyol A

2
Ex + kgT log (1 + e*Ek/kBT) } . (3.45)

The specific heat is then calculated as

Qs 2kg
Sg=— —= = - 1 - np)log(l - log nr, 3.46
s 3T Voo ;( ng)log(l —np) +nrlogng (3.46)
7085 _ 2ks 8nF 2kp onp\ (E} 10E]
C = = ke _ k) (347
=T = Vi Z T~ Viar Zk:( aEk) T 20T 647

(3.48)

1 Ex
== |1 - tanh .
"F 2[ an (ZkBT)

At the transition temperature, the specific heat is discontinuous, which implies the
rapid decrease of entropy at T = T,.. The difference in the specific heats per volume
is described as

AC = Cs - Cy =2kz / dgN(g)( of (5)) ( 1a_A2)’ (3.49)
o0& oT
=Ny s —— k3T, (3.50)
°7:3)"F
By using the specific heat in the normal state at T = T,
Cn =ZT"2N0 k3 T, (3.51)

we obtain
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AC 12

— = — ~1.42. 3.52
N A6 (3:52)

The left hand-side of the equation is a universal value independent of materials.

The free energy in the normal state Q, is obtained by putting A — 0 in Qg. The
difference between the free energies corresponds to the condensation energy of the
superconducting state,

k
A? Ex 1 + e Ex/ksT
X Etanh(ZkBT) + |.fk| - E —ZkBTIOgm s (3.53)

where we have used the gap equation. At7 = 0, the condensation energy is calculated
to be

Qs - Q —2N/°°dg A2+g E| = —fnoa? = He (3.54)
S N — 0 ) °F = ) 0 = 872'. .

The last equation relates the condensation energy to the thermodynamic critical field.

3.4 Cooper pair

The pair correlation function is a two-point function in real space,

1

Fri.ra) =W (r)y,(r2)) = Z<Ck,T a ek e, (3.55)
vol kK

l . ’ . ’

:V Z<Ck,T Ck,’l>el(k+k )T gilk—k )-p/2’ (3.56)
vol k,k,
where we introduce the coordinate
+

r= u, p=ri—rs. (3.57)

2

In a uniform superconductor, the pair correlation function is independent of r, which
requiers k' = —k. As a result, correlation function depends only on the relative
coordinate as

F(p) = — cxrCp ) P, 3.58
(p) Vo ;( k.1 C—k,|) (3.58)

The pair correlation function of two electrons at the same place p = 0 is linked to
the pair potential in Eq. (3.8). We note that the pair potential is the product of the
pair correlation function and the attractive interaction. In the BCS Hamiltonian, the
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interaction is short range in real space V(p) = —gd(p). The pair potential satisfies
the relation,

Ay = g(r)y(r1)) = =g (r) yq(r)) = =Ayq. (3.59)

Due to Pauli’s exclusion principal, two electrons at the same place must have the
opposite spin to each other. Above relation shows that the pair potential is anti-
symmetric under the commutation of two spins. Thus, a Cooper pair belongs to
spin-singlet s-wave symmetry class.

The function F(p) describes the pairing correlation between two electrons with
their relative coordinate at p # 0. The correlation function is calculated at 7 = 0 as
a function of p = |p|,

1 ' Ae'¥
e
Vil 44 2Ex

F(p) = ik-p. (3.60)

By replacing the summation by integration in three-dimension,

1 ’ 1 2r n ko 5
= d / desinH/ dkk”, 3.61)
VVOI; (27T)3/0 ¢ 0 0

the correlation function is expressed as

icp ko :
F(p) =247 / ak2Sne) 1 (3.62)
471'2 0

kp \/§£+—A2'

Since the integrand is large at & = 0, we apply the approximation k ~ kg + &/hvg.
By changing the running variable k — &, we obtain

Ae'¥ heop in(k h
Flp) ~ 26 / dngSHl( Fp)cos(ép/ VF)’ (3.63)
4rphve /gz T A2
mkpAe'? sin(kp p) o hvp
- KoL), &=2E 3.64
212h2 krp 0 &y 0 Ao (3.64)

where K is the modified Bessel function of the second kind and Ky(x) ~ e™* for
x > 1. The characteristic length &, is called coherence length which describes
the spatial size of a Cooper pair. In typical metallic superconductors, & is about
1 x1075m.

3.5 Magnetic properties

The pair correlation function becomes non uniform and depends on the center-of-
mass coordinate r in the presence of magnetic field. We consider pairing correlation
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function,

Wr(r) gy (r)) o (1) = fng(r) €90 (3.65)

This relation defines the macroscopic wave function of superconducting conden-
sate described by the density of Cooper pairs ny and the phase of pairs ¢. The
superconducting condensate would have the kinetic energy density

E—/d (i€ a vy (v -ila)wir) 3.66
= r% l% ) r ( l% r ( )

where m* = 2m and e* = 2e are the effective mass and the effective charge of a
Cooper pair, respectively. Let us assume that the density n; is uniform in a supercon-
ductor for a while. In the absence of the vector potential, the kinetic energy density
is estimated as

2

E= / dr T (g2, (3.67)
4m

The results suggest that the spatial gradient in the phase increases the energy. Thus the

phase ¢ must be uniform in the ground state, (i. e., Vo = 0). Eq. (3.67) corresponds

to the elastic energy to deform the phase from a phase-rigid ground state. The current

density of such condensate would be described as

Jjr) :@ p* V—i%A Y- V+i%A vy, (3.68)
4mi hc he

eh
=—n
m

Vo(r) - %A . (3.69)

The current is driven by the spatial derivative of phase, which explains the Josephson
effect. The supercurrent density on the left-hand side is an observable, whereas the
vector potential on the right-hand side depends on the gauge choice. The supercon-
ducting phase is necessary to be transformed as ¢ — ¢ + 2¢/(hc) y under the gauge
transformation A — A + V y. Therefore,

2e [T
o(r)— — dl - A(l), (3.70)
he
is referred to as a gauge-independent phase.

Meissner effect
Let us consider a superconductor in a weak magnetic field. The magnetic field in the
superconductor should be described by the Maxwell equation,

1 4
VxH + -9 = ;. 3.71)
C



32 3 Mean-field theory of superconductivity

In a static magnetic field, by substituting 6,E = 0, H = V X A, and Eq. (3.69) into
the Maxwell equation, we find

4r eh 2
VxH = L (Vso——eA). (3.72)
c m he

By multiplying VX from the left and using relations

VxVxH=-V’H, V-H=0, Vx(Vg)=0, (3.73)
we obtain
47(2ng)e?
_V2H = _”(—”;)eH (3.74)
mc

We try to solve the equation at a surface of a superconductor as shown in Fig. 3.3(a),
where the superconductor occupies x > 0 and x < 0 is vacuum. A magnetic field is
applied uniformly in the y direction as H = Hpy in vacuum. A magnetic field in the
superconductor H = H(x)y obeys

d> 1 mc?
—H(x)- —=H((x)=0, A =+/——, 3.75
dx2 (x) /li ()C) L 4””662 ( )

where we have used a relation 2ny = n, with n, is the electron density. The solution
with a boundary condition H(0) = Hy,

H(x) =Hoe 7, j=--—="L¢ Ty, (3.76)

indicates that the penetration of the magnetic field is limited in the range of Ap
and that the current flows at the surface of the superconductor to screen the applied
magnetic field. The characteristic length A, is called London’s length is about 10~8m
in typical metallic superconductors.

At the surface 0 < x < Aj, the electric current in the z direction under the
magnetic field in the y direction feels the Lorentz force in the x direction,

. 1
e 'LX =——

= — O HHX. 3.77
Ar AL dr " * ( )

f= 1 JxH
c
The force points to the center of the superconductor. The current, however, stays
at the surface because the superconducting condensate pushes the current back. To
push the current from the center (x = o) of a superconductor to its surface (x = 0)
against the Lorentz force, the superconducting condensate does the work of

x=0 0 2 2
1 H 0 H
W= —/ dr - f = 4—/ dx0 HH = 8—0 i (— (3.78)
X

—oo T Joo T o 87
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Fig. 3.3 (a) A magnetic field at a surface of a superconductor. The electric current flows in the z
direction to screen an external magnetic field. (b) The integration path I inside a superconducting
ring. The arm is much thicker than the London length. The magnetic flux in the hole @ is quantized
due to the boundary condition for the macroscopic wave function.

An external magnetic field Hy must be smaller than the thermodynamic critical
magnetic field H. defined by

He

— =QN - Qs. (3.79)

8n
The right hand side of the equation corresponds to the condensation energy of
the superconducting state and is given by NOA(Z) /2 at T = 0 as we have discussed
in Sec. 3.3. For Hy > H,, the current and the magnetic fields penetrate into the
superconductor and destroy superconductivity.

Flux quantization

A superconducting ring can accommodate magnetic flux @ in its hole at zero tem-
perature as shown in Fig. 3.3(b). When the thickness of the arm d is much larger
than Ar, both the electric current and the magnetic field are absent at the center of
the arm. Let us integrate the current in Eq. (3.69) along such a closed path along the

ring,
s 2
O=_7§dl-j(l)=8hn [fdl-vgo——ej{dl-A]. (3.80)
m he

The second term is calculated using the Stokes theorem,

2e 2e 2e 2e

The first term should satisfy

L f dl - Ve(l) = #2r) = ¢(0) _ n, (3.82)
2 2r
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because the wave function must be single-valued in quantum mechanics. Thus, we
find that the magnetic flux passing through the hole is quantized by

I
® = ndo, o= X =2x 107 gauss - cm?, (3.83)
e
where ¢ is called flux quantum. An integer number 7 in Eq. (3.82) is a topological

invariant which is called winding number.

Vortex as a topological matter
Superconductors are classified into two kinds in terms of their magnetic property.
Phenomenologically,

= 3.84
% (3.84)

K

characterizes the boundary. The type I superconductor characterized by x < 1/V2
excludes the external magnetic field up to H < H. and keeps superconductivity.
Once H goes over H,, superconductivity disappears. The threshold H, is called the
thermodynamic critical field as discussed in Eq. (??). On the other hand, the type
I superconductor characterized by k > 1/V2 have two critical fields H. and H,,,
( He, < H,). The superconductor excludes perfectly the external magnetic field
in a weak magnetic field H < H.,. The superconductivity disappears in a strong
magnetic field H > H,,. In the intermediate region H., < H < H.,, a magnetic
field penetrates into the superconductor as quantized magnetic vortices. According
to textbooks, these critical fields are represented as

Hy=-20 g, - log[/l—L}. (3.85)

2ngl 272 [ o

Magnetic fluxes fluctuate the phase of the superconducting condensate spatially. The
phase, however, must be uniform at least the spatial area of .fg to keep superconduc-
tivity. In a high magnetic field at which a flux quanta ¢, passes through the area of
§§, the condensate cannot keep the phase coherence any longer. The critical field H,,
indicates such a boundary between the normal state and the superconducting state.

Let us consider a magnetic flux at the origin of two-dimensional plane. The vector
potential of such a flux is represented by

A=—"—ep, (3.86)

where we used the polar coordinate in two-dimension x = rcos# and y = rsin6.
The magnetic field calculated as

H, =L, (r_) ~0, (3.87)
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Fig. 3.4 The phase of superconducting state around a vortex core for r # 0 is illustrated in (a) for
several choices of winding numbers n. The spatial profile of the macroscopic wave function and
that of a magnetic field around a vortex core are shown in (b).

is zero for » # 0. On the other hand, the magnetic flux calculated as

27 ¢
yfdl-A =/ dor—— = ¢, (3.88)
0

2nr

is finite, where dI = d6 r ey indicates an integration path enclosing the flux at r = 0.
Stokes theorem does not hold true because of the singularity in the vector potential
at the origin. Let us assume that the magnetic flux at the origin is ¢ = n¢g. In such
a situation, the wave function far from the origin has the form

¥(r) ~ \nge™?. (3.89)

In Fig. 3.4(a), we illustrate the phase of a superconductor far from the origin, where
the phase ¢(6) = n6 is indicated by arrows for n = 1,2 and —1. The superconducting
phase is linked to the angle in real space coordinate. At the origin r = 0, however, it
is impossible to determine the direction of the arrows. To relax the situation, ng(r)
goes to zero at » = 0 as shown in Fig. 3.4(b). The coherence length &, characterizes
the spatial variation of the wave function, whereas the London length characterizes
the variation of magnetic fields. The place for ny(r) = 0 (a node in the wave function)
is called vortex core. Here let us consider a superconductor in H., < H < H., which
accommodates the magnetic flux N¢g. There would be two ways for N¢g flux to
stay in the superconductor: one giant flux with the winding number n = N or N flux
quanta with the winding number n = 1 at each. According to Eq. (3.67), the energy
of the former is given by N2E;, whereas that of the latter would be NE;, where
E; = (K*ngV /4m) is the energy density for one vortex with n = 1. Therefore, the
magnetic fluxes pass through a superconductor as a number of flux quanta.

Finally, we briefly discuss a topological aspect of a vortex. We first consider
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Fig. 3.5 The propagation of a defect from left to right through a uniform system. (a) A filled circle
corresponds to an atom in a crystal. An open circle coming from the left is a vacancy. (b) An arrow
represents a superconducting phase at the place. An open circle coming from the left indicates a
magnetic flux quantum.

a simple defect in a crystal lattice as shown in Fig. 3.5 (a), where a filled circle
corresponds to an atom in the crystal. An open circle coming from the left is a
vacancy. The vacancy comes into the crystal at the 1st time-step, moves to the right
at 2nd and the 3rd time-step, and leaves away from the crystal. There is no difference
between the crystal structures before the vacancy coming in and those after the
vacancy leaving away. The vacancy is a local defect in the crystal and affects only its
neighboring atoms. Next we consider a vortex core with n = 1 in a superconductor.
Since the vortex core is a topological defect, its propagation changes the global phase
configuration as illustrated in Fig. 3.5 (b). Before the core coming, a superconductor
is in the ground state indicated by a uniform phase at ¢ = 0. At the Ist time-step,
the superconductor changes the phase configuration drastically to accommodate the
vortex. The winding number of the phase configuration becomes n = 1 at the second
time-step. At the 3rd time-steps, the arrows tend to point to the left. After the vortex
leaving, the superconductor is in the ground state with a uniform phase at ¢ = 7. In
the process, the winding number in the superconducting state changesas0 — 1 — 0.
The propagation of a topological defect changes the phase configurations of whole
the superconductor.



Chapter 4
Andreev reflection

The penetration of a Cooper pair from a superconductor to a non-superconducting
material modifies the electromagnetic properties of the material. Such effect is called
proximity effect. In the mean field theory of superconductivity, the Andreev reflec-
tion [6] describes the penetration of a Cooper pair into a metal. In the Bogoliubov-de
Gennes picture, the Andreev reflection represents the conversion between an electron
and a Cooper pair. Since a Cooper pair is a charged particle, the propagation of a
Cooper pair through a junction interface affects drastically the low energy charge
transport such as the differential conductance in normal-metal/superconductor (NS)
junctions and the Josephson current in superconductor/insulator/superconductor
(SIS) junctions. We show schematic illustration of superconducting junctions in
Fig. 4.1. In SIS and NS junctions, the pair potential is zero in a normal metal and in

normal metal superconductor superconductor superconductor

y W
L»X

x=0 x=0

(a) NS junction (b) SIS junction

Fig. 4.1 Schematic picture of superconducting junctions are shown for an NS junction in (a) and
an SIS junction in (b). The width of the junction is W. The electric current flows in the x direction
and the interface is parallel to the y direction.

an insulator. To analyze the electric current in such a non-superconducting segment,
we begin this section with the mean-field Hamiltonian in real space,

37
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Hoe = [ dr 3030 €0)ul0)

v [ dr ol swe ) s n@sweFne, @

Yq(r)
=% / dr[wi(r), lﬁI(r), Y (), (r)] Hpag(r) :Z%E:; , 4.2)

v (r)
Hlnaa(r) = [_ Lo A(-r;(ii; i @3
&(r) = - ZZ—ZZ +V(r) - er, 4.4)

where & for j = 1 — 3 is the Pauli’s matrix in spin space and &y is the unit matrix.
The derivation is shown in Appendix. C. Eq. (4.3) has 4 x 4 structure because of
the spin and electron-hole degrees of freedom. The 2 X 2 space at the upper-left of
Eq. (4.3) is the Hamiltonian of an electron (particle) and that at the lower-right is the
Hamiltonian of a hole (anti-particle). The pair potential hybridizes the two spaces.
The hole-degree of freedom is introduced in the Bogoliubov-de Gennes picture in
such a way as

[ Y it atrrpn) 4.5)
a.p
-/ draZﬁ |62 £ 05(F) (P €5 sV UY)] . 46)

The relation holds exactly even when £ includes spin-dependent potentials and vector
potentials. The spin structure of the pair potential is represented by id» which means
that the pair potential is antisymmetric under the permutation of two spins. The
equation

Hpac(r)

Mv(")a'o ] _ Ev[ uv(r) ) ] 4.7

w(r) (=)0 w(r) (=i)0~

is called Bogoliubov-de Gennes (BdG) equation. It is possible to derive the similar
equation

I R s N

because of particle-hole symmetry of the Hamiltonian,

[(SO (60] Hia(r) [ (SO ({;’] = ~Hp (r). (4.9)
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The wave function satisfies the orthonormal property and the completeness.

/ dr [uy(rua(r) + vy(r)va(r)] = 6y, (4.10)
2 [v?éﬁ?}%] [ v3r o] + |0 2] (") i62,10, ()60
= T4 6(r —1"). 4.11)

The Bogoliubov transformation is given by

Yy (r) :
i (r) [ w0 | [y | [vitr)=idea | | Y
_ 0. T nall 4.12
'ﬁi(’) Z »vy(l‘)(—l)@] [Wl} 0, (r)&o ] va,l I
W (r)
(0, 0 0 —v:][ 7.1 ]
B 0 u v O Y.l
_Zv: 0 -vou, O ij,T ' @13
| Vv 00 M:j 71,71

4.1 Conductance in an NS junction

The Andreev reflection occurs at an interface between a superconductor and a normal
metal. In what follows, we will consider the transport property of an NS junction,
where a normal metal (x < 0) is connected to a superconductor (x > 0) at x = 0.
The BAdG Hamiltonian in Eq. (4.3) is separated in two 2 X 2 Hamiltonian. Here we
choose the Hamiltonian for an electron with spin T and a hole with spin |. The BdG
Hamiltonian of an NS junction becomes

actr) =| £ 470 | (4.14)
with
h*V? )
&r)y=- . +vo0(x) —€p, A(r) = Ae'?O(x). (4.15)

In a normal metal, the BdG equation is divided into two equations,

[ h2v2

292
- ep} u(r) = Eu(r) and

= E. +ep|v(r) = Ev(r). (4.16)

The eigenvalues and the wave functions are obtained easily. The solutions are repre-
sented as
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((1)) ek f(p) and ((1)) ek i (p), 4.17)

respectively. Here the first (second) wave function is the solution of an electron (a
hole) belonging to E = & (E = —&) with & = h?(k*> + p?)/(2m) — €. The wave
function in the transverse direction to the interface is given by f,(p) = €P*/ Vs
with § being the cross section of the junction. These dispersions are illustrated in
Fig. 4.2(a), where we plot the energy of an electron & and that of a hole —¢& for
a propagation channel p as a function of the wave number in the x direction k. At

the Fermi level, we find that k = &k, = , lk% — p? and that the two dispersions are
degenerate because of &, = 0. In a superconductor, two solutions given by

U eicp/2 ikx —Vk ei(p/Z ikx
(Vk e—itp/Z e fp(p) and Uk e—i(p/2 e fp(P)7 (4.18)
belong to £ = Ej and E = —Ej, respectively. The amplitudes of wave function

is given by Eq. (3.21). The dispersion of Ej are illustrated in Fig. 4.2(b). The pair
potential hybridizes the dispersion of an electron and that of a hole. As a consequence,
a gap opens at the Fermi level, (i. e., k = £k, ). The dispersion for |k| > k, describes
the excitation energy of an electronlike quasiparticle, where the amplitude of an
electron uy, is larger than that of a hole vg. On the other hand, the dispersion for
|k| < ky describes the excitation energy of a holelike quasiparticle. In this book,
an electronlike (a holelike) quasiparticle is refereed to as an electron (a hole) for
simplicity. Eqs. (4.17) and (4.18) are the eigenstate vectors a function of the wave
number k.

Next we consider a situation where an electron at the Fermi level comes into the
junction from the normal metal as indicated by « in Fig. 4.2(a). Due to the potential
barrier at x = 0, the incoming wave is reflected into the electron branch as indicated
by A. Simultaneously, the incoming wave is transmitted to the superconducting side.
Since the pair potential hybridizes the electron and hole branches, two outgoing
waves are possible as indicated as C and D. In the normal metal, therefore, the
outgoing wave from the hole channel is also possible as indicated by B. The last
process is called Andreev reflection where an electron is reflected as a hole by the pair
potential in a superconductor. To describe the transmission and reflection processes
at the junction interface, we need the wave function for an incoming and those for
outgoing waves at an energy E. In a normal metal, the wave number calculated by
the relation,

h2 k2 R p2

+F = é‘:k = W + €p — €F, € = W (419)

The wave number is calculated as k, (k_) in the electron (hole) branch with

2mE
ke =k £ o k2 = k% - p* (4.20)
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The wave numbers at four branches in a normal metal are shown in Fig. 4.2(a). The
wave number at A becomes —k,. In the hole branch, the wave number at B is k_

because of the relation E = —&. The wave function in a normal metal is represented
by

¢L(I‘)= Z [(é)aeik+x+(?)ﬁe_ikx+(é)A€_ik+X+(?)Beikx:|

Ipl<kr
X fp(p). 4.21)

The wave number is positive at the left-going hole branch, which is explained by the
group velocity of a quasiparticle. Since E = & in the electron branch, the velocity
is defined as

e 1 . ho. .
ve(k.p) = 3 [0 & + Opac] = — [k &+ pl, (4.22)
where X is the unit vector in the x direction. In the hole branch, the velocity is
calculated as

h [k %+ p]. (4.23)

m

1
vi(k.p) = 1 [~k - dpéac] =

The velocity of a hole is negative in the x direction for £ > 0. In a superconductor,
the relation £ = Ej, is transformed to

& =+0Q, Q=+vVE2-A2 (4.24)

2mQ
gs = k3 % - (4.25)

In the electron branch as indicated by C in Fig. 4.2(b), we put & — Q in Eq. (4.24)
and the wave number is g.. In the hole branch as indicated by D in Fig. 4.2(b),
however, we put & — —Q in Eq. (4.24) and the wave number is —g_. Thus the wave
function on the right-hand side of the junction interface is represented as

Pr(r) = Z é[(:)Ceiq+"+(;)De—qu+(‘”f)ye—iq+x+(";)6eiqx]

lpl<kr
X fp(p), (4.26)

fl Q fl Q A vz
u= §(1+E)’ Vv = E(I_E)’ O = ( 0 e—i‘/’/z)' (427)

The group velocity in a superconductor is calculated as a function of k,

Therefore, we obtain
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1 . h . Sk
v(k.p) =% [0k Ex % + OpEx | = — [k +p]E—k (4.28)
In the electron (hole) branch, & is replaced by Q (—Q). The group velocities are
then calculated to be

h . Q

vi(xqep) = [£q- % +p] - (4.29)
I . -0

v'(+q-.p) = [+9- % +p] -, (4.30)

The group velocity in the x direction is indicated by arrows in Fig. 4.2. For E < A,
the wave number in Eq. (4.25) become complex, which suggests that a quasiparticle
at C and D in Fig. 4.2(b) do not propagate to x = co. In this case, all the transport
channels become evanescent mode.

(b) superconductor

S N S
o> © iio
0 0
. q)(—o @1—@» 2A O 4—@ ig
c
(¢) Andreev reflection (d) Andreev reflection
from an electron to a hole from a hole to an electron

Fig. 4.2 The dispersion relation in a normal metal (a) and that in a superconductor (b). The arrow
points the direction of the group velocity. The two Andreev reflection processes are schematically
illustrated in (c) and (d).

The boundary conditions for the wave functions are given by,

#L(0,y) = ¢r(0,y), (4.31)
[ d d
o [alﬁk(r) . - a(ﬁL(l‘) i +vo ¢r(0,y) = 0. (4.32)

The first condition represents the single-valuedness of the wave function. The second
condition is derived from the BdG equation
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5 s
lim dx Hggg ¢(r) = E lim / dx ¢(r) =0, (4.33)
6—0,/_s 6—0,/_s
and implies the current conservation law. See also Appendix B for details. The
wave number p is conserved in the transmission and reflection processes because
of translational symmetry in the transverse direction. The boundary conditions are
represented in a matrix form,

a Ay L~ ~(C oo~y
(ﬁ)+(3)_®U(D)+<DU(5), (434
lEﬁ(;)—lEfg(g)=®U(Ef3+2iz())(g)—ﬁ)f](l}ﬁ—%zg)(2;), (4.35)
Uz(bv‘:) (4.36)

where 73 is the third Pauli’s matrix in particle-hole space. We have used the relation
k ~ ki/kp =~ q./kp which are valid at a low energy £ < ep. The transport
coeflicients in the normal state is calculated to be

k —izo ky mvo

ty == L iy 4.37
"Tk+izg " k+iz ke' 0 hlkg (4.37)

where t,, (1) is the transmission (reflection) coefficient of the potential barrier.
At first, we calculate the transport coefficients for a quasiparticle incoming from
a normal metal. They are defined as
tee teh
o). [9]-[5 %

Al _ e
B = yhe .hh

nn nn
By putting y = 6 = 0, the coefficients result in

} . (4.38)

2 Qo 2mQ . PAeT L [ta|*Ae®

== 'm=—o— 'm=—o—s Tm=—o> (439
=NS =NS =NS =NS
e e P\2ENE+Q ., 1:e¥PP\2EVE + Q
Ign = = RS (4.40)
ZNS -—NS
e it e PANRENE-Q . rutl P \N2EVE -Q
the = - , h= - , (4.41)
=NS =NS
Ens =2Q + |t |X(E - Q). (4.42)

By putting @ = 8 = 0, the transport coefficients for a quasiparticle incoming from a
superconductor become,

c res |y Al _[as e ||y
[D] [ s |B| " [aean|{s] (@49
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with
2, Q 2riQ —|t,|2A —|tn|2A
L i S L L"—l reh = L”—| (4.44)
=NS =NS =NS =NS
26,Q6%2 [E+Q 205Qe %2 [E+Q
e =1 , o Tt (4.45)
ZNS 2F ZNS 2F

he 2”90 [E-Q o _ 2arie?Q [E—Q 446)
ns ENS 2E > ns ENS 2E . .

The scattering matrix of the junction interface is then represented by

ee .ech 7ee 7eh
e
e e

S = Tnn rmﬁ Ins tni (4.47)

zee 7eh _.ee ,.eh |- .
In Isn Tss Tns
i‘he ’t’hh he ..hh
sn ‘sn “ss 'ns

OO W
1
2}
R ™K

The transmission coefficients are corrected by the ratio of the velocity in the outgoing
channel and that in the incoming channel, (i.e., 4/Vout/Vin)- The results are given by

e Ql .. E] ..
rggz,/Re E}t;{p r,‘{sz,/Re [ﬁ]z,’{s. (4.48)

For E > A, all the channels in a superconductor are propagating with the velocity of
|vs| = vk, (Q/E). In a normal metal, all the channels are always propagating with the
velocity of |[vy| = v, . For E < A, on the other hand, all the transport channels in a
superconductor are evanescent, which results in 7, = 0 and 7/, = 0. The unitarity
of the scattering matrix S S™ = 1 implies the current conservation law.

The Andreev reflection of a quasiparticle is a peculiar reflection process by a
superconductor. When an energy of an incident electron is smaller than the gap
E < A, an electron cannot go into a superconductor because of a gap at the Fermi
level. In the superconducting gap, however, a number of Cooper pairs condense
coherently at a phase of ¢. A Cooper pair is a composite particle consisting of two
electrons and a phase as shown in Fig. 4.2(c). An incident electron has to find a
partner of a pair and get the phase of ¢/# so that the electron can penetrate into
the superconductor as a Cooper pair. As a result of such Cooper pairing, the empty
shell of the partner is reflected as a hole into the normal metal. Simultaneously,
the conjugate phase e™*¢ is copied to the wave function of a hole. Thus an electron
is converted to a Cooper pair at the Andreev reflection. The inverse process, the
reflection from a hole to an electron, is also called the Andreev reflection as shown
in Fig. 4.2(d). A hole cancels an electron of a Cooper pair. As a consequence,
a remaining electron is reflected into the normal metal with the phase of e'#. At
E = 0, the wavenumber of an electron is calculated as

i A A
q+ = kF (1 + 5;) = kF +lﬂ’ (449)
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where we choose p = 0 for simplicity. The inverse of the imaginary part characterizes
the penetration length of an electron and is equal to the coherence length &,. Namely,
an incident electron decreases its amplitude and condenses as a Cooper pair in the
superconducting gap. Such event happens at the interface of a superconductor and a
normal metal. At E < A, the conservation law

lrel® + Irhel? = 1, (4.50)

holds true as there is no propagating channel in a superconductor. When the normal
transmission probability is much smaller than unity |t,|*> < 1, the Andreev reflection
is suppressed || — 0 and the normal reflection is perfect |r¢¢| — 1.On the contrary
att, = 1,the normal reflection is absent |r{:| = 0 and the Andreev reflection is perfect
|rB¢| — 1. The reflection coefficients

he _ —iarctan(VAz—Ez/E>e_,-(p yeh e—iarctan(VAz—Ez/E)ew

nn

: 4.51)

3 nn

includes only the phase information at ¢, = 1.

The Blonder-Tinkham-Klapwijk (BTK) formula [18] or Takane-Ebisawa [44]
formula enables us to calculate the differential conductance of a NS junction in
terms of the reflection coeflicients,

262
28 S (s )

el (4.52)
oV h > nn

E=eV

In the normal state, the Andreev reflection is absent ¢ = 0. In such case, the formula
is identical to the Landauer’s conductance formula by using the conservation law
°¢]2 = 1—|r°¢|?. In Appendix B, a derivation of the Landauer’s conductance formula
is explained briefly. The formula in Eq. (4.52) also assumes reservoirs of an electron
at x = +oo. The difference in the chemical potentials in these reservoirs corresponds
to the bias voltage across the junction eV = uy — us, where uy (us) is the chemical
potential of the reservoir connected with a normal metal (a superconductor). The
voltage drops at the insulating barrier at the junction interface. The Andreev reflection
probability describes the effects of a superconductor on the electric transport. By
substituting the reflection coefficients, we obtain

2¢% 2A2%t,|*
Gns = —
Yk ; (2~ |taPP(A2 ~ E2) + 11 'E?|

for 0<eV <A (4.53)

=e

and

_ 28 0 2’6 PE? + (2~ |ta|*)VE? — A’E]

Gns = — —
h P [(2 - |tn|2) E2 - A2 + |tn|2E]2 E=eV

for eV > A.

(4.54)
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We plot the conductance as a function of the bias voltage in Fig. 4.3, where the
vertical axis is normalized to the conductance of the junction in the normal state,

Gn = 2¢2 Z lta)? = RS (4.55)
h > N

At |t,,| = 1, the conductance is twice of its normal value at the subgap regime E < A
due to the perfect Andreev reflection.

2¢2 462 42
Grns =252 S phep = 22N 2 2 N 4.56
ns =2 ) I = . (4.56)
p P
2 2
Gx :%Nc = Ry, (4.57)

where N, is the number of propagating channels of the junction. The conductance
remains finite even though any scatterers are absent in a sample. As discussed briefly
in Appendix B, the conductance in Eq. (4.57) due to the finte width of a sample is
called Sharvin conductance. The Sharvin registance is the inversion of the Sharvin
conductance. An incident electron is converted to a Cooper pair perfectly, which
increases the number of the charge passing through the interface by a factor 2. On
the other hand in the limit of |£,,| < 1, the conductance spectra become

E
GNS - GN e—— N (458)
E2 - AZ E=eV

which is proportional to the density of states in a uniform superconductor. The results
in Fig. 4.3 at zo = 5 correspond to the spectra measured by scanning tunneling
microscopy (STM) or scanning tunneling spectroscopy (STS) experiments.

At the end of this subsection, we explain the relation between the property of
Q and the causality of the transport coefficients. Outgoing waves from the junction
are related to an incoming wave to the junction by the transmission and reflection
coefficients in Eq. (4.38). In such case, the transport coefficients belong the retarded
causality. The analytic properties of the retarded function QR = /(E +i6)? — A2

and the advancewd function Q4 = +/(E — i5)? — A2 are described by

+VE2-A2E > A
61111& VE £i6)2-AN =3 iVAZ—E2 _A<E <A (4.59)
FVE2 - A2 E < —A.

These relations enable a unified description of the transport coefficients for £ > 0
and those E < 0. For E < 0, Eq. (4.53) remains unchanged, whereas VE2 — A2 in
Eq. (4.54) changes its sign. As a result, we find that Eq. (4.54) is an even function of
E. In what follows, we implicitly assume that Q belongs to the retarded causality.
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Fig. 4.3 The differential conductance of a NS junction is plotted as a function of the bias voltage
across the junction for several choices of the potential barrier hight z.

4.2 Retroreflectivity

The Andreev reflection has quite unusual properties also in real space. When the
wave number of an incident electron is (k, p), the wave number at outgoing waves
are summarized as

A:(=k,p), B:(k,p), C:(k,p), D:(=k,p). (4.60)

The trajectories of outgoing waves are illustrated in Fig. 4.4(a), where we consider the
group velocities in Egs. (4.22), (4.23), (4.29) and (4.30). The velocity component
perpendicular to the interface changes sign in the normal reflection, whereas all
the velocity components change signs in the Andreev reflection. As a result, a
reflected hole traces back the original trajectory of an incoming electron as shown in
Fig.4.4(a). Such property of ahole in the Andreev reflection is called retroreflectivity.
An electron-hole pair on the Fermi level (E = 0) connected by the Andreev reflection
are retroreflective exactly in the presence of time-reversal symmetry. Therefore the
two trajectories are retroreflective to each other even in the presence of impurities as
shown in Fig. 4.4(b). Although the pair potential is zero in a normal metal, a Cooper
penetrates from a superconductor. The presence of a Cooper in a normal metal is
described by a strongly correlated electron-hole pair in the Bogoliubov-de Gennes
picture. This fact is very important to understand the Josephson effect through a
dirty metal. In the absence of time-reversal symmetry, the retroreflective is lost. A
good example might be the motion of a quasiparticle in an external magnetic field
perpendicular to the two-dimensional plane as shown in Fig. 4.4(c). The Lorentz
force acts on a charged particle moving in a magnetic field
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f=evxH. 4.61)

The charge of a hole has the opposite sign to that in the electron. Simultaneously, the
velocity of a hole is just the opposite to that of an electron. Thus the Lorentz force
acts in the same direction in the two particles. In Fig. 4.4(c), an electron and a hole
depart at a same point on the NS interface and meet again at an another point on
the interface. Such correlated motion of an electron and a hole is responsible for the
Aharonov-Bohm like effect in the magnetoconductance of a ballistic NS junction [7].

Normal metal Superconductor
A

impurities x x
X

C
magnetic

N\ A
B%\D /4//)(\\\\9 x\ fields L

@) (®) ©

Fig. 4.4 The trajectory of outgoing waves. The Andreev reflection is retroreflective on the Fermi
surface in the presence of time-reversal symmetry (a). A hole traces back the trajectory of an
incoming electron as shown in (a) and (b). In a magnetic field, the retroreflectivity is lost as shown
in (¢).

4.3 Josephson current in an SIS junction

The Josephson effect is a highlight of superconducting phenomena. The dissipa-
tionless electric current flows between two superconductors at zero bias voltage.
In this section, we try to understand the Josephson effect in terms of the Andreev
reflection. A typical example of Josephson junction may be an SIS junction as
shown in Fig. 4.1(b), where two superconductors sandwich an insulating barrier.
The Josephson current is calculated based on Furusaki-Tsukada formula [25],

A
7= % ; ksT Z Q_n [rhe(P, wn) = ren(p, wn)], 4.62)

Wn

where the current is expressed in terms of two Andreev reflection coefficients rpe and
ren. The reflection coeflicient ry,. represents the process where an electron incoming
from the left superconductor is reflected as a hole after traveling whole the junction as
shown in Fig. 4.5. This process carries a Cooper pair from the left superconductor to
the right superconductor. The coefficient re, represents the conjugate process to rpe.
The formula suggests that the net current should be described by the subtraction of the
two coeflicients. Since the direct-current Josephson effect happens in equilibrium,
the reflection coefficients are described as a function of a Matsubara frequency
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Fig. 4.5 The dispersion relations in an SIS junction. . (7en) is the Andreev reflection coefficients
of an electron (a hole) incoming to the junction from the left superconductor.

wy = 2n + VrkpT [k, where n is an integer number and 7 is a temperature. The
analytic continuation in energy is summarized as

E —ilwp, Q=vVE2-A2—iQ, Q,=Iuw?+A2 (4.63)

The conductance in an NS junction is represented by the absolute values of re-
flection coefficients in Eq. (4.52). The Josephson current in Eq. (4.62) is represented
using reflection coefficients themselves. The two superconductors exchange their
phase information through the phase degree of freedom of the transport coefficients.
The transmission and reflection coefficients appear in the Landauer formula for con-
ductance which is a basic formula in mesoscopic physics. The formula in Eq. (4.62)
as well as Eq. (4.52) bridges physics of superconductivity and physics of mesoscopic
transport.

Our next task is to calculate the Andreev reflection coefficients in an SIS junction
by solving the BdG equation,

&r) A(r) | |ulr)| _ . |u(r)
A(r)* —§(r)] [v(r) =E [V(,.) ; (4.64)
wn={oim 5o

The wave function in the left superconductor is given by

(u)eikxxa,_'_ (V)e_ikxxﬂ+ (u)e—ikxxA+ (v)eikxxB]
v u v u

X fp(p), (4.66)

pL(r) =,
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j = -

0 —% /2 hwn 2 iy |

R ipj/2 1 Q
b (e ' " (4.67)

where A and B are the amplitude of outgoing waves and « and £ are the amplitude of
incoming waves. In the right superconductor, the wave function is represented with
two amplitudes C and D as

¢R(r) :(I")R (Z)eik,,xC+ (Z)e—ik,,xD+ (’:) —ikp, x,}/+( )eikl’xé]

X fp(p) (4.68)

By substitute the wave functions into the boundary conditions in Egs. (4.31) and
(4.32), we obtain the relationship among the amplitudes of wave functions,

A5Gl =os) o )

o

PN I - [A - C N NN 7
U [kr3 (ﬁ) - ks ( )] [Ukts + 2izoU] ( ) — [Uk#3 = 2izU] (5)’
. eleL—¢r)/2
¢ = ( 0 emilor- soR)/2)
By eliminating C and D under y = § = 0, we obtain
A Tee Teh | [ @
= , 4.69
() =( ) (3) @
|ta|*A o
The ==——— [Awyn(cos @ — 1) +iQ, sin ¢], (4.70)
21.:“55
|ta|*A o
Feh ==—— [hwy(cos ¢ — 1) —iQ, sin¢], “4.71)
Zl:SS
Sss =(hwn) + A% 1= s (£)]. ¢ =er—¢n @72

where we have used the relations

V(Aiwp)? + A2
.A . ur—vi= Vhon)” + A7 . 4.73)
2ihw, hwy,

uy =

The Josephson current is represented as

e . |tn|2A2
J = —sing E kgT E - . “4.74)
h 7 £ 2wy + A2 (1 = |t,[? sin® (%))

The identity

1 1 y
keTS —— = tanh 475
5 ;(hwn)2+y2 2y (ZkBT) (4.75)
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enables us to carry out the summation over Matsubara frequency. Finally, we reach

at
e |t |2A AWH - |t”|2 sin2 (%)
Jz%sin«,oz " tanh T
P 2,1 = |t,|?sin* (%) B

First we consider the tunneling limit of |¢,,| < 1 which represents an SIS junction.
Using the normal resistance in Eq. (4.55), the Josephson current becomes

(4.76)

Ao [ A A
J= 2 ) tanh in . 477
2R (AO) an (2kBT)sm“° @77

Eq. (4.77) was first derived by Ambegaokar-Baratoff [5] and has explained well
the Josephson effect observed in experiments. By using the dependence of A on
temperature in Fig. 3.2, the amplitude of the Josephson current is plotted as a
function of temperature in Fig 4.6. The Josephson current increases with the decrease
of temperature and saturates at low temperatures.
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Fig. 4.6 Left: the amplitude of the Josephson current in a SIS junction (|z,,| < 1) is plotted
as a function of temperature. Right: the current-phase relationship in a S-constriction-S junction

(It = D).

Next we consider a junction through a constriction by choosing ¢, = 1. Using the
Sharvin resistance Ry in Eq. (4.57), the Josephson current becomes

_mho (A (o Acos (%)
J_eRN (Ao)sm(z)tanh( T | 4.78)
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This formula was first derived by Kulik-O’melyanchuck [34]. The results at 7 = 0
suggest the fractional current-phase relationship as sin(¢/2). The Josephson current
is discontinuous at ¢ = +x. Just below 7, the current-phase relationship is sinusoidal
as displayed in Fig. 4.6. Generally speaking, the Josephson current is decomposed
into a series of

J = Z T, sin(n), (4.79)
n=1

when the junction preserves time-reversal symmetry at ¢ = 0. The current-phase
relationship in Eq. (4.78) is described as

5)- 5

n=1

(_1)n+18n

72n+1)(2n-1) (4.80)

sin(ne).

Namely, not only the lowest order coupling term J; but also higher order terms J,, for
n = 2,3,--- contribute to the Josephson current. The Andreev reflection processes
for the lowest order term are analyzed in what follows. In Fig. 4.7(a), we show the
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Fig. 4.7 (a) The process include the Andreev reflection at the right interface once. The material
at the central segment is indicated by X. The transmission coefficient of X are ¢x in the electron
branch and 7} in the hole branch. (b) The reflection processes contribute to J;. (c) The schematic
illustration of the Andreev reflection processes in J5.

Andreev reflection process for the Josephson current, where a quasiparticle suffers
the Andreev reflection at the right interface once. The two processes are possible for
" in Eq. (4.62) as shown in (al) and (a2). Figures in (a3) and (a4) represent the
processes for . The contributions of these four processes to the Josephson current
are summarized as A; as
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€ A hh * he ee he eh *  he
A :ﬁ Z kBTZ Q_ [tsn (L) ' rnn(R) “Ix - tns(L) + tsn(L) > rnn(R) ' tns(L)
p Wn n

— 1E(L) - tx - TS(R) - ty - tBNL) — 1(L) - 1 - rES(R) - 1x - (L)) (4.81)

where fx (t%) is the transmission coefficient of a material X in the electron (hole)
branch. We have assumed that the material X preserves time-reversal symmetry.
Among the transport coefficients shown in Egs. (4.39)-(4.46), it is possible to confirm
the relations

fas(L) -

ML) — (L) - = - 1(L) = 2rEh(L), (4.82)

(L) - — - £SS(L) — 18(L) - — - 15(L) = 2rfe(L). (4.83)

>0l >
o>l

These relationships hold true even after applying the analytic continuation £ —
ihw,,. Thus we obtain
2ie . .
A== ; kpT >~ [ren(L) - £ - rhe(R) - tx = rhe(L) - tx - ren(R) - 1] . (4.84)

wn

The reflection processes indicated by this equation are illustrated in Fig. 4.7(b).
The processes include the Andreev reflection once at the left interface and once at
the right interface. The transport coefficients include #,, which is the transmission
coefficients of the interface between the superconductor and the material X. To
proceed the calculation let us choose f,, < 1.

2
e 22 [ A .
A _ﬁ;kBT;hthl (Q_n) sin . (4.85)

The results correspond to Jj sin ¢. In the n-th order term in Eq. (4.79) are derived
from the processes including the Andreev reflection # times at the left interface and
n times at the right interface. In addition, n th order process is proportional to |tx |*"
because a quasiparticle travel the X segment 2n times. When |tx|> < 1 as it is in the
insulator, the higher harmonics is negligible. In Eq. (4.78), the higher order terms
contribute to the Josephson current because the two interfaces and the material X
are highly transparent. Fig. 4.7(c) shows the reflection process which contribute to
Jo sin(2¢).

Note

As already mention in the formula of Eq. (4.62) that the Josephson current is
described by the Andreev reflection coefficients. Although the current should be
gauge invariant, the reflection coefficients depend on a gauge choice. The user of
Eq. (4.62) should pay attention to the gauge choice with which the Andreev reflection
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coefficients are calculated. In this text, Eq. (4.62) is correct when we calculate the
transport coefficients in Eq. (4.69) from the wave functions in Egs. (4.66) and (4.68).



Chapter 5
Unconventional superconductor

In previous Chapters, we have assumed that a superconductor is a simple metal such
as Al, Pb and Nb. A Cooper pair in such a conventional superconductor belongs
to spin-singlet s-wave symmetry class. In this chapter, we focus on the Andreev
reflection by a superconductor belonging to unconventional symmetry class such as
spin-singlet d-wave and spin-triplet p-wave. To descrive unconventional supercon-
ducting state, we first generalize the pair potential within the mean-field theory,

Ao p(ri,r2) =g(ri = r2) (Yo (rWp(ra)) = —g(ri — r2) (Yp(rpe(ry)), (5.1
== Nga, (rary), (5.2)

where the attractive interaction g(ry — ry) = g(rp — ry) is symmetric under the
permutation of real space coordinate and we have used the anticommutation relation
of fermion operators. The pair potential must be antisymmetric under the permutation
of two electrons as shown in Eq. (5.2) as a result of the Fermi-Dirac statistics of
electrons. The negative sign on the right-hand side of Eq. (5.2) should be derived from
the permutation of spins or the permutation of spatial coordinates of two electrons.
This relation enables us to categorize superconductors into two classes: spin-singlet
even-parity and spin-triplet odd-parity. By applying the Fourier transformation

1 ik -r 1 ik -r
§ her = — E wer 53
Ya(r) = Vi 4 Ck,a® g(r) Vool 4 8ke (5.3)

the pair potential is represented as

1 . KR .
Aap(Rop)=—r > gg TP {cp acp g)e’®HIREAILL (54

vol q.k k'
ry+r
R:%, p=ri—r. (5.5)
Here we put k&’ = —k because we consider a uniform superconductor. Namely the

pair potential is independent of the center-of-mass coordinate of two electrons R.

55
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As aresult, we have an expression of the pair potential,

1 . 1 .
i(k+q)'p _ ik-p
— Ck.aC—k.B)€ = — Ay g(k)e™P. 5.6
V2 E 84 {Ck,aC-k,p) Ve §k a,8(k) (5.6)

vol k.q

Aa,ﬁ(p) =

with the Fourier component
1
Bapk) = 5= 3 8k = P)fapP).  fapk) = (Ghackp)  (5T)
vol 7

In the weak coupling theory, two electrons on the Fermi level form a Cooper pair due
to an attractive interaction. Therefore, k and p in Eq. (5.7) are limited to be momenta
on the Fermi surface. To proceed the argument, let us consider a superconductor in
two-dimension and replace the summation by the integration,

1 27 46
- ; — /dgzv(g)/o e (5.8)

where N(¢) is the density of states per spin per volume and 6 is an angle on the
two-dimensional Fermi surface as shown in Fig. 5.1. The pair potential is described
as,

2n 4o’
80s(®) = [aen(@) [ 5 0.0 a0, 59

T

The the pairing function is decomposed into the Fourier series as

Fap(&0) = fap@) + Y. fMEn)cos(nd) + fOL(Em)sin(ng).  (5.10)
n=1

The transformation of k — —k is described by § — 6 + . The component f;, g(&)
is the even-parity s-wave because it is independent of 6. The functions cos(2m#)
and sin(2m0) are even-parity for m being an integer number, whereas cos((2m — 1)0)
and sin((2m — 1)0) are odd-parity. When g(6,0”) = g is independent of 6, the pair
potential is also independent of 6 because the integral over 6’ extracts the s-wave
component from the pairing function. The resulting relation

Aop = /di(f)gfa,ﬁ(f), (5.11)

recovers the gap equation in the BCS theory. At n = 1, fé‘g(f,l)cos(é?) and

/. %(5, 1) sin(@) belong respectively to p,-symmetry and p,-symmetry because of
kx = kpcosf and k, = kpsinf. To describe p-wave pair potential, we should
choose

g(0,0") =2cos(6 —0") =2cosHcos @’ +2sinfsinb’, (5.12)
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where the first (second) term extracts p-wave (py-wave) component from the pairing
function. In the similar manner, the d-wave pair potential is described by choosing

g(6,0") = 2co0s(20 — 26") = 2cos(20) cos(20) + 2 sin(20) sin(28”). (5.13)

The first (second) term extracts d2_,2-wave (dyy-wave) component from the pairing
function. The unconventional pair potentials are illustrated in Fig. 5.1 on the Fermi
surface. The pair potential for an unconventional superconductor changes its sign on
the Fermi surface, which enriches the transport phenomena as we will discuss in this
Chapter.

The BAG Hamiltonian in momentum space is given by

& 0o  Age®

HBdG(k) = _Aik e—i(p _é‘;ik 6’0 . (514)
The spin-singlet pair potential is decomposed as
A : s-wave
Ak =Mk it A = 3 AkE = k2) k7. : dyo_yo-wave . (5.15)
AQkyky)/k% : dyy-wave
The spin-triplet pair potential can be described by
A s | Aky/kp 1 px-wave
Ak —Ak id g 0y, Ak = {Aky/kF : py-wave . (5.16)

where d is a real unit vector in spin space representing a spin structure of a Cooper
pair as

id - 60n = . (5.17)

dTT d” _ id, — d; ds
d“ dll ds idy + dy

In this book, A and d represent the k-dependence and the spin structure of the pair
potential, respectively. We focus only on unitary states d x d* = 0 for spin-triplet
pair potential.

The BdG Hamiltonian is represented as

A Ay G ol
& b9 kO0se ] (5.18)

HBdG(k) = [Ak a_; el —& 6

where we introduced a matrix in spin space,

N ion  :singlet
Is = {id - G0 : triplet ° (5.19)

and we used &%, = & . The BdG equation can be solved as
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v uy, 0o v uy, 0o
Hpac(k) © A T] =0 [ N W«] Ey, (5.20)
Vk Sk O'S VE Sk O'S

[ A
Ek = é“,% + A,%, Sk = m (521)

« |e%ey 0 /1 & 1 &
q)—|: 0 eiga/za_o}, ur = §(1+E_k s Vg = E 1—E—k . (522)

The sign of the pair potential s enters the wave function because the pair potential
depends on the direction of the wavenumber on the Fermi surface.

Here we note several facts which we used on the way to the derivation. The Pauli
matrices obey the relations

60 =-60006> a-6b-6=a-boy+iaxb-d. (5.23)

For the orbital part of the pair potential, we have used the relations

A*

- , (5.24)

_ | Ag :singlet
| —Ay : triplet

which is true for the pair potentials in Fig. 5.1. However the relation is not true for
a chiral superconductor. The solution in Eq. (5.20) can be represented in different
ways. For example,

) [”" Sk I8 ] : (5.25)
Vk 00

is also a solution of the BAG equation. The wave function depends on gauge choices

for phase and matrix structures in spin space. We will use Eq. (5.25) as a wave
function at the hole branch in following sections.

00000

Fermi surface S

Fig. 5.1 The pair potentials are illustrated on the the two-dimensional Fermi surface.
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5.1 Conductance in an NS junction

We consider the conductance of an NS junction consisting of an unconventional
superconductor in two-dimension. To calculate the reflection coefficients, we first
describe the wave function in a normal metal,

¢L(r) [( ) ikyx + (2) e*ikxx + (13) e*ikxx + (g) eikxx] fky(y)s (526)

where fi (v) is the wave function in the y direction at the wave number being k,

and ky = , /kfF - k% is the wave number in the x direction on the Fermi surface. We

have neglected the corrections to the wave number of the order of A/er < 1. The
amplitude of wave function,

_ | X
X = [Xl] (5.27)

has two spin components for X being a, 8, A, and B in Eq. (5.26). This is also true
for C and D in Eq. (5.28). Thus "0" in Eq. (5.26) is 2 X 1 null vector in spin space.
The right-going wave in a superconductor is represented as

dr(r) =0 [(VW%) ket (V ¥ ‘TS) ‘”‘”D] fiy (). (5.28)
+ + S
_ Qi — 1 _ 2
i—,/ = , Ve = 5 1—— Q. =+E2-A2, (529
Ay =A(tky, ky), si= ﬁ, (5.30)

where C and D represent the amplitudes of outgoing waves. In the electron branch,
the wave vector of a right-going channel is (k,, k) on the Fermi surface. The wave
function of an electron is a function of A, = A(ky, ky). In the hole branch, on the
other hand, the pair potential is A_ = A(—ky, k) because the wave vector on the
Fermi surface is (—ky, ky). As we see below, the sign of the pair potential s, plays
an importan role in quantum transport.

Using the boundary conditions in Eqs. (4.31) and (4.32), it is possible to derive a
relation

[/ET3U_1 - U_1];T3 + ZiZ()U_l] [;] = - [];T3U_1 + U_IIET3 + 2iZ()U_1] [2] S

U= [ 100, ”‘f’s] . (5.31)
VisiOg u-0p

The reflection coefficients defined by,
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A Fee Ten | | @
=1, 4 5.32
HREAIR on
are calculated as

1-T,TI_ (1 -T, I
Fee =rn(—2+)@'o, Fon = ”‘(—;)ero, (5.33)

1 —|ra]?Ty I 1 —|r|?T T2

|tn|21—‘+e_ig‘J T |tn|2r—ei(p

fhe =————5——0¢ Feh = —————0%s, 5.34
e S L s T T e S (5:34)

with the transmission coefficients in the normal state in Eq. (4.37) and

(5.35)

In an unconventional superconductor junction, the two pair potentials Ay and A_
enter the transport coefficients. In particular, the Andreev reflection at £ = 0 shows
qualitatively different behavior depending on the relative sign between the two pair
potentials. To see this, let us classify the pair potentials in Fig. 5.1 into two groups.
The pair potentials can be described as

Ay =sp|Arl, Al =s_|Agl. (5.36)
We find that

ses-=1 o8 py, and dy2_po,

sy - =—1: dyy and py, (5.37)

are satisfied for all the propagating channels k. It is possible to obtain simple
expression of the Andreev reflection coeflicients in these pairing symmetries because
Q, =Q, uy =u,and v, = v are satisfied.

In the limit of £ — 0, we note that the function

lim Iy = —isy, (5.38)
E—0
is proportional to the sign of the pair potential.
In the case of s,s_ = 1, the reflection probabilities at £ = 0 in the tunneling limit
|tn] < 1 become
i)’
lim [Anel” = (7) G0, lim [feel® = [ral00. (5.39)
The zero-bias conductance is proportional to |z,,|* because the conductance is cal-
culated by substituting the reflection coefficients into the formula in Eq. (4.52). The
conductance for s, s_ = 1 can be represented by Eqs. (4.53) and (4.54) withA — A,.
The zero-bias conductance is zero in the tunnel limit |¢,| < 1. In Fig. 5.2(b) and (d),
we shows the differential conductance of an NS junctions consisting of a d,>_,>-wave
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superconductor and that of a py-wave superconductor, respectively. The conductance
spectra for zg = 5 correspond to the density of states at the uniform superconducting
state in both in Fig. 5.2 (b) and (d). The V-shaped spectra around zero bias are a
result of nodes of the superconducting gap on the Fermi surface.

In the case of s,s5_ = —1, on the other hand, we find ', T_ = 1 at E = 0, which
results in

lim |fel® = G0, lim |fee|* = 0. 5.40

Elln>0 | Phe 0o Elglo |Feel ( )

The Andreev reflection is perfect at E = 0 independent of the potential barrier at the

interface. The differential conductance for s, s_ = —1 is calculated to be
2¢? 20t,|*A2
Gns = 25 '2"| T for 0<eV<|Ay. (541)
h o A= 6 [)ES + |6 [P AL g ey

At E = eV = 0, the conductance is twice of the Sharvin conductance. In the limit of
[ta]> < 1 and E < |A,|, the expression

_4e (Ita|*A+/2)?

GNs ® — —_— , 5.42
NS 2 B (1AL 27 04

E=eV

suggests that conductance has a peak at zero bias and the peak width is given by
[t,]?|A4|/2. For eV > |A.|, the conductance for s, s_ = —1 calculated to be

62 2|l‘n|2 [Itn|2E2+(2_ |tn|2)\[E2 _A%—E]
2

2
GNS = 7 (543)
B 1PIE + Iy E? - Ai}
E=eV
The asymptotic behavior in the tunnel limit,
2¢? E? - A
Gns = — to? —— , 5.44
Ns = ; | z (5.44)
Y E=eV

is approximately proportional to the density of states at the bulk. In Fig. 5.2 (a)
and (c), we shows the differential conductance of a d,-wave junction and that of
a px-wave junction, respectively. The conductance in the tunnel limit shows a large
peak at zero bias for both (a) and (c). [48] The sign change of pair potential is a
general feature of all unconventional superconductors. Thus the zero-bias anomaly
observed in STM/STS experiments in a superconductor suggests that the pairing
symmetry of the superconductor would be unconventional.
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Fig. 5.2 The conductance spectra are calculated for an NS junction consisting of an unconventional
superconductor for several choices of the barrier parameter zo. The transmission probability is
unity for zo = 0. The results for zp = 5 correspond to the tunnel spectra measured in STM/STS
experiments, where the transmission probability of the potential barrier is estimated to be 0.026.

5.2 Surface Andreev bound states

The reasons of the zero-bias anomaly appearing in the conductance spectra should
be clarified [13]. In Fig. 5.3, the Andreev reflection process is decomposed into a
series of multiple reflections by the pair potential and those by the barrier potential.
In the electron branch, the transmission and reflection coeflicients of the barrier in
the normal state are ¢, and r,, respectively. In the hole branch, they are given by
t; and r;;. At the first order process, an electron transmits into the superconductor
with the coefficient #,,. For 0 < E < A, the penetration of such an electron into a
superconductor is limited spatially by the coherence length &, from the interface.
Thus an electron is reflected as a hole by the pair potential A,.. The Andreev reflection
coefficients in this case is obtained by putting #,, = 1 into Eq. (5.34) as
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PO =, e 5l PV =T ¥ gy, (5.45)
Finally a reflected hole transmits back into the normal metal with #;. The Andreev
reflection coefficient at the first order process is summarized as

A _ o p0)

Foe =ty - Foo * Ine (5.46)
The reflection sequence is ordered from the right to the left of this equation. In
the second order process, a quasiparticle in the 1st process is reflected by the pair
potential twice more. Simultaneously, a quasiparticle reflected by the barrier potential
twice. The resulting reflection coefficient becomes

A2 A(0 20 70
Mo [r}<w> A ] PO, (5.47)

By repeating the similar argument, it is possible to calculate m-th order reflection

coefficient as
he n n he

m—1
R LR U] I (5.48)

Due to Eq. (5.38), the Andreev reflection probability at E = 0 is given by

2
oo 4 A
A A 4 2\m m| A |tn|" 60
Fhe 7 =t E 1-1¢ —S.5_ by = . 5.49
he "o |7 mzo( |20 |7)" (—545-) 0 |1+(1—|tn|2)s+s_|2 ( )
When the two pair potentials have the same sign (i. e., s;s- = 1), the Andreev

reflection probability in Eq. (5.49) is represented by the summation of an alternating
series. The zero-bias conductance represented as

2t
Gslg=o = Z o (5.50)

vanishes in the tunnel limit |¢,| — 0. When the two pair potentials have the opposite
sign (i. e., s;s— = —1), on the other hand, the Andreev reflection probability is unity
independent of the potential barrier. The resulting conductance

2¢?
Gnsle=0 == -2Ne, (5.51)
is the twice of the Sharvin conductance.

The relative sign of the two pair potentials s;s_ plays a crucial role in the
interference effect of a quasiparticle near a surface of a superconductor. Namely
sys_ = 1 causes the destructive interference effect. The constructive interference
effect with s, s_ = —1 enables the resonant transmission of a quasiparticle (resonant
conversion of an electron to a Cooper pair) through the potential barrier. Thus, it
is expected that the resonant states at £ = 0 would be bound at the surface of
an unconventional superconductor. [22, 27] The zero-bias peak in the conductance
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Fig. 5.3 The Andreev reflection process is decomposed into a series of reflections by the pair
potential and by the barrier potential.

could be interpreted as the local density of states at the surface. It is possible to
confirm this argument by seeking a bound state in terms of the wave function in
Eq. (5.28) which represents the right-going wave in the superconductor at E,

|l %0 | ikex I_Os | —ikex —x/&
or(x) = Hn&;] e O & ] e D] e . (5.52)

Here we assume that £ < |A.| and ¢ = 0. The imaginary part of wave number is
represented explicitly to describe bound states at the surface. At x = 0, the wave
function should satisfy

| 60 T6s||C| _
or(0) = [F+5'; &0 ] [D] =0. (5.53)
The condition is satisfied when
r,r-=1. (5.54)

In the case of sys_ = 1, E = Ay is a solution of this equation. The wave function
of such solution, however, is not localized at the interface. In the case of s s_ = —1,
E = 0 is a solution of this equation. The wave function of such a bound state is
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described by

Pr(x) =C sin(2kyx) e /%0 [ 70 ] , (5.55)

—i0gss
where C is a constant. Today, the surface Andreev bound states are called topologi-
cally protected bound states at a surface of a topologically nontrivial superconductor.

We will address this issue in Sec. 5.4.

5.3 Josephson current in an SIS junction

The Andreev bound state at the surface on the Fermi level (E = 0) causes the
zero-bias anomaly in the differential conductance in an NS junction. In this section,
we discuss the effects of the surface bound states on the Josephson current. Let us
consider an SIS junction, where two unconventional superconductors are identical
to each other. In the left superconductor, the wave function is given by

¢L(r) :(i)L [( M+0j(x)'f‘ ) eikxxa + (V_S_O—S) g_ikxxﬁ

ViS§+0g u_oy
u-o —ikyx ViS+OS \ ikox
. xX A xXp .
* (v_s_é-s')e +( 0,07 )e ]fky(y), (5.56)
1 Q.+ 1 Qs
=./=11 o s = -1 - —= , Qn = h2 2 AZ’ 5.57
e 2 ( * hw, ) Ve 2 ( haon, ) + w;, + AL, ( )

with Eq. (5.30). In the same way, the wave function on the right is represented by,

» Us00 | ikox VoS_-Ts | _ikex
¢r(r) =Or [(v+s+6'§ ) e C + ( s ) e D] Jiey (¥)- (5.58)

The phase of superconductor is represented by

_ [ei%/za'o 0 ]

J= 0 e il (5.59)

with j = L or R. The Josephson current can be calculated based on a formula [49, 8]

J= %kBT;;Tr

As discussed at the end of Chap. 4, the expression of the formula depends on the
gauge choice. The formula is correct when the Andreev reflection coefficients are
calculated from the wave functions in Eqgs. (5.56) and (5.58).

(5.60)

R N
A, Tsihe A—U'Sreh
Q4 Q,
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Applying the boundary conditions in Eqs. (4.31) and (4.32), we obtain the Andreev
reflection coefficients. As shown in Eq. (5.37), we consider two cases to make clear
the effects of the surface Andreev bound states at zero energy on the Josephson
effect. Since Q,,.. = Q,,, reflection coefficients result in

A |l {(cos g = 1) oy + i sing Q) + [ru2(1 = s.5) heoy

2
12 {(on? + A7 cos2(p/2)} + Iral? {heon =5 + @, 5=

_ A_Gs |tn|2 {(cos ¢ — 1) hw, —isinpQ,} + |rn|2(1 - 545-) howy
2
a2 {(heon)? + A7 €020/} + I { iy =5 + @, 105}

with ¢ = ¢ — ¢r and the transport coefficients in the normal state in Eq. (4.37).

When s,s_ = 1 is satisfied in s-, dxz_yz—, and p,-wave junctions, we obtain

FitalPAs | (cosg — 1) hiwp +isingQ,
Fhe = : — (5.61)
2i hwy + A {1 = |tn]? sin’(¢/2)}
. GsltaPA- (cosp — 1) hiw,, —isinp Q,
= o | SR — (5.62)
2i RPwy + A {1 = tu)? sin’(¢/2)}
The Josephson current becomes,
2 2 o2
A A1 -1t 2
J= %singaz linl "B tanh | 26 LZ' TS"‘ @Dl 563
o 2V1 = |1,]? sin*(/2) B

The results are qualitatively same as the Josephson current in Eq. (4.76). For s,s_ =
—1indy,- and p,-wave junctions, on the other hand, the coefficients are represented
as

O [ 12 {(cos ¢ — 1) havy + i sin @ Q) + 2] P, 564
©T 2 R2w: + Al|t,|? cos®(¢/2) | '
. OsA_ | |tl? {(cos ¢ — 1) hw,, — i sin p Q) + 2|r,|*hw, (5.65)
T h2wy + Af |ta]? cos(¢/2) '
The Josephson current is calculated to be,
|70 | Ak Ar|tn] cos(¢/2)
anh 5.66
sm Z 2cos(<p/2) 2kgT (5-66)

At T = 0, the current-phase relationship is fractional irrespective of 7, because
of the resonant transmission of a Cooper pair via the Andreev bound states at the
interface. In Fig. 5.4(a), we plot the amplitude of the Josephson current as a function
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of temperature for px-, py-, dy2_y2- and dyy-wave SIS junctions. The results for
Px- and dxy-wave junctions show that the Josephson current increases rapidly with
the decrease of temperature for 7 < 0.57,. In Fig. 5.4(b), we show the current-
phase relationship in a p,-wave SIS junction. The relation is sinusoidal just below
T., whereas is becomes factional at a low temperature 7 = 0.0017,. Such unusual
behavior is called low-temperature anomaly of Josephson effect.[49]

4 T T T T T T T T T
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Fig. 5.4 The Josephson Sddeal current is plotted as a function of tg)n/lpnerature for px-, py-, dy2_y2-
and dy -wave symmetry in (a). The current-phase relationship in a p-wave SIS junction is shown
for several choices of temperatures in (b). The transmission probability of the barrier is about 0.026
as a results of choosing zp = 5.

It is possible to calculate the Josephson current from the energy spectra E(¢) of
bound states at the interface of a SIS junction based on the relation

2e d
=——E(p). .
J I do (%) (5.67)

Here we discuss how the surface Andreev bound sates at zero energy affects the
bound state energy E(¢). Here we focus on simple cases shown in Eq. (5.36). We
consider 2 X 2 the BAG Hamiltonian by block diagonalizing the original 4 x 4
Hamiltonian in terms of spin degree of freedom. In the left superconductor, the wave
function localizing at the interface is described by

¢L(r) =dp,

(EZ IQ) e tkxx A 4 (E; IQ) eik"xB] X/ fky ), (5.68)
_ +

with Q = /Ai — EZ. The wave function on the right-hand side becomes,

¢r(r) =g

E+iQ) jicxe (B = jmikexp| ol £ (1), (5.69)
A, A >



68 5 Unconventional superconductor

They are connected with each other at x = 0 by the boundary conditions in Egs. (4.31)
and (4.32). From the Boundary conditions, we obtain the equation

XK(E +iQ) —xk(E —iQ) (k = 2iz0)(E +iQ) —(k + 2iz0)(E —iQ) | [ A
Y kA —x*kA, (k = 2izo)As —(k + 2izp)A- B
Y(E+iQ) x(E-iQ) —(E +iQ) —(E —iQ) C
XA XA -Ay -A_ D
=0, (5.70)

with y = ¢/, The determinant of the matrix is proportional to

|1, [—|E +iQ>cosp + E? - QZ]
+|ral? [E? - @ = s.s_|E +iQI*] = 0. (5.71)

The energy of the bound states are calculated to be

1/2
1+ s4:5-
E = +|Ag] [|t,,|2cosz (g) + T*(l - |tn|2)] . (5.72)

The negative sign must be chosen for occupied bound states which carry the Joseph-
son current. In the case of s-wave junction (i.e., sy s_ = 1), the energy of the Andreev
bound states becomes

E=-A [1 ~ ltp? sin? (g)]l/z. (5.73)

The Josephson current calculated by using Eq. (5.67) is identical to Eq. (5.63)
at T = 0. The energy of the Andreev bound states for a p,-wave junction (i.e.,
sys_ = —1) results in

E-= —|Ak||r,,|cos(§). (5.74)

The Josephson current calculated from Eq. (5.67) is identical to Eq. (5.66) at T = 0.
The energy of the Andreev bound states at a Josephson junction are plotted as a
function of the phase difference in Fig. 5.5. In both Egs. (5.73) and (5.74), the
occupied energy branch takes its minimum at ¢ = 0.

5.4 Topological classification

A topologically nontrivial state of material is a novel concept in condensed matter
physics. Quantum states of an electron in solid can be characterized in terms of
topological numbers. When we apply the periodic boundary condition to obtain
a solution of a Schroedinger equation, the wave number k indicates place of the
Brillouin zone and the wave function ¢;(k) describes properties of the quantum
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1.0F : -

Fig. 5.5 The energy of Andreev bound states at a Josephson junction for |t,, | = 0.5. The results for
s+s— = 1 in Eq. (5.73) are 27 periodic. On the other hand, the results for sys_ = —1 in Eq. (5.74)
are 47 periodic. At ¢ = 7, two bound states are degenerate at zero energy.

state labeled by /. In other words, ¢;(k) is a map from the Brillouin zone to the
Hilbert space. In this section, we will calculate a topological number (winding
number) to characterize nodal unconventional superconductors preserving time-
reversal symmetry. Before turning into details, important features of topological
numbers are summarized ,

1. To define a topological number, the electronic states must have gapped energy
spectra. The Fermi energy stays in the gap.

2. Topological number Z is an integer number which can be defined in terms of the
wave functions of all occupied states below the gap.

3. Topological number remains unchanged as long as the gap opens.

As the energy spectra are gapped at the Fermi level, topological materials can be
insulating or superconducting. These features enable us to understand why zero-
energy state appear at a surface of a topologically nontrivial material as shown in
Fig. 5.6(a). The topological number is Z # 0 in the topological material x > 0 and
it is zero (trivial) in vacuum x < 0. Since Z is an integer number, it jumps at x = 0
discontinuously. To change the topological number, the gap must close at the surface.
More specifically, electronic states at the Fermi level are necessary at x = 0. This
argument explains the existence of metallic states (zero-energy states) at a surface
of a topological material. In addition, the number of such surface states at the Fermi
level is identical to | Z|. This fact is called bulk-boundary correspondence.

In what follows, we explain how to topologically characterize nodal supercon-
ductors with focusing on a spin-triplet p,-wave superconductor in two-dimension.
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Fig. 5.6 A topologically nontrivial superconductor has a surface at x = 0 in (a). The energy
eigenvalues of a p,-wave superconductor and those of a d-wave superconductor are plotted as
a function of ky, in (b) and (c), respectively. The hardwall boundary condition is applied in the x
direction and the periodic boundary condition is applied in the y direction. As a result of nontrivial
winding numbers in a superconductor, zero-energy states appear between the nodes of the pair
potential.

The mean-field Hamiltonian is given by

é:( ) Ao ikp [ 'ﬁ(’)
H = / dr [0 (r).u(r)] pozs ¢ (,)l W,) (5.75)
and the BdG equation becomes
f(") AolkF [uv(r) _ [uv(r)
Ao 7= l w(r) | =B w | (5.76)

where the superconducting phase is fixed at ¢ = 0. We consider 2 x 2 BdG equation
by focusing on spin T sector with choosing &5 = &3 in Eq. (5.19). The Bogoliubov
transformation becomes

w(r) | N [unm) v | [ %
[WT(")] B ZV: [vv(r) uj(r)] [%f] : (5.77)

Here we omit spin T from both the operators and the wave functions.

We first describe the Andreev bound states at a surface of a spin-triplet p,-wave
superconductor. By repeating the argument in Sec. 5.2, it is possible to confirm the
presence of the Andreev bound states at a surface of a p,-wave superconductor in
Fig. 5.6(a). The wave function of the right-going wave in the superconductor is given
by
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ps(r) = Hrl+] x4 1"1_] e_ik"xD] e~¥/é0 \/%sin (”—Vlvy) (5.78)

Ay ky
o= A, =2

E+E2-A2

where we consider surface states localized at x = 0 by assuming £ < Ag and
we apply the hard wall boundary condition in the y direction. From the boundary
condition ¢s(r)|,—o = 0, I',T_ = 1 is necessary to have the surface bound state. We
find that a bound state stays at £ = 0 when

(5.79)

ses-=—1, (5.80)

is satisfied. The wave function of the bound state can be described by,

ei7r/4
PE=0,(r) = (e_mm) Ji(r), (5.81)
£i(r) =A sin(kyx) e /% \/% sin (”—Vi/y) (5.82)

where A is a real constant for normalizing the wave functionand ! = 1,2, - - N, indi-
cates the zero-energy states. The Bogoliubov transformation in Eq. (5.77) connects
the operator of the surface state and the operator of an electron at each propagating
channel /,

e [ R
Eq. (5.83) is represented as
wi(r) = & (). () = ), (5.84)
by using an fermion operator
() = i)+ ), (5.85)
We find the relation
Yi(r) =) (), (5.86)

which is called Majorana relation. An spin-triplet p,-wave superconductor hosts
Majorana Fermions at its surface [32]. The presence of more than one zero-energy
state is responsible for the anomalous proximity effect of a spin-triplet superconduc-
tor [46, 14, 28] as we will discuss in Chap. 7.

To define the Brillouin zone clearly, we descrive the BdG equation on a two-
dimensional tight-binding lattice as
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Z[ Er,r’) A1) }[u(r’)
=N (r,r’) =& (r,r") | | v(r')

r

_ o |ulr)
—E[V(r) , (5.87)

Er,r')y=—t (6r,r'+£¢ + Or -2 + Orpray + 6r,r’—ﬁ) + VrOp = €FOp 1/, (5.88)

n A . .
A(r,r") =17° (Brrrig = Orprg), T =jk+mJ, (5.89)

where ¢ is the hopping integral between the nearest neighbor lattice sites, and the
on-site potential v, is set to be zero. When we apply the periodic boundary condition
in both the x and the y directions, the wave function is represented in the Fourier
series as

1 ... /1 .
u(r)zzukx,kywlze’kxjw/ﬁelkym, ke =27n/L, ky =2xl/M, (5.90)

Ky ky

with —L/2 <n < L/2and -M /2 <] < M/2, where L and M is the number of
lattice sites in the x and y direction, respectively. The lattice constant is set to be
unity. The wave function represents the eigen state of the BAG Hamiltonian. The

energy eigenvalue is calculated as E = +, /f,f + Ai with,
& = —2t(cosky +cosky —2) —ep, Ax = Agsinky. (5.91)

In Fig. 5.6(b), we plot the energy eigenvalues as a function of k,, where we choose
Ay =t, e = 2t, L = 500 and M = 200. The calculated results show that the pair
potential has nodes on the Fermi surface at k, = +x/2 for the current parameter
choice. The periodic boundary conditions in both x and y directions means that the
shape of a superconductor is two dimensional spare. There is no edge or surface
in such a superconductor. We note that the eigenvalues at E = 0 between the two
nodal points in Fig. 5.6(b) are absent under such boundary condition. To have edges
or surfaces, we need to apply the hard wall boundary condition in the x direction.
When we introduce the hard wall potential at j = 0 and j = L, zero-energy states
appear as indicated by dots between the two nodal points in Fig. 5.6(b). Namely a
surface of a p,-wave superconductor in the x direction hosts bound states at zero
energy as described by the wave function in Eq. (5.81).

Our remaining task is to calculate a topological number under the periodic bound-
ary condition in the two directions. However, it is impossible to apply the naive
topological classification to a p,-wave superconductor because the superconducting
gap has nodes on the Fermi surface as shown in Fig. 5.6(b). Namely the energy
spectra are not gapped in the whole Brillouin zone. To topologically characterize
such a nodal superconductor, we apply a theoretical prescription called dimensional
reduction [41]. We fix k, at a certain point other than the nodal points ky, = +7/2 and
consider the one-dimensional Brillouin zone of —7 < k, < &. The one-dimensional
Brillouin zone in this case is identical to a sphere in one-dimension S' because
kx = —m and ky = & indicate an identical quantum state. As we choose k, away
from the nodal ponts, the pair potential opens up the superconducting gap in such
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a one-dimensional Brillouin zone. We have already known the wave function of an
occupied state

_ | vk sgn(Ag) _ /1 &k _ fl &k
l,llk = [ s ] , Uk = E (1 + E—k), Vg = 5 (1 - E—k), (592)

with k = (ky, ky). An eigenstate is specified by an angle of -7 < ag < 7 as

_ Sk , _ A
cos(ag) = B sin(ay ) = O cos (—

i = [Sin (_ZT_';))] . (5.93)
2

The function -7 < @ < = represents the mapping from the one-dimensional
Brillouin zone -7 < k, < = to the eigenstates as illustrated in Fig. 5.7(a). It is
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Fig. 5.7 (a) The winding number Z counts the number how many time @ encircles the one-
dimensional sphere while k. encircles the one-dimensional Brillouin zone once. (b) The dispersion
of two channels are shown. &) is the dispersion of an evanescent channel and is away from the Fermi
level E = 0. & is the dispersion of a propagating channel and comes across the Fermi level. The
pair potential A is an odd function of k. (c) The mapping function ay is plotted as a function of
k. For an evanescent channel, @ remains around zero, which results in ‘W = 0. For a propagating
channel, a; changes by —27 while k, moves from —7x to 7.

possible to define the winding number in terms of the mapping,
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Wi(ky) = —/ dky Ok, (—ag), (5.94)
2n J_»

where ‘W represents how many time ¢ encircles the one-dimensional sphere while
ky encircles the one-dimensional Brillouin zone once. In Fig. 5.7(b), we show the
dispersion in the normal state and the pair potential in Eq. (5.91) in one-dimensional
Brillouin zone. At &1, we choose a ky so that the dispersion is always above the Fermi
level and that the channel is an evanescent mode. On the other hand, at &, we choose
a ky so that the dispersion comes across the Fermi level and the channel becomes
propagating mode. The wave numbers —7/2 < k, < /2 in Fig. 5.6(b) correspond
to the propagating channels and those 7/2 < |ky| < & describe the evanescent
channels. The pair potential Ax is an odd function of k. In Fig. 5.7(c), we plot
the mapping function ¢y for the two transport channels. In an evanescent channel,
a) depends on k, only slightly. As a consequence, the winding number is zero.
On the other hand in a propagating channel, @, changes by —2x while k, encircle
the Brillouin zone once, which results in ‘W = 1. According to the bulk-boundary
correspondence, a zero-energy state appears at a surface of superconductor for each
propagating channel. As a result, a p,-wave superconductor in two-dimension hosts
highly degenerate surface bound states at zero energy as shown in Fig. 5.6(b) The
degree of the degeneracy at zero energy is equal to the number of the propagating
channels N,.
To summarize, the winding number is calculated to be

Wky) = 5,212 = (5.95)
when k,, indicates a propagating channel away fromm the nodal points of the pair
potential. The factor s. represents the sign of the two pair potentials defined in
Eq. (5.30). In other words, a nodal superconductor is topologically nontrivial for
sis— = —1 which is identical to the condition for the appearance of a surface
Andreev bound state in Eq. (5.80). The results in Eq. (5.95) can be applies also to
a dyy-wave superconductor. As shown in Fig. 5.6(c), zero-energy states appear at a
surface of a dy,-wave superconductor. The winding number in Eq. (5.95) is positive

unity for k, > 0 and is negative unity for k, < 0 as a result of dy,-wave symmetry.



Chapter 6
Various Josephson junctions

In Secs. 4.3 and 5.3, we discussed the Josephson effect between the two supercon-
ductors which are identical to each other. The Josephson effect, however, depends
sensitively on the relative symmetry difference in two superconductors. A purpose
of this Chapter is to demonstrate such rich properties of the Josephson current. The

wave function in the two superconductors should be described by

Y U+ 0 ; V-0 _i
gL(r) =0y | 10 | ehra 4 | 0L ) emiherp
Vp+0p Ur-oo
uy,_ 0 _ V40 i
" ~L A? e thxA + L+ AL elkxxB fky(y)’
V-0 Ur+0o
v UR+ O : VR_O _
gr(r) =bg || | R4 [ TREOR ) Dl (),
VR+O'R UR_0OY) ?

with Eq. (5.59) and

Ujy = ! 1+Qn’ji Vig = ! 1 ./ Vie =Vjs s
=7\2 hog | 7T\ 2 hwy | 7T R
A
Aje =Aj(xky, ky), sji=|A{*|, Qe = \JW2wp + A2,
j+

for j = L or R. The pair potential is described as

iop  :singlet

A_ :6—~A-, o =1 A . .
i+ J B J {ldj-o'o'z : triplet

6.1)

(6.2)

(6.3)

6.4)

(6.5)

By substituting the wave functions into the boundary conditions in Eqgs. (4.31) and
(4.32), it is possible to derive the relations among the amplitudes of wave functions,

75
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5 )
.. (C . . [A
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By eliminating C and D, we find

A —1v a) Fee Fen a
(-l 216

y kv o . y kow v .
Yop = [E(T3VI -ViT3) + izon], Yap = [E(T3V2 +Wi3) + izovz], (6.11)

o w a b L ar b
Vi =UR1(DUL1=(€11 dﬁ), V2=UR1cDUL2=(C; di)' (6.12)

The Andreev reflection coeflicients can be calculated as
~ ~l % Al 17l a1 a JU N
Fhe = [—czldz + |rn|2021b2] [ 2101 — |rn|zazla1] , (6.13)
. P PARDARES BTNy A s
Fen = [=b3'ar + |rul*dy ' é2] " 65 b1 — |ral?dy ' di | - (6.14)

The electric Josephson current is given by [8],

kBTZZ

AL+ The ATL—ﬁfh

(6.15)
n L+ Qn,L—

6.1 Singlet-singlet junction

Let us consider Josephson junctions consisting of two spin-singlet superconductors.
The results of the Andreev reflection coefficients are summarized as
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i)
Fhe =(l(;2) [((1 = Tr+IR-)TL- —Tps)
(6.16)

+ [tal? {TReX* + TR-TLaT2-(x")* = TReTR-T14 = Tr-}],

i0-
Fen =—= [(1 = Tre TR )(CLs = T10)
(6.17)

+tal® {TR-(x*)* + TreTraTr-x* — TreTR-T1- T4 }],

E(p) =(1 = Tr+Tr-)(1 =TT o)
+ |tn|* [Tr4TR- + TraT- = TreTix? = Tr-T-(x)?] . (6.18)

—iAjs _
i+ ¥ = exp [i YL _ SOR] . 6.19)

F'+ -
TE hwn+QnJi’

The expression above can be applied to any singlet-singlet junctions.
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Fig. 6.1 The Josephson critical current is plotted as a function of temperature for a junction

consisting of a s-wave superconductor and a d-wave superconductor in (a). The current-phase

relationship is shown for several choices of temperatures in (b).

We first focus on a junction where an s-wave superconductor stays on the left and
a dy-wave superconductor stays on the right. We also assume a relation Ay, = A and

AR = Asgn(kyky) for simplicity. The Andreev reflection coefficients in such case

are calculated be
(6.20)

:(ia-z)""|r,,|2 Ar(hwyi sin ¢ + Qcos @) — ALQ
2hw,Q + |tn|2AL Agrising ’

(& .
l

i3]ty ]* Ag(hwpising — Qcos @) — ALQ

B 20w, Q + |ty |2AL Agising

6.21)

A

eh .
l

The Josephson current results in
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4AZsin(2 Ds_ 1 Dy,
Z lin["A” sin(2¢) [ tanh [ —=| = — tanh ] (6.22)
4V1 - a Ds— 2kBT Ds+ 2kB

ky
V1i4+a+vVl-
Dy. =A #l a = |t sing. (6.23)

Just below T, the current is approximately represented as

1 eA
Jx = (2k T) Z't" sin(2¢). (6.24)

The lowest harmonic J; in Eq. (4.79) is missing [47]. Phenomenological description
of J; term

Jie Y T [A ] Z AL(k) Ag(k) Tr [aL aR] (6.25)
ky

represents the selection rule of Josephson current because it depends sensitively on
the relative pairing symmetries in the two superconductors. In the present case, an s-
wave pair potential is independent of k,, whereas a d,-wave pair potential is an odd
function of k. Therefore, J; vanishes as a result of the summation over propagating
channels. Namely s-wave and dy-wave symmetries do not meet the selection rule
for the orbital part. We also note that J, < 0 in most junctions. At T = 0, the current
becomes

cos(p)sgn(yp). (6.26)

Z| T
Vv1+ |t,,|2| sin ¢

Figure 6.1(a) shows the Josephson critical current versus temperature. The results
show the low temperature anomaly because of the Andreev bound states originated
from at a surface of a d,-superconductor. The current-phase relationship is shown
in Fig. 6.1 (b) for several choices of temperature. The results also indicate an unusual
current-phase relationship at a low temperature.

The Josephson effect in unconventional superconductor depends sensitively on
relative configurations of the two pair potentials. In Fig. 6.2, the two d-wave potentials
are oriented by S in the opposite manner to each other. The pair potentials are
represented by

A1, =A(cos 26 cos 23 + sin 26 sin 28), (6.27)
AR =A(cos 26 cos 23 — sin 20 sin 23), (6.28)

where ky = kpcosé and k, = kp siné§. The component of Acos26 belongs to
d,>_y>-wave symmetry. On the other hand, Asin26 component belongs to dyy-
wave symmetry and causes the low-temperature anomaly. In addition, the d,,-wave
components in the two superconductors have the opposite sign to each other. The
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Fig. 6.2 The pair potentials in the two superconductors are oriented by 8 in the opposite manner to
each other. The Josephson critical current is plotted as a function of temperature for several choices
of B. The current-phase relationship at 8 = 71/10 is shown for several temperatures in (b). The
results at 7 = 0.157 is amplified by five for better visibility.

maximum amplitude of the Josephson current is plotted as a function of temperature
for several choices of 8in Fig. 6.2(a). At 8 = 0, the Josephson current shows saturates
at a low temperature. The results are identical to those with d,>_,>-wave symmetry
in Fig. 5.4(a) in Sec. 5.3. The Andreev bound states are absent at a surface of two
superconductors because the relation s, s_ = 1 holds for all propagating channels.
At B = m/4, the Josephson current shows the low temperature anomaly as a result
of the relation s, s_ = —1 for all propagating channels as we already discussed the
results for dyy-wave symmetry at Fig. 5.4(a). The results for intermediate angles
indicate the nonmonotonic dependence on temperature as shown in 8 = 7/10 and
n/8.[50] The d,2_y2-wave component of two pair potential in Eq. (6.28) has the
same sign in Ay, and Ag, which causes the Josephson current dez,yz sin ¢. On the
other hand, the d,-wave component in Az has the opposite sign to that in Ag, which
generates the Josephson curent —J4, sin¢. The amplitude of dez_yz saturates at
a low temperature, whereas J,, increases rapidly with at a low temperature. As a
result, J; = Ja o =y vanishes at some temperature. In Fig. 6.2(a), the Josephson
current at 8 = 7/10 is almost vanishes around 7' = 0.157, which suggests J; = 0
happens at T = 0.157,. The current-phase relationship for 8 = 7/10 is plotted for
several temperatures in Fig. 6.2(b). The results at 7 = 0.157,. shows J o —sin2¢
and absence of J;. At T = 0.5T,, the current-phase relationship is sinusoidal as
usual. The results at T = 0.17 is also sinusoidal but the current changes its sign.
Such junction is called m-junction because the minimum of the junction energy stays
at ¢ = xm. The nonmonotonic dependence of the Josephson critical current on
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temperature in Fig. 6.2(a) is a unique character to unconventional superconductor
junctions, where two pair potentials are oriented as the mirror image of each other.

6.2 Triplet-triplet junction

The Andreev reflection coefficients in spin-triplet junctions have complicated struc-
ture due to spin degree of freedom of a Cooper pair. It is not easy to obtain simple
analytical expression of the Andreev reflection coefficients for general cases. When
d vectors in the two superconductors are identical to each other (i.e., d; = dp),
the expression in Eq. (6.16)-(6.18) can be applied in such triplet-triplet junctions
by changing i6» — id - 60». In such situation, the nonmonotonic dependence of
the Josephson current on temperature discussed in Fig. 6.2 can be seen also p-wave
SIS junctions. The results are demonstrated in Fig. 6.3. The characteristic features in
p-wave mirror junctions are essentially the same as those in d-wave mirror junctions.

B=m/10

IR E T . I I I
02 04 06 08 1.0 00 02 04 06 08 1.0
T/T, T/Te

off

Fig. 6.3 The results of the mirror type of junction for spin-triplet p-wave symmetry. The Josephson
critical current versus temperature (a) and the current-phase relationship at 8 = 7/10 in (b). The
results at 7 = 0.097 is amplified by ten for better visibility.

To discuss effects of relative spin configuration of two superconductors on the
current, we assume that orbital part of the pair potential A; is common in the two
superconductors and satisfies Eq. (5.36). The pair potentials are represented as

Aps =si|Aklidy - 665, Ap- = s_|Aclidy - G0, (6.29)

Ars =s4|Arlidg - 605, Ag_ = s_|Aglidg - 667, (6.30)
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with s. = 1 or —1. The d vectors are oriented from each other as shown in Fig. 6.4(a)
and they are normalized as |dy | = |dr| = 1. The reflection coefficients for s, s_ = 1
are calculated as

1a2AT
Fhe =|,:|—_L+ [Q*(X cos @ — hwn) + |ta|*K-(X — hw, cos @)
2iEp, . Ep_
+iQ(AL cos ¢ + hw, X — |t,*K_)n - o], (6.31)
012
Fen =% [QZ(X* cos @ — hiwy) + |tn|*K_(X* — hw, cos @)
2iZp Ep_
—iQ(A} cos ¢ + hw, X* — |ta*K_)n - 6] Ap_, (6.32)
2
K, =7k(cos pxcosa), X =hwy,cosy+iQ,sing, (6.33)
dL-dR =Cos a, n:dedL, (634)
+
Eps =(hwp) + P2, Ppa= Ak\/ 1 = |t,]2 sin? (%) (6.35)

The Josephson current in Eq. (6.15) results in

e < |tl* A7 [sin(p + @) Py sin(p — @) P;_
J== tanh tanh . (6.36
h Zk 4 [ P, (ZkBT) T (ZkBT)] (6.36)
y

Just below T, the current becomes

~ £ 2 i
J =~ o ,Z‘ |t,]° |Ag | sing cos a. (6.37)

¥

The relation of cos @ = dy. - dg represents a selection rule of the Josephson charge
current in spin space. Indeed, we find in Eq. (6.25) that

T [&L &;] = 2cosa. (6.38)

The first order coupling vanishes when the pairing functions in the two supercon-
ductors are orthogonal to each other in spin space. Since s;.s_ = 1, the Josephson
current is saturate at a low temperature well below 7. The current-phase relationship
of the Josephson charge current in Eq. (6.36) is plotted for several « in Fig. 6.5(a),
where the temperature is fixed at 7 = 0.17, and the transmission probability of the
barrier is chosen as 0.1. The amplitude of the current decreases with the increase of
a from 0. At @ = /2, the lowest order coupling vanishes as indicated by Eq. (6.37).
For @ > m/2, the junction becomes m-junction. Flipping the direction of d vector in
spin space is compensated by the m-phase shift in gauge space.

The Andreev reflection coefficients have a term proportional to n - &, which is
a characteristic feature of spin-triplet superconducting junctions. These reflection
terms represent the flow of spin supercurrents. The spin current flowing through the
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Fig. 6.4 (a) A Josephson junction consisting of two spin-triplet superconductors. An angle between
the two d vectors is denoted by . (b) A Josephson junction consisting of a spin-singlet s-wave
superconductor and a spin-triplet superconductor, where m represents the magnetic moment at the
insulating barrier. An angle between d vector in a spin-triplet superconductor and m is denoted by

B.

junction can be calculated based on a formula [11, 12]

A A oA a R N AT ~n Ak oA AT 4
1 ALy Pre O + Fre ALy G AL_reho' +rehAL_o'
Loy S
Wn ky

Qr+ Qr -
(6.39)
We recover the formula for the electric current in Eq. (6.15) by replacing
h .
Ea’ — —edy, (6.40)

in Eq. (6.39). By substituting the Andreev reflection coefficients in Egs. (6.31) and
(6.32), the spin current is represented by

_n 2.2 | sin(e + @) P\ sin(p — @) P
Js = 3 ; [tn|” Ay [ 5 tanh( tanh .
y

t+ szT Pt— szT
(6.41)

AtT < T, the results become

Js o< ncos g sina. (6.42)
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The spin supercurrent polarized in n = dg X d, direction in spin space flows across
the junction, which is a unique property to spin-triplet superconductor junctions.
Fig. 6.5(b) shows the spin current in Eq. (6.41) plotted as a function of ¢ for several

0.6 0.6 T T T
0.4 0.4}
0.2 0.2
S 0.0 200
- =
-0.2 -0.2
0.4 0.4
. b) spi
06 _ (a) charge 06 ( )S;Pln | |
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
¢o/m ¢/m

Fig. 6.5 The Josephson charge current (a) and spin current (b) in spin triplet SIS junctions, where &
is the relative angle between the two d vectors in the two superconductors. The current is calculated
at T = 0.17,.. We choose the transmission probability of the junction interface at 0.1.

a. The spin supercurrent flows even at zero phase difference ¢ = 0. The spatial
gradient in the d vector generates the spin supercurrent.

For s, s_ = —1, the Andreev reflection coefficients are calculated as
|1 ?A] 3 2 2 2
Fhe = =———— [Z(Fw)n) + |t | Fiw, {Ak(l + cos g cos @) — (hwy)” — hw, X cos a}
2080+ Epr—
— |tal* K (X + hw,, €08 @) +iltn*Qhwn X = |1, * K1) - 6], (6.43)
tnl?
Fon =% [2(Fwn)? + [ta|*Tiwn {AF (1 + cos @ cos @) — (hwy)? — hwa X" cos a}
2+ E M-
—tal* K (X* + hwy, cos @) it |?Qhwn X* = |tu|*Ki)n - 5| A -,
(6.44)
+
Ere =(hon + My, Miw = il cos (£52). (6.45)

We only supply the final results of Josephson electric current and spin current which
are obtained by substituting P, in Egs. (6.36) and (6.41) by M;.. The resonant
transmission through the Andreev bound states causes the low-temperature anomaly
in both the charge current and the spin current [12].
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6.3 Singlet-triplet junction

The selection rule for the spin configuration in Eq. (6.25) indicates that J; = 0 for
a junction consisting of a spin-singlet superconductor 7, = i0» and a spin-triplet
superconductor o g = id - 0 6 as show in Fig. 6.4(b). The spin of a Cooper pair is
unity in a triplet superconductor, whereas it is zero in a singlet superconductor. The
lowest order coupling vanishes because such two pairing states are orthogonal to each
other in spin space. A magnetically active interface is necessary to have the lowest
order coupling. To understand these properties, let us consider a junction consisting
of spin-singlet s-wave superconductor, a spin-triplet p-wave superconductor, and a
material X in between. We begin this section with an expression of the lowest order
Josephson current in Eq. (4.84),

ie N oA n e
=5 kZ kT ; T [Fen(L) - % - Fre(R) - % — Fre(L) - 7% - Fen(R) - %] . (6.46)

y

The reflection process relating to the current is illustrated in Fig. 6.6. The Andreev

Ne A
A tX A A tX A
Teh (L) The® _—  Fhe(n) Teh(r)
A A
h e
X X
Fig. 6.6 The Andreev reflection process carrying the Josephson current.
reflection coefficient is given in Eq. (5.34) in an NS junction,
Phe = F+6'T e, fp=T_05, % T.= LAJL 6.47)
S 5 hw, + Q.

Here we assume that the interface between a superconductor and the material X is
highly transparent, (i.e., |t,,| = 1). The reflection coefficients at the left interface are

. . A A NF i . A
rhe(L) = — lm (lO'z)T e HPL, Veh(L) = —lm 107 e“‘DL,, (648)
where A; is the amplitude of a spin-singlet s-wave superconductor on the left-hand

side of a junction and Qg = vh2w3 + AZ. At the right NS interface, the reflection
coeflicients can be

Asid - 665) . Alid - 66>
fo(R) = — 840 02) - ng) TR, Fa(R) = —iT—— R (6.49)
n + n _

Ay =A(zkyg ky), Qi = A[R2w2 + A2, (6.50)
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In Eq. (6.46), 5, (fi) is the transmission coefficient of a material X in the electron
(hole) branch. These coeflicients are related to each other as

e = [1%]", (6.51)

because of particle-hole symmetry. When the transmission coefficients of X is inde-
pendent of spin ff( = 10y, it is easy to show that

JxTr[d- 6] =0, (6.52)

which agrees with the selection rule for the relative spin configuration.

Thus the material X must be magnetically active to generate the lowest order
Josephson coupling. The first example of a magnetically active layer is a ferromag-
netic barrier described by

Hpp = 6(x) [Voa'() +m - 6’] , (6.53)

where m is the magnetic moment as show in Fig. 6.4(b). The transmission coefficients
of such a barrier are calculated as

SRR R
ix ==k [k +iz —iz - 0], (6.54)
=M
1 - _
ix == [(k +izo)(~izo) - |z|* = kiz - &), (6.55)
=M
mVjy mm = _ . N2 2
=— 2 z=——, k=ko/kp>0, Em=(k+ +z>. (6.56
Wi 1T o/kE w = (k+iz) +[z.  (6.56)

By substituting the transmission coefficients to the formula in Eq. (6.46), the Joseph-
son current is represented as

e Ay 4k3d -z A, . A .
J=—=Y kgT - ME
hkz B ; hw, + Qg |EM|2 hwy, +Q+e hwp +Q—e
' (6.57)
We find that
Jsp, =0, (6.58)

for a p,-wave junction because A. is an odd function of k,. The selection rule
in the orbital part also affects the Josephson effect. For a p,-wave symmetry, by

considering A_ = —A,, the current becomes
e 16i3|z] Ay A,
J =—-—kgT : . 6.59
s/px 7 kB Z Z En2 hom + Qs Ty + O cos 5 cos ¢ ( )

wn>0 ky
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where 3 is the angle between d and v [21]. The magnetic moment v || d can supply
spin angular momentum +1 to a Cooper pair. The current-phase relationship is also
unusual as the current is finite even at ¢ = 0. Generally speaking, the breakdown of
time-reversal symmetry is a necessary condition for the flow of electric current. In
this junction, the magnetic moment at the interface breaks time-reversal symmetry.

The second example of a magnetically active potential is spin-orbit coupling due
to the nonmagnetic barrier potential,

Hyo = 6()6) [Vo@'o + dey - (iV X 6’)] , (6.60)

where A represents the strength of the spin-orbit interaction. The potential gradient in
the x direction (parallel direction to the current) at the interface generates a spin-orbit
interaction. Here we consider a three-dimensional Josephson junction because the
selection rule depends also on the spatial dimension. The transmission coefficient is
given by

koo . .
f)e((k,p) :_:SO [k +120 — l/lso(ky()':; - kZO'z)] , (661)
1 (k,p) == [k —iz0 - idso(ky03 + k:62)], (6.62)
=SO
Eso =(k +iz0)” + A3o(ky + k2).  p = (ky. k). (6.63)

where Ago is the coupling constant. The current is calculated as

ie AS 4/;220/150 A+ ; A_ _i
J==> kgT o e
h; B ;hwn+ﬂs oom + Qs ¢ hom+ Q¢

|Es0l?
X (kyds — k;db). (6.64)
We find that
Js/px =0, (6.65)

for a p,-wave junction because of the selection rule for the orbital part. In the case
of a py,-wave superconductor, the current becomes

e 16/;220/150/(), dz Ag Ay
Joipy = = = kpT ing,  (6.66
O L DI e o v W AL

wp>0 p

with Ay = A, Igy and A, being the amplitude of the spin-triplet pair potential. For a

pz-wave symmetry with Ay = A, k,, the Josephson current results in

16k2z9A50k, d A A
Ts/p. :% ksT W04z %2 _ s Y sing.  (6.67)

Zan |2
>0 p |~—*SO| hwn + Qg hwn +Q,
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The lowest order Josephson current exists when the pair potential of a spin-triplet
superconductor has components such as A,Eyi&3&2 and A,EZi&z&z, which is the
selection rule in the presence of a spin-orbit interaction. [38] The current-phase
relationship is always sinusoidal because a spin-orbit interaction preserves time-
reversal symmetry.

The lowest order Josephson coupling depends sensitively on magnetically active
potentials at the interface, the direction of d vector, and the orbital symmetry of
spin-triplet superconductor. Therefore, measurement of the lowest order Josephson
current is a good symmetry tester for a spin-triplet superconductor.

6.4 Chiral and helical superconductors

The most well-established spin-triplet pairing order may be the superfluid phases
of liquid *He [54]. The orbital part belongs to p-wave symmetry. Two He atoms
can avoid an atomic hard-core repulsive interaction and form a Cooper pair. The
pressure-temperature phase diagram of superfluid 3He has two phases: B-phase
appearing low temperature and low pressure regime and A-phase appearing high
temperature and high pressure regime. In solid state physics, spin-triplet pairs have
been discussed maily on a two-dimensional electron systems in layered compounds.
A chiral order parameter described by

Ak_l.AkxﬂxkyAA A 0 ky+ixky

kF 03072 = E kx i iXky 0 5 (6.68)
is a two-dimensional analog of *He A-phase, where y = *1 is called chirality of a
Cooper pair. A Cooper pair consists of two electrons with opposite spin to each other
as shown in Eq. (5.17) because d points the perpendicular to the two-dimensional
plane. A chiral p-wave superconductor has been attracted considerable attention in
condensed matter physics because it hosts a Majorana fermion at its surface. The
pair potential in Eq. (6.68) has been a promising candidate of order parameter in a
ruthenate superconductor[36, 40]. A helical order described by

A —(ke—iky) 0
7 kr 0 ketiky |

. ky ky
Ak =iA |26+ 20
k 4 [kFO'1 kFO'Q

(6.69)

is a two-dimensional analog of *He B-phase. A Cooper pair with T7-spin has the
negative chirality, whereas that with | |-spin belongs to the positive chirality. In this
section, we discuss transport properties of such unconventional superconductors.
Chiral superconductors are characterized by the pair potential of

A _Aind A N _ )io, n=+2,+4 ...,
Ay =Ae'""" Gs, O-S_{id-a'a'z,HZil,ifi, . (6.70)
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where ky = kpcos@ and ky, = krsinf. An integer n is called Chern number or
TKNN number in solid state physics. The pair potential is even-parity spin-singlet
(odd-parity spin-triplet) when 7 is an even (an odd) integer number. The pair potential
in Eq. (6.68) corresponds to n = 1.

The Andreev bound states at a surface of a chiral superconductor have very unique
character. Let us consider a surface of a chiral superconductor at x = 0. The wave
function at the surface of superconductor for E < A can be given by

E+iVA2 ___EZ kx4 E—iVAQA—E“2 oikex p| pikyy g=x/60
Ae_meﬁ'; A(—l)"ema@'sI ’

¢R(x’ y) =

where we have taken into account the relation A, = Ae™® and A_ = Ae'™™=9)_ From
the boundary condition at x = 0, the energy of the bound states are obtained as,

E =Asing n=1,
E = —A cos(20) sgn(sin20) : n = 2, (6.71)
E = A sin(30) sgn(cos30) :n=3.

Figure 6.7 shows the dispersion of the bound states. The number of the bound states
at E = 0 is |n| according to the bulk-boundary correspondence. These bound states
carry the electric current along the surface of a superconductor as schematically
shown in Fig. 6.7(d). When the sign of the Chern number is inverted, the dispersion
changes its sign and the electric current changes its direction of flow. The tunnel
spectra of a chiral superconductor can be calculated from the reflection coefficients
of an NS junction,

At i
ra(1 =T,T2) |tn| T 078 7%

LA b iaked 7 S W it R 6.72

T P e T T T P (6.72)
A* A

T, =

= I =——, Q=+vEZ-A2, .
E+Q’ E+¢Q’ 6.73)

The tunnel spectra for a chiral p-wave superconductor n = 1 displayed in Fig. 6.8(a).
The results with zo = 5 have a dome-shaped broad peak below the gap. It may be
possible to say that the subgap spectra are a result of the enhancement at the surface
density of states due to a chiral edge mode. For a chiral d-wave superconductor
n = 2, however, the tunnel spectra in Fig. 6.8(b) only have a shallow broad dip at the
subgap energy region. The dispersion of the subgap states makes the subgap spectra
complex. When we increase Chern number more, the results for n = 3 in Fig. 6.8(c)
shows almost no specific subgap structure in the tunnel spectra. The density of
states is independent of energy for a quasiparticle with the linear dispersion in one-
dimension. Therefore, the subgap spectra for higher n become more flat and closer
to the normal density of states.

The Josephson effect depends on two Chern numbers (n and m) in the two chiral
superconductors. Namely, the index theorem suggests that the number of zero-energy
states is |n — m| at the junction interface [53]. The wave function on either side of
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Fig. 6.7 The dispersion of the bound states at a surface of a chiral superconductor. (a) chiral p-wave
n = 1, (b) chiral d-wave n = 2, and (c) chiral f-wave n = 3. A chiral edge mode of a chiral p-wave
superconductor carries the electric current as shown in (d).
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Fig. 6.8 The conductance spectra of an NS junction consisting of a chiral superconductor. (a) chiral
p-wave n = 1, (b) chiral d-wave n = 2, and (c) chiral f-wave n = 3. The transmission probability
of the barrier is about 0.026 as a results of choosing zg = 5.

the junction are given in Egs. (6.1) and (6.2), with
Ars =Ae™ Ap_ = (=1)"Ae™™0 A, = Ae™, Ap_ = (=1)"Ae™™0 . (6.74)

The Andreev reflection coefficients are shown in Eq. (6.16) and (6.17) for singlet-
singlet junctions. In the case of a triplet-triplet junction, i should be replaced by
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0s. Here we consider triplet-triplet junctions where both n and m are odd integers.
The Josephson current is calculated in terms of the energy of the Andreev bound
states € as,

_eA Alt,)? sin ¢

J== .
2h = 28in &,

sin(2Xy) € sin(2X_) €
tanh tanh , 6.75
e o [2kBT} e U 2keT (6.75)

wm £ (n—m)o
€: = F Asgn[cos(Xy)]sin(Xy), Xy = M, (6.76)
€08 pm =(1 — |1,]?) cos {(n + m)8} — |tn|* cos ¢, 0 < @pm < 7. (6.77)

From the expression of the bound state energy €., it is easy to count the number of
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Fig. 6.9 (a) The left- and the right-hand side of Eq. (6.79) are plotted with a solid line and two
broken lines, respectively. We choose n = 1, m = 3, zp = 3, and ¢ = 1.37. (b) Schematic picture
of the chiral edge currents in the two superconductors. (c) The Josephson critical current versus
temperature for zo = 5. We fix the Chern number at n = 1 in the left superconductor. The Chern
number in the right superconductor is m

Andreev bound states at zero energy. At |f,,| = 0, the bound state energy
€; = — Asgn(cosnf)sinnd, e_ = Asgn(cos mé)sinm0, (6.78)

represent the dispersion of the surface bound states of the two isolated superconduc-
tors. It is easy to confirmed that the number of zero-energy surface states of €, is |n|
and that of e_ is |m]|. At finite |z, |, the solutions of €. = 0 in Eq. (6.76) requires the
relation

tan {@} = +tan (a;m) ) (6.79)

The left hand side of Eq. (6.79) goes positive infinity |n—m|/2 times and goes negative
infinity |n — m|/2 times at the interval of —7/2 < 6 < x/2. Since 0 < @, < 7,
tan ("’é’") is always positive. Thus the number of the solutions of Eq. (6.79) is
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|n — m| which corresponds to the difference in the Chern numbers between the two
superconductors. In Fig. 6.9(a), we plot the left hand side of Eq. (6.79) with a solid
line and the right hand side with two broken lines, where we choose n = 1, m = 3,
z0 = 3, and ¢ = 1.371. The results show that there are only two solutions, (i.e.,
2 = |1 — 3|). The number of the solutions is independent of the junction parameters
such as zp and ¢. As schematically illustrated in Fig. 6.9(b), there are four chiral edges
at |t,| = 0. The chiral current in the left superconductor flows the opposite direction
to those in the right superconductor. For |,| > 0, two chiral currents flowing the
opposite direction cancel each other and the two Andreev bound states remain at
Zero energy.
The Josephson current at 7 = 0 is expressed by

2
J=% singoZ%[—mosXq +|cos X_|]. (6.80)
y

The zero-energy states at the junction interface do not affet the Josephson current at
low temperature because the zeros of €. at the denominator in Eq. (6.75) is removed
by the numerator. As a result, the zeros at sin ,,, governs the low temperature
anomaly of the Josephson current. In Fig. 6.9(c), we plot the critical value of the
Josephson current as a function of temperature for zo = 5, where we choose n = 1 in
the left superconductor. The Josephson current for m = 1 increases logarithmically
with decreasing temperature. [15, 10] The low-temperature anomaly becomes weak
when the chirality of the two superconductors are opposite to each other as shown
with the results for m = —1. The results with a chiral f-wave superconductor m = 3
show the similar behavior to those with m = 1. The low-temperature anomaly is
totally absent in the results for m = 3.

The Josephson effect between a chiral p-wave superconductor and s-wave super-
conductor (Aid») tells us the finger print of breaking time-reversal symmetry in a
chiral p-wave superconductor. [13] By taking into account A} = A(ky — iky)/kr
and A_ = —A(k, —iky)/kr at y = 1, we find that the Josephson current in such a
junction results in

16k?z9As0k> A2
e 04dso
Js/chiral—p =—kgT § E =INT) - by
h |Esol*kr  (hw, + Q)

wp>0 ky

cos ¢, (6.81)

where we consider spin-orbit coupling in Eq. (6.60) at the junction interface. The
Josephson current is proportional to cos ¢, which reflects the breakdown of time-
reversal symmetry in a chiral p-wave superconductor. The presence of the first order
term suggests that d is in perpendicular direction to the two-dimensional plane.
The order parameter of a helical superconductor in two-dimension can be repre-
sented as
A A | (ks —ixky) 0

A = o 0 ke +ixky | (6.82)
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where y = %1 is referred to as "helicity". Thus it would be possible to say that a

(a) Thelical p | ()  helical
1 superconductor

-04 -02 00 02 04
e/

Fig. 6.10 (a) The dispersion of the bound states at a surface of a helical p-wave superconductor. (b)
Schematic illustration of the helical edge current. A spin-| | (-TT) pair carries the current clockwise
(counterclockwise). As a result, the electric current vanishes and the spin current flows.

Cooper pair with spin-17T belongs to the chirality (y) and that with spin-|| belongs
to the chirality (—y). As a result of the coexistence of the two chiral states, helical
superconductivity preserves time-reversal symmetry. The tunnel spectra of an NS
junction consisting of a helical superconductor are identical to the results displayed
in Fig. 6.8(a). The Josephson effect between two helical superconductors indicates
similar property to that between two chiral superconductors. Thus it is impossible dis-
tinguish between a helical superconductor and a chiral superconductor by measuring
the tunnel spectra and Josephson current. The Josephson coupling to a spin-singlet
s-wave may tell us symmetry information of a spin-triplet superconductor. The An-
dreev reflection coefficients of a helical superconductor is #e (R) o i(ky 1 +ky,02)5.
Together with the transmission coefficients in Egs. (6.63)-(6.62), and the Andreev
reflection coefficients in Eq. (6.48), we find that the first term in the current formula
in Eq. (6.46) vanishes

Js/helical—p =0. (6.83)

Thus the lowest order coupling is absent and the current-phase relationship is J =
—J; sin(2¢) in the case of a helical superconductor. The last property enables us to
distinguish a helical superconductor from a chiral one.



Chapter 7
Proximity effect in a normal metal

When a superconductor is attached to a normal metal, a Cooper pair penetrates
into the normal metal. As a result, the normal metal possess superconducting-like
properties such as screening of magnetic fields and decreasing its electric resistance.
Such phenomenon is called proximity effect and has been a central issue in physics
of superconductivity. To describe the proximity effect correctly, we need to use
the Green’s function technique. Here, however, we try to explain the essence of the
proximity effect phenomenologically by applying the physical picture of the Andreev
reflection.

7.1 A Cooper pair in a clean metal

normal metal  superconductor superconductor  normal metal superconductor
¥y I
6
Lx ) ro// 1 /
\\\ 6,
Ty
~— —
(a) Lo (b) £

Fig. 7.1 Ballistic motion of a quasiparticle near an NS interface in (a). Two typical trajectories are
illustrated, where 6; is the incident angle of a quasiparticle to the NS interface at r ;. The angle is
measured from the x axis. In (b), the second superconductor is attache to the normal metal to make
an SNS junction.

In Fig. 7.1(a), we illustrate the classical trajectories of a quasiparticle departing
from r( in a normal metal and reaching at r ; at the NS interface. We assume that the

93
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metal is free from any potential disorder and is in the ballistic transport regime. The
pair potential is in spin-singlet dy,-wave symmetry. The penetration of a Cooper
pair into a metal is described by the Andreev reflection. The Andreev reflection
coefficient in Eq. (5.34) is summarized as,

|ta|Tre™ . Vi —iAs
() A N S S S 7.1
hoeO) =1 o Os e =T o Qs 7.h
A, =A@6), A= A(x-6), (1.2)

where k,, = kr sin 6 and we apply the analytic continuation £ — ihw,. The retrore-
flectivity of a quasiparticle plays a key role in the proximity effect. Let us count the
total phase shift of the wave function along the retoreflective trajectories in Fig. 7.1.
The wave function at r( is proportional to ¢’ 70. On the way to a place of | on the
NS interface, the electron gains the phase e’%c with

be = / Mk, (73)

where [ represents a ballistic trajectory between the two points as shown in Fig. 7.1(a).
At the interface, the Andreev reflection coefficient at | would be given by #4(61) in
Eq. (7.1). Finally, on the way back from r to rg, a hole gains the phase e'?", with

on = /ro dl -k =—-¢,. (7.4)

1

In the Andreev reflection, the wave number remains unchanged and the velocity flips
its direction. After traveling along the retroreflective trajectory, a quasiparticle gains
the phase factor,

p(ro,01) = %" e T,(61) €' = e¥T,(6)), (7.5)

where we have assumed that the NS interface is transparent perfectly, (i.e., |t,| = 1).
The results depend sensitively on the traveling direction of a quasiparticle. By
propagating along the retroreflective trajectory between r( and r;, the phase shift of
a quasiparticle becomes

p(ro,02) = e T4 (62). (7.6)

The phase factor at r( depends on the direction of the quasiparticle’s motion 6 and
is proportional to A,(6). In other wards, the Andreev reflection copies the d,,-wave
pair potential in a superconductor to the palce of rp in a normal metal. The pair
potential in real space

Ao p(ri,r2) e =g(ri —r2) fopg(ri —ra), fap(ri,ra) = War)p(ra)), (1.7)

defines the relation among the pair potential A, an attractive interaction g, and the
pairing correlation f. Since the attractive interactions are absent in a normal metal,
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the pair potential is zero. However, the pairing correlation

1

Jap(ri,r) =f(r,p) = Ve

> frk)ekr, (7.8)
k

with r = (r; + r3)/2 and p = r; — ry describes the existence of a Cooper pair
in a metal. The phase factor p(r, 6) corresponds to the correlation function f(r, k).
The results in Egs. (7.5) and (7.6) suggest that the pairing correlation at ry belongs
to a dyy-wave symmetry. Namely, a Cooper pair of spin-singlet d-wave symmetry
penetrates into a clean normal metal as schematically illustrated in Fig. 7.1(a).
Since the pair potential is absent in a normal metal, the phase coherence of a
quasiparticle supports a Cooper pair. At finite temperature, however, the thermal
broadening of the Fermi level destroys the phase coherence. When an energy of an
electron is distributed in a range of Aiw, = (2n + 1)nkgT around €f, the relation

R (kg + 0k)?

X € + hwy, (7.9)
2m

represents how the thermal broadening modifies the wave number. We obtain 6k =
wy/vr. When an electron comes into a normal metal from x = 0 and propagates
to x = L, the wave function of a quasiparticle just at the Fermi level is given by
exp{ikr L}. The wave function of the quasiparticle at an energy € + hw, can be
described by exp{i(kr + 0k)L}. A relation kL < 1 must be satisfied so that the two
partial waves of a quasiparticle can interfare with each other. This argument at the
lowest Matsubara frequency gives a length scale

C hVF

=" 1
o 2nkgT’ (7.10)

which limits the spatial range of the phase coherence of a quasiparticle in a clean
metal.

When an another superconductor is attached to a normal metal as shown in
Fig. 7.1(b), a Cooper pair penetrates from the left superconductor, propagates a
normal metal, and transmits to the right superconductor. This process explains
the Josephson effect in a clean superconductor/normal-metal/superconductor (SNS)
junction. The Andreev reflection coefficients in the lowest order process in Fig. 4.7(b)
can be calculated as

Al :%ZkBTZ Tr [H eTIPR gy e OnLIWE [T pleL gy pm@nLIVE o o |
kv wWp
(7.11)

e _ A 2
:%kaBTZ sin(g)(—1)e 2onLIvE (—+) , (7.12)
y Wn

W, + Q4
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where 5y = 1 is the transmission coefficient at the normal metal. In a clean SNS
junction, the higher order processes such as in Fig. 4.7(c) also contribute to the
Josephson current. It is possible to describe the total Josephson current as

_de Ay )"
ok 3 Ysnmactye et (e [T
n +

wWn m=

Since A2 enters the current expression, the sign change of the pair potential does not
play any important role in Eq. (7.13). Thus we replace A, by A approximately. The
summation over the Matsubara frequency at 7 = 0 can be replaced by the integration

2m
4 oo l [e] 1/ 2+A2_
J:%Nc sin(mtﬁ)(—l)m—/ dw e~ 2@mLITvE (—w A w) , (7.14)
m=1 T Jo

with Zky = N,. The integrand is a product of two functions which have a peak at
w = 0. The decay energy of the exponential function is Avg /L and that of power
function is A. When Avg /L > A, the integration can be carried out as

(_1)m+1 8Sm B
T (Cm+D2m-1)

A A
:%NC ’; sin(mep) %Nc sin [g] . (715)
because of Eq. (4.80). The results were derived by Kulik and Omel’yanchuk [34].
The condition Avp /L > Aisidentical to L <« & with &y = hvp /nA ~ hvg [2nkgT,
being the coherence length. On the other hand in the long junction limit L > &y, we
obtain

evr 2(- 1)'”+l evVE
J = N = —N.—. 7.16
Z sin(meg) ———— 7 Ne (7.16)

Such linear current-phase relationship was first discussed by Ishii [30]. In a SNS
junction in the ballistic regime, Egs. (7.15) and (7.16) represent the Josephson current
between two identical superconductors independent of their pairing symmetries.

7.2 Andreev reflection and diffusive motion

The potential disorder in a normal metal plays an crucial role in the low-energy
transport properties in an NS junction consisting of an unconventional superconduc-
tor. Let us begin with a schematic illustration of the Andreev reflection into a dirty
normal metal. The motion of a quasiparticle in a random media is described by the
diffusion equation

(DV2 - a,) F(r.t)=0, F(r,0)= Fyd(r). (7.17)
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normal metal superconductor

v =

L
(a) (b)

/e
I

Fig. 7.2 (a) Diffusion motion of a quasiparticle near an NS interface. Two typical trajectories are
illustrated, where 6; is the incident angle of a quasiparticle into a superconductor at r ;. The pair
potential is shown only for k, > 0 in (a) and (b) because such part is copied to a normal metal by
the Andreev reflection.

The diffusion constant D is given by

2
VLT 4
D:%:%, £=vrr, (7.18)
where d = 1 — 3 denotes the spatial dimension, v = hkg /m is the Fermi velocity,
and 7 is the mean free time due to the elastic scattering by random impurities. The
mean free path defined by £ = vg7 characterizes the smallest length scale of the
diffusion equation. The solution of the diffusion equation

F(r,t) = Lex —ﬂ (7.19)
V= Gxpna? P\ Tapr ) '

tells us characteristic features of a quasiparticle’s motion. The diffusive motion is
isotropic in real space. Although the velocity of a quasiparticle is v, it takes L?/D
(sec) to propagate a distance L. Therefore the total length of such a diffusive trajectory
becomes L’ = (L?/D)vr while an electron diffuses L. The thermal broadening of the
Fermi distribution function is a source of the decoherence. As we discussed below
Eq. (7.9), 6kL’ < 1 is necessary for a quasiparticle to keep its phase coherence.

Therefore
hD
D
=4|— 2
o \/ 2rkpT’ (7.20)

limits the length scale for phase coherent phenomena in a diffusive metal and is called
thermal coherence length. Energetically, Et, = hD/L? called Thouless energy which
limites the critical energy scale for the phase coherent phenomena.

As shown in Fig. 4.4, the retroreflectivity of a quasiparticle is a key feature of the
proximity effect. In Fig. 7.2(a), we illustrate two classical retroreflective trajectories
of a quasiparticle departing from a point r and reaching the NS interface at r;. We
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count the phase shift of a quasiparticle moving along a retorreflective trajectory. On
the way to the NS interface, an electron gains the phase of ¢'?¢ with

r R, R> T
¢e=/ dl-kZ/ dll~k1+/ dlz-k2+-~~+/ dly - ky, (7.21)
ro ro R, Ry

where [ represents a classical trajectory between two impurities at R;_; and R; as
shown in Fig. 7.2(a). The direction of momentum k; changes at every scattering
event by an impurity. At the interface, the Andreev reflection coefficient at r; would
be given by #(6;) in Eq. (7.1). Finally, on the way back from r to r, a hole gains
the phase of ¢'?", with

Ry R, ro
¢h=/ le~kN+---+/ dlz-k2+/ dll-k1=—¢g. (722)
R

r R> 1

The two phases ¢, and ¢, cancel to each other even in the diffusive trajectories.
After traveling along a retroreflective trajectory, a quasiparticle wave function gains
a pairing factor,

P1(ro) = Frelky,) e 2L/4T (7.23)

where Here ky,, = kg sinf;. The results depend on the incident angle 8, into the
NS interface at r; but are independent of direction of traveling angle ¢; at ry.
As shown in Fig. 7.2(a), another part of such a quasiparticle travels along another
retroreflective trajectory reaching r, at the NS interface. Such partial wave function
gains the pairing factor

Pa(ro) = Fre(ky,) e 21147 (7.24)

with ky, = kF sin . The pairing factor at ro should be averaged over all posible
diffusive trajectories as

/2

1 I
(Pro)y = ~— > Frelky) e 2HE = 5 / d6 cos 0 ine(0) e 2L15T . (7.25)
Nc Ky 2 —-n/2

The Andreev reflection copies the pair potential average over 6 for ky, = kp cos 6 > 0.
Asaresult of averaging, the pairing factor in Eq. (7.25) at r is isotropic in momentum
space independent of the initial momentum direction ¢ in Fig. 7.2(a), which implies
the pairing correlation function at r( belongs to s-wave symmetry irrespective of
orbital symmetries in the pair potential.

Even so, the properties of the pairing correlation at o depends sensitively on the
symmetry of the pair potential. Here, we consider the limit of the low frequency
hw, < A at zero temperature. The coherence factor becomes I'y — —i e"'¢s, with
s;+ = sgn[A;(0)]. We also assume that the transparency of the NS interface is small,
(Jtn] < 1). In an NS junction of a s-wave superconductor, we obtain



7.2 Andreev reflection and diffusive motion 99
el o
<ps(r()> =-le 5 |tn| 107. (7.26)

The Andreev reflection copies also the spin configuration of a Cooper pair and the
superconducting phase as shown in Eq. (7.1). The results imply that a spin-singlet
s-wave Cooper pair penetrates in to a metal. In a spin-singlet d,>_,>-wave case as
shown in Fig. 7.2(a), the pairing factor at ro becomes

(Pa,s (o) = =i €% (V2= 1) [taficr>. (7.27)

The amplitude of Eq. (7.27) is slightly smaller than that of Eq. (7.26) because the
pair potential changes its sign on the Fermi surface. The diffusive impurity scatter-
ings make physics isotropic in real space. In other wards, impurities destroy such
unconventional Cooper pairs as p-wave and d-wave symmetry. In a dy,-symmetry,
we find

X 1 7T/2
(Pdy, (ro)) = —ie'?idn 5/ df cos § sgn [sin26] = 0, (7.28)
’ -n/2

because the pair potential Asin?26 is an odd function of . Namely the proximity
effect is absent in a metal attached to a dyy-wave superconductor. [9] In the same
manner, the proximity effectis absentin a metal attached to a p,, -wave superconductor
because

/2

: 1
(Pp,(ro)) =—ie™? o thnlz df cosOsgn[sind] =0, (7.29)
i -n/2

Thus the presence or absence of the proximity effect depends on an orienta-
tion angle of the pair potential to the NS interface. Finally in spin-triplet p,-wave
symmetry, we find

(Pp(ro))y = —ie 5. (7.30)

The amplitude of the pairing function is much larger than that of a s-wave junc-
tion because of the resonant stansmission through the Andreev bound states at the
NS interface. The orbital part is even-parity s-wave symmetry and the spin part is
spin-triplet symmetry class. At the first glance, such a Cooper pair does not meet the
requirement of the Fermi-Dirac statistics of electrons because both the spin and or-
bital parts of the pairing correlation are even under the permutation of two electrons.
It was pointed out that such pairing correlation function can be antisymmetric under
the permutation of two "times" of electrons [17]. In the Matsubara representation, the
pairing function of such a Cooper pair is an odd function of w,. An odd-frequency
spin-triplet even-parity s-wave pair penetrates into a dirty metal. Unfortunately, the
Green’s function technique is necessary to discuss the frequency symmetry of a
Cooper pair. Instead of going into theoretical details, We explain the anomalous
transport property due to an odd-frequency pair.
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7.3 Anomalous proximity effect

S, dxz,yz dyy Py Px
Surface ABS - O - O
Proximity effect O - - O

Table 7.1 The relation between pairing symmetries and two phase coherent phenomena in a two-
dimensional junction consisting of a superconductor x > 0 and a dirty normal metal x < 0 as
shown in Fig. 7.2(a). At the first row, "(O" means the presence of zero-energy Andreev bound states
localizing at a surface of a superconductor. The pair potential must be an odd function of k to host
the Andreev bound states. At the second row, "(O" means the penetration of a Cooper pair in a dirty
metal. When the pair potential have a part of being even in ky,, the proximity effect can be expected
in a metal. A d,2_,>-wave pair potential belongs to the same class as an s-wave pair potential.

In Chap. 5, we discuss the formation of the Andreev bound states at a surface of an
unconventional superconductor. In Sec. 7.2, we discuss the presence or the absence
of the proximity effect in a normal metal attached to an unconventional supercon-
ductor. These phenomena depends sensitively on how the pair potential changes
sign under inversion of junction geometries. For two-dimensional unconventional
superconductors as shown in Fig. 5.1, the relation

A=k, ky) = —Alky, ky), (7.31)

represents a condition for the appearance of Andreev bound states at a surface parallel
to the y direction. Another relation

Ak, —ky) = =A(ky, ky), (7.32)

describes the absence of the proximity effect in a normal metal attached to the super-
conductor at x = (. Table 7.1 shows the relation between these coherent phenomena
and the pairing symmetries. The surface Andreev bound states are possible in a
dxy-wave superconductor and a py-wave superconductor. The proximity effect is
present in an s-wave junction and a p,-wave junction. Two coherent phenomena are
possible simultaneously in a p,-wave junction. In this Section, we will show that
a px-wave junction exhibits unusual low-energy transport properties as a result of
interplay between the formation of Andreev bound states and the penetration of a
Cooper pair into a normal metal.

In Fig. 7.3(a), we plot the total resistance of a NS junction Rns as a function
of the normal resistance of a metal Ry, where Ry = (2¢*N,./h)™! is the Sharvin
resistance of the junction. The resistance is calculated by using the quasiclassical
Green'’s function method [33]. Theoretical details are given in Ref. [46]. In classical
mechanics, two resistances contribute to Rys independently as

Rns = R + Rs, (7.33)
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where the Ry is resistance in the normal metal and Ry =~ 7.56Ry indicated by an
arrow is the resistance of the potential barrier at the NS interface. The results for a
py-wave junction increases linearly with Ry and obeys the classical relationship in
Eq. (7.33). In a py-wave NS junction, both the proximity effect in a metal and the
Andreev bound states at the surface are absent. The deviation of Rns from Eq. (7.33)
would be expected in the presence of phase coherent effects. In a d,-wave case,
the results show that Rys = Ry + Rg/2 holds instead of Eq. (7.33). Although the
proximity effect is absent in a metal, the resonant transmission through the Andreev
bound states reduces the resistance at the interface to Ry/2. In a s-wave junction,
Rns first decreases from Rg with the increase of Ry then increases. Such reentrant
behavior is a result of the usual proximity effect in a metal. Impurities near the
interface enhance the Andreev reflection probability, which explains the suppression
of Rns for Ry < Rg. In this range, the dirtier junction has the smaller resistance.
Finally for a p,-wave symmetry, Rys is constant at Ry/2 independently of Ry. The
differential conductance at zero bias is given by

2

Gns = Rys = %NC, (7.34)
where N, is the number of propagating channels per spin. The results imply as if a
normal metal looses its resistance due to the interplay between the two phase coherent
effects. The argument in Chapter. 5 suggests that the low-temperature anomaly would
be expected also in a SNS junction consisting of two p,-wave superconductors. The
results in Fig. 7.3 (b) show the Josephson current in such an SNS junction plotted
as a function of the phase difference between two superconductors [14]. At a very
low temperature, the current-phase relationship becomes fractional J = J, sin(¢/2)
as a result of the perfect transmission of a Cooper pair through a dirty normal metal.
Such unusual transport phenomena are called anomalous proximity effect.
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(a) Total resistance of a NS junction (b) Current-phase relationship in a p-wave SNS junction

Fig. 7.3 (a) The total resistance of a dirty NS junction is plotted as a function of the resistance in a
normal metal, where Ry = (2¢2/h)" is the Sharvin resistance of the junction. We attach a lead wire
for x < —L to measure the conductance of a junction in Fig. 7.2. (b) The current-phase relationship
in a dirty SNS junction for a p,-wave symmetry. We attach another p,-wave superconductor to
the normal metal at x = —L in Fig. 7.2.



102 7 Proximity effect in a normal metal

The mechanism of the anomalous proximity effect is explained as follows. Since
the Andreev bound states at a surface play a major role in the anomalous proximity
effect, we consider an NS junction of a p,-wave superconductor and that of a dy-
wave superconductor. For simplicity, we choose 2 x 2 particle-hole space by extract
T-spin sector in a p,-wave superconductor. In a d,,-wave case, we choose 2 X 2
particle-hole space for spin-T electron and spin-|. The Hamiltonian of such an NS
junction in Fig. 7.2(a) is given by,

A | oA .
H = [A(r) s ] = h T3 + A(r)Ty, (7.35)
ABO(x) k__iai : px—wave
A(r) = e 7.36
(r) {A@(x) é% : dyy—wave, (7.36)
hy =& +vpd(x) + Vimp(r)(a(_x)’ (7.37)
h2v?
== g —er Vimp(r) = ) vimpd(r —ry) (7.38)

ri

where 7} for j = 1 — 3 is the Pauli matrix in particle-hole space. Chiral symmetry of
the Hamiltonian is described by

{HA} =0, A=-%. (7.39)

Since A? = i, the eigenvalue of A is either 1 = 1 or 1 = —1. In what follows, we
referer A as chirality. The eigenstate vectors are

: [ 1 ] 1 [1]
— | ., =] (7.40)
vl-il el
for A = 1 and A = —1, respectively. Here we summarize two important features of

the eigenstates of H preserving chiral symmetry [41].

(i) The eigenstates of H at zero energy are simultaneously the eigenstates of A.
Namely, the eigenvectors at zero energy ¥, 1(r) satisfy

iy a(r) =0, Ay a(r) = Qi a(r), (7.41)

where v labels a zero-energy state.

(ii)In contrast to the zero-energy states, the nonzero-energy states are not the eigen-
states of A. They are described by the linear combination of two states: one has
A =1 and the other hasd = —1 as

+a_

1 1
wﬂ=mL_ J. (7.42)
In addition, the relation |a;| = |a_| is always satisfied. A positive chiral zero-
energy state and a negative chiral zero-energy state couple one-by-one and form
two nonzero energy states.
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Below we will prove the robustness of the highly degenerate zero-energy states in a
dirty normal and the perfect Andreev reflection by taking these features into account.

By repeating the argument at Eq. (5.55), the wave function of the surface bound
states at zero energy is described by

; A
lﬁky(r):c[—ils+] sin(kyx) e 19 ooy, g, = (7.43)

1Ak
It is easy to confirm property (i) because this wave function is the eigenstate of A
belonging to A = s.. By applying property (ii), we discuss the robustness of highly
degenerate zero-energy states in the presence of potential disorder. In quantum
mechanics, large degree of degeneracy at quantum states are a consequence of high
symmetry of Hamiltonian. Generally speaking, degeneracy is lifted by adding pertur-
bations breaking the symmetry. In the present case, both p,.- and d,-superconductors
host N.-fold degenerate bound states at zero energy. Such highly degenerate states
are stable because translational symmetry in the y-direction is preserved in a clean
superconductor. The highly degenerate zero-energy states would be fragile in the
presence of potential disorder because random impurities break translational sym-
metry. In a dy,-wave case, zero-energy states for k, > 0 belong to the positive
chirality, whereas those for k, < O belong to the negative chirality. According to
property (ii), a positive chiral zero-energy state and a negative chiral zero-energy
state can be paired by impurity scatterings and form two nonzero energy states. As a
result, all the zero-energy states disappear in the presence of potential disorder. On
the other hand, in a p-wave superconductor, all the zero-energy states belong to the
positive chirality. Property (ii) suggests that the degeneracy of such pure chiral states
are robust even in the potential disorder because their chiral partners for forming
nonzero energy states sare absent. The number of zero-energy states in the presence
of potential disorder can be described by the absolute value of

Nzgs = Ny — N, (7.44)

where N. is the number of zero-energy states belonging to 4 = +1. The index
Nzgs is an invariant as far as the Hamiltonian preserves chiral symmetry. Thus
Nzgs calculated in the absence of potential disorder remains unchanged even in the
presence of potential disorder. In mathematics, the resulting index Nzgs is known to
as an invariant in terms of the solutions of a differential equation. Simultaneously,
the index is identical to the summation of the winding number over k, as

Nows = ) Wiky) (7.45)
k

y

where the winding number is defined in Eq. (5.94) and is calculated as Eq. (5.95).
Namely, the index is a topological invariant. In mathematics, such integer number
Nzgs is called Atiyah-Singer’s index. We find Nzgs = 0 for a d,,-wave supercon-
ductor and Nzgs = N, for a p,-wave superconductor.
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The remaining task is to show why the zero-bias conductance in Eq. (7.34)
becomes
4¢?
Gns = TNZESs (7.46)
in the limit of Ry — oo [28]. In a normal metal, the wave function at £ = 0 can be
exactly represented as

Un(r) = Z [(rhe(lky)) efx 4 (r"egky)) e”‘”] etk (7.47)

k)’
where the reflection coefficients are given in Eqgs. (5.33) and (5.34). They become
Fee =0,  rhe = —isy, (7.48)

in the limit of E — 0 for a p,-wave NS junctions. By substituting the coefficients
into the wave function, we find that the zero-energy states in a clean metal

Un(r) = Z (_ils+ ) oikxx pikyy _ (_ll) Z eik~r’ (7.49)
K

ky

belongs to 4 = 1. As a result, all the zero-energy states in the normal metal have the
positive chirality. In other words, the Andreev reflection copies the chirality of the
zero-energy states at a surface of a p,-wave superconductor to the zero-energy states
in a normal metal. This argument is valid even in the presence of potential disorder
because the pure chiral zero-energy states can retain their high degeneracy. In a dirty
normal metal, it is not easy to represents how the orbital part of the wave function
depends on r. The vector part of the wave function, however, remains unchanged
from that in Eq. (7.49). In the vector part, 1 at the first row is the amplitude of the
incoming wave into the NS interface and —i at the second row is necessary for the
vector to be an eigenstate of A. More importantly, the —i is drived from the perfect
Andreev reflection, which explains the quantization of the zero-bias conductance
in a dirty NS junction. For the perfect Andreev reflection taking place, the wave
functions at zero energy must be extended whole the dirty metal. Chiral symmetry
of the BdG Hamiltonian is responsible for the high degeneracy at the zero-energy
states in a dirty metal.

Finally, we summarize our present knowledge on the anomalous proximity effect
as follows. The quantization of the conductance in Eq. (7.46) and the low-temperature
anomaly in the Josephson effect in Fig. 7.3 are a part of the anomalous proximity
effect. The zero-energy Andreev bound states at an interface of a p,-wave super-
conductor can penetrate into a dirty normal metal while retaining their high degree
of degeneracy [14]. Such zero-energy states can be observed as a large zero-energy
peak in the quasiparticle density of states [46]. A quasiparticle at zero energy always
accompanies an odd-frequency Cooper pair. In a p-wave junction, an odd-frequency
spin-triplet s-wave Cooper pair penetrates into a dirty normal metal [45]. It has been
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known that an odd-frequency pair is thermodynamically unstable and paramagnetic.
A small unconventional superconductor may indicate paramagnetic response to mag-
netic fields due to an odd-frequency Cooper pair at its surface [43]. Experimental
studies are desired to confirm such theoretical predictions.

7.4 Fluctuations of Josephson current

The sample-to-sample fluctuations of the conductance in diffusive normal metals is
a result of the phase coherence of an electron [35, 3]. To measure the conductance
in a diffusive metal in experiments, we prepare a number of samples of metallic
wires. Let us assume that we fabricate all of them to have the same length L and the
same cross section S and that we measure the conductance of all the samples. The
ensemble average of the conductance is calculated as

N,
&
(G) =5 > 6Y. (7.50)
S j:]

where GY) is the conductance measured for the j th diffusive metal and Ny is the
number of measured samples. The ensemble average of conductance should be

S
(GY =Gy = 20D, 0D = 2¢*NyD, (7.51)
where op is Drude’s conductivity, Ny is the density of states per unit volume per spin
at the Fermi level, and D is the diffusion constant of the diffusive metal. In addition,
the relation GY) = Gy is expected for all the macroscopic samples with L > {,—‘TD .
Namely, the sample-to-sample fluctuations of conductance

6G = V(G?) — (G)?, (7.52)

is zero at kgT > ETy,, where

hD

=1 (7.53)

Eth
is Thouless energy of a conductor. At a low temperature kg7 < Ety, however, the
conductance measured in a sample is slightly different from those in another samples.
The conductance fluctuations are originated from the microscopic realization of
impurity configuration in metals which is memorized in the phase of an electron wave
function. [29] A temperature must be low enough so that an electron preserve its
phase memory while traveling across the sample. The fluctuations at zero temperature
can be described as
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62

oG = o Ca, (7.54)
where Cg is a constant of the order of unity. This fact is called universal conductance
fluctuations because Ci depends on the spatial dimensionality of a conductor and the
symmetry of Hamiltonian but it is independent of microscopic parameters included
in the Hamiltonian. [35, 3] The relation Gy > 6G holds true because the number of
propagating channels is much larger than unity in metallic conductors.

The similar mesoscopic fluctuations exist in the Josephson current in SNS junc-
tions where two spin-singlet s-wave superconductors sandwich a dirty normal metal
with the length being L. The ensemble average of the Josephson critical current is
described well by

A
Jo = ;GN. (7.55)

The fluctuations of the critical current is given by [4]

E
§J.=¢ hTh c,, (7.56)

for L > &, where Ety, is the Thouless energy of a conductor and Cy is a constant of
the order of unity depending slightly on the sample geometry. In usual mesoscopic
metals, 6J, < J. holds true. In experiments, the Josephson current is measured for
a single sample with a specific random impurity configuration. The current-phase
relationship for the j sample would be given by

J(@) = IV sing — I3 sin 2¢. (1.57)

When the two superconductors belong to spin-singlet s-wave symmetry class, the
relation

IV > 9 > 0, (7.58)

holds true for all samples. Thus the ensemble averaged value of the Josephson current
in theories

J(p)) = Jesing, 6J(¢) = 6J. sing, (7.59)

would describe well a experimental result in a single sample. In Fig. 7.4(a), we plot
the numerical results of the Josephson current in s-wave SNS junctions, where the
Josephson current is calculated for 500 samples as a function of ¢. The results show
the ensemble average (J) and the fluctuations. The current-phase relationship of (J)
deviates from the sinusoidal function due to the second harmonic. The results for
s-wave junction show (J) < 6J.

The unconventional superconductors enrich the variety of mesoscopic transport
phenomena in SNS junctions. We consider a SNS junction consisting of two spin-
singlet dy,-wave superconductor. As discussed at Eq. (7.28), the proximity effect
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is absent in a normal metal attached to a dy,-wave superconductor. However, this
statement is valid only when we consider the pairing correlations after ensemble
averaging. In Eq. (7.28), the integral over the incident angle of a quasiparticle into
the interface corresponds to the average over different samples. Namely, the absence
of the lowest order coupling (J;) = 0 and

(J(p)) = =(2) sin2gp, (7.60)

is expected in dyy-wave SNS junctions. The results in a numerical simulation agree
with the prediction in Eq. (7.60). In Fig. 7.4(b), we plot (J) and §J as a function of
¢ for dyy-wave SNS junctions. The the lowest harmonics is absent and the second
harmonic is dominant in the average. Simultaneously, the numerical results show the
relation

5J > (J). (7.61)

This relation means that the results after ensemble averaging cannot predict the
current-phase relationship in a specific sample in experiments. In the numerical
simulation, we find that |J1(’ )I > J2(’ ) > 0 holds true for most of the samples. The
relation (J;) = O indicates that a half of samples of are O-junction and the lest
half of samples are 7-junction. The relation in Eq. 7.61 holds in various Josephson
junction such as py-wave SNS junctions and SFS junction [55] with F denoting a
ferromagnet.

0.15F T n T T
(a) s-wave SNS (b) dy -wave SNS

3 =
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Fig. 7.4 Numerical results by u(spiilg the lattice Green’s function metho%/fgr s-wave SNS junctions
in (a) and d-wave SNS junctions in (b). The ensemble average of the Josephson current and its
fluctuations are plotted as a function of phase difference across the junction. The number of sample
used for the ensemble average is Ny = 500 and the temperature is chosen as 7 = 0.017..






Appendix A
Pair potential near the transition temperature

The dependence of A on temperature near 7,. can be described analytically. Using
an identity,

S 1 1 a
kgT ———— = —tanh|——+|, = (2n+ 1)wkgT/h, Al
6T ) el =3 (szT) wn = @+ DrkgT/h (A1)

n=—o0

we first derive a relation from the gap equation,

Y S AR TN A
&0 o E 2ksT) " ) TR v 2 A

with E = +/¢%2 + AZ. Here we introduce a high-energy cut-off fiwp to either the
summation or the integration so that the summation and integration converges. At
T =T,, by putting A = 0, the equation results in,

wD oo
(aNo)™" =k, ; [m dgﬁ’ A
=kpT. ; T ”Z:O = A
Nroo N IV
=,,Z=()Tl/2+;)n+1/z_nzzon+1/z’ (A.5)
Ny
zz;mluz +10g(%), (A.6)

where we have used a relation
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N
1
~y+logN +2log2+0 (=], AT
nzzon+l/2 yriog o8 (NZ) &7
th th
Nr. = . Np=|—2 A8
Te [anBTC]G T [2nkBT G (A-8)

for N > 1. Here y = 0.577215 - - - is the Eular constant and [- - - ]g is the Gauss’s
symbol meaning the integer part of argument. For T < T, A is much smaller than
T.. Thus it is possible to expand the integrand with respect to A/w,,,

1
No)~! =2kpT / _ A9
(gNo)™" =2k Z T AT (A.9)
w, >0
AZ
~2kgT +--, A.10
g (Z‘o/ [hzw 2482 (Wl + ) (A-10)
1 1 A?
=nkpT [ ] , (A.11)
wZ;O hwn  (hwp)? 2
NT 2 o
1 A 1
=Z—— i Z— (A.12)
in+ 1/2  \nkgT o 2n+1)3
Using the definition of the {-function,

S 1 2m
= -, = A.13
Z(n) ]Z; I ZO T = o L (m) (A13)

we reach at a relation of
2

T A 7£(3)
log|—1|=— = A.14
Og(Tc) (ﬂkBT) 8 A-14)

Finally, we obtain an expression of the pair potential near the transition temperature,

8 T.-T

AzﬂkBTc m

(A.15)



Appendix B
Conductance formula and transport channels

The derivation of the Landauer’s conductance formula is intuitive. To measure the
conductance, we consider one-dimensional junction as shown in Fig. B.1, where
a sample is connected two perfect read wires which are connected to reservoirs.
The perfect lead wire is free from any scattering events. The reservoir is always in
equilibrium characterized by a chemical potential and absorbs any incoming waves.
In Fig. B.1, the chemical potential on the left (right) reservoir is uy, (1g). The sample
is shorter than any inelastic scattering lengths. An electron at the left reservoir can

wire |Sample | yire
(scatterer)

Ur

Fig. B.1 A Schematic picture of a junction considered in the Landauer’s conductance formula.

go into the sample and reach at the right reservoir. Since all the states with energy
below ugr are occupied, an electron at the energy window urp — ur = eV < ugr
can penetrate into the left lead wire and the sample. The electron number in such an
energy window is estimated as

eV

N = ,
mhvg

(B.1)

where (rhvg)~! is the density of states per unit length per spin in one-dimensional
conductor. Among them, an electron with the positive velocity vy penetrates into
the sample and
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N eV 1
—vrT = =T, B.2
2 VE nhvp VE 2 (B-2)

can transmit to the right reservoir, where T denotes the transmission probability of
the sample. The electric current is calculated as

2

N e
J=e—vpgT = —TV. B.3
e VE 5 (B.3)

The conductance defined by the relation J = GV results in

£2

G = A T. (B.4)
The transmission probability 7 and the reflection probability R are the character-
istic physical values of waves. The current conservation law implies 7 + R = 1.
The interference effect of an electron is taken into account through these transport
probabilities. The product of the velocity and the density of states gives a constant,
which is a characteristic feature in one-dimensional conductors. Thus the formula
can be applied to any quasi-one-dimensional structures which have more than one
transport channel in lead wires. The formula for such case is given by,

2

e

=— > Ty, B.5
G=52 (B.5)

where T,,, is the transmission probability of an electron which is incoming to the
sample from the m th propagating channel as shown in Fig. B.2.

The perfect read wires are necessary for defining transmission coefficients. To see
this, let us consider a conductor in quasi one-dimension. The Schrodinger equation
is given by,

V2
_W — €F +V(r) ¢(x’)’) :E¢(xay)’ (B6)
where V(r) represents scattering potential in the sample and confining potential
for a quasi-one dimensional junction. We apply the periodic boundary condition in
the transverse direction to the current (y direction), which implies a conductor is
confined within a finite region W in the y direction.

As shown in Fig. B.2(a), the sample is connected to two lead wires. To define the
transport channels clearly, we assume that the lead wires are free from any scatterers.
The solution of the Schrodinger equation at the lead wire can described as

ipy

i e
¢(X, y) =elkxf (y)s f (y) == (B7)
P W
K2 2nm
Ek.py, :% (k2+p3n)’ Pm = W m=0,£1,+£2,.... (B.8)
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lead wire sample lead wire Exp
)
m
—_— l
— I
rl,m -~
[
(a)

©)
X x=0

Fig. B.2 (a) The transport channels can be defined in perfect lead wires, where [ and m indicate
the propagating channels. (b) The subband structures in a lead wire in quasi-one dimension. (c)
Two lead wires are separated by a potential barrier at x = 0, where the width of the junction is W.

In Fig. B.2(b), we plot the energy Ej , as a function of the wave number in the x
direction k. The kinetic energy in the y direction is quantized due to the confinement
potential as shown with m = 0, m = £1..... Thus the dispersion shows the subband
structures, where m specifies a subband. The horizontal line indicates the Fermi
level. At the Fermi level, the relation Ey , = e defines the wave number in the x
direction
K2, = 2”% -~ P (B.9)

When %, is real, the wave function is a plane wave with the group velocity of
v; = hky,/m. Such a transport channel is called a propagating channel which can
carry the current between the reservoir and the sample. When k,, is imaginary, on the
other hand, the wave function dumps exponentially in the x direction. Such a channel
is called an evanescent channel which cannot carry the current. In this picture, nine
subbands m = 0,+1,+2, +3, +4 have are propagating channels and the subband with
|m| > 5 are the evanescent channels. The transport coefficients are defined among
the propagating channels.

Next we consider a situation where an electron is incident from a channel of m at
the left lead wire. The incident electron is transmitted to the right lead wire partially
and reflected to the left lead wire partially. The wave functions can be described as

D6 3) =€ fu () + D rime T £ (), (B.10)

1

P (x,y) = Z tr.me™ ™ fi(y), (B.11)
)
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where 17, is the transmission coefficient to the /-th channel at the right lead wire and
r1,m i the reflection coefficient to the /-th channel at the left lead wire. The outgoing
channel / is not necessary to identical to the incoming channel m when an incident
electron are scattered by random potentials at the sample. The electric current flows
in the lead wires are described as

I N P VR A

for j = L and R. The current conservation law implies J;, = Jg, which leads to

hk
P e e (B.13)
; Vi Vi m
where we have used the orthonormality of the wave function
w
[ty £:0260) = b (B.14
0

These transport coefficients are calculated from the boundary condition of wave
function. In Fig. B.2(c), we consider a practical situation where the sample is repre-
sented by the potential barrier of vod(x). A boundary condition for the wave functions

¢ (0,) = ¢ (0, y), (B.15)

means that the wave function must be single-valued. By substituting Eqgs. (B.10) and
(B.11) into the boundary condition and carrying out the integration along y after
multiplying f,’(y), we find

Onom + Fnom = th,m- (B.16)

To derive the second boundary condition, we integrate the Schrodinger equation at
an interval of —y < x < 7y and take the limit of y — 0.

] 4 h2 62 62
tim [ ax [-% (ﬁ + a—yz) et V05(X)] #(x,)
Y
= lim/dx E¢(x,y). ®B.17)
y—0 —y

Since the right-hand side becomes zero, we obtain

Rl d R 0 1 R
~5m —¢" (Y| - —¢(x,y) +v09"(0,y) = 0. (B.18)
m | 0x ox

x=0 x=0

By substituting Eqs. (B.10) and (B.11) into the boundary condition and carrying out
the integration along y after multiplying f,*(y), we find the relation
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km On,m — ]En nym = (lgn + ZiZO)tn,m7 (B.19)
mvy ;  kp ﬁzk%
k' " kgl 2m

20 = = ep. (B.20)

From (B.16) and (B.19), the transport coefficients are calculated as

ki -

Onm>  Tnm = =———Onm. (B.21)
km +120

1, =

e km + iZ()
Since the barrier potential preserves translational symmetry in the y direction, the
transport coefficients are diagonal with respect to the channel indices. The conduc-
tance of the potential barrier results in

28 o
G:TTr T]— Z|mm|2 (B.22)

where we multiply 2 to the conductance by taking the spin degeneracy into account.
Since p,, = 2nm/W, the summation over m can be replaced by the integral for wave
number in the y direction for Wkr > 1,

W [ke Wk
Z =— | dp= [ F] =N,, (B.23)
) —kp G

2r b/g

where [-- - ]g is the Gauss’s symbol and N, represents the number of propagating
channels on the Fermi surface. When the potential barrier is absent, the transmission
probability is unity for all propagating channels. The conductance of such a perfect
conductor remains finite value of
2 2
G =%Nc, (B.24)
because the width of lead wires are finite. The conductance in Eq. (B.24) is called
Sharvin conductance in mesoscopic physics.

Normal transport coefficients through a magnetic potential barrier

Let us consider the transmission of an electron through an insulating barrier
between two metals. The Hamiltonian reads,

. h*v?2
HN(I') = {_W — €F + V()(S()C)} op+V- 6’5(x), (B.25)

where &; for j = 1 — 3 is the Pauli’s matrix in spin space. The wave function of an
electron on either side of the interface can be described as
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YL(r) = [ae™* + Ae7hx] PP, (B.26)

Ur(r) = [be™™ " + Be'] P, (B.27)
|| po|Br| A= AT] :[BT]

¢ %]’b [ﬁl]’A [Al BB (528

where r = (x,p), k2 + p* = k% = 2mep/h?, a and b are spinor representing the
amplitudes of incoming wave into the interface. On the other hand, A and B are
spinor representing the amplitudes of outgoing wave from the interface. The two
wave functions are connected by the the boundary conditions at x = 0,

¥1.(0,p) = Yyr(0,p), (B.29)

) 0 N
= o —Yr(r) — —yr(r) +MW+V-6)yr0,p)=0. (B.30)
m|dx ox

x=0

The boundary conditions relate the outgoing waves and incoming ones as

Al _|ANi]|]a
[B] =i il | 6] (B.31)
PO 1
in =ty = = klk+izo—iz-G], (B.32)
1
AN =R = = [k +iz0)(—iz0) - |2)* - kiz - 6], (B.33)
mV
=——, E=(k+iz)+lz|*. B.34
2 = (k +iz0)” + |z] (B.34)
The current conservation law implies
INEY + Ay = 0. (B.35)
The transport coefficients in the hole branch of BdG picture results in
IN==klk—izo+iz 6] =1y, (B.36)

- [(k —izo)izo) — |z|* + kiz - 6] = 7. (B.37)



Appendix C
Mean-field theory in real space

The Hamiltonian for an electrons in the presence of interactions is represented by

H =Hn + Hi, (C.1)
H = [ dr Y 0ia e alr), 2)
aB

hc
+id(r)x V.o, (C.3)

Hi=y [dr [ar Y ol lgt - aur) €
a.p

A K2 ie \? . X
Eap(r) = “om (V - —A) —er +W(r)y 60+ V(r) &

where Vj is the spin-independent potential, V is the Zeeman potential, A represents
the spin-orbit potential, and g(r — r’) = g(r’ — r) > 0 is the attractive interaction
between two electrons. The pair potential is defined as

Aap(r.r’) == g(r =) (Ya(r) Yp(r) . (C.5)

By plror) == gr =) (03wl () = g =) (Whnwfe). €6
The pair potential satisfies the antisymmetric property

Ao p(r,r') = =Ag o(r',r), (C.7)

because of the anticommutation relation among the electron operators. The interac-
tion Hamiltonian is decoupled by the mean field approximation. The operators are
replaced by the order parameters as
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A o (r,r) A (1)
T T _ a.B T I a.B
U = - lwlg(r O s l (C8)
’ Aa, ( ’ I) ’ A(t, ( ’ /)
Ya(r)yp(r’) = - g(f—_rrr,) + [lﬁa(")!ﬂﬁ(" )+ g(f—_rrr,)] : (C9)

The first term is the average of the operator and the second term represents the
fluctuations. The mean-field expansion is carried out up to the first order of the
fluctuations,

1 .
th—s [ar [ar Zﬁw:xr)Aa,ﬁ(r,r')w;;(r')—%(r)A;,,;(r,r')wﬁ(r')

1A (e )P
- W (C.10)

As a result, the mean-field Hamiltonian of superconductivity is represented as

Hue = [ ar [ar' 3 [6i0w] om0
a.B

U (r’)

o(r—r)ér’)y  A@r.r) Uy(r')

X[ —A*(r,r") —6(r—r’)$*(r’)] i) | (C.11)
g (r’)

The BdG equation reads,

o [60r-rée)  Aer )| [ 4
J o Zﬁ[ i Aty N | o] B LA
uy 1,1(r) uy 1.2(r)
Ao Ev,l 0 ﬁv(r) _ uv,l,l(r) uv,l,Z(r)
EV‘[ 0 Ez] [mm]‘ Vot 1) Vyga(r) | (C.13)
Vv,l,l(r) Vv,l,Z(r)

The wave function

[95(')] (C.14)

i1y (r)

belongs to the eigenvalue of —E,. The wave function satisfies the orthonormality
and the completeness,
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/ dr [@r).93(r)] [’M’)] - (C.15)

D (r)
/ dr [@r).93(r)] [ZVE: ;

) |0 laensien) +

=0, (C.16)

55(r)
iy (r)

} [oX(r"),al(r")] = Taxa 6(r = 1'). (C.17)

Let us assume that V, A are uniform, and A = Vj = 0. It is possible to derive the
mean-field Hamiltonian in momentum space by substitute the Fourier transformation

1 .
Yal(r) = U.ae® ", (C.18)
¢ VVVOIZ“ “
1 o
A -r)=— > A ik-tr=r’) C.19
ap(r =r') Vm; (@) T, (C.19)

into Eq. (C.11),

1 , 1 T ik’ r
7-{MF _5 /dr/dr azﬁ Vvol Z [l//kf’T,‘//kf’y'ﬁ—k’,Ta‘/’—k’,l] e

kK
k.1
S(r=r' Eror 1 A iqg-(r-r’) o ‘//k,
. (r A:’ )‘f(_riq)'(r_r/) Vool Zq (q’)e,\* , elk.r w’f l . (C20)
~ Vg 2q A (e —o(r —r’)&"(r’) k1
lﬁ_k’i
_l dr Z LZ [lr//T lv[/+ l// , d’ , ]e—ik'-r
) Vool e A N e
Q’,B VO, k,k/
Vi1
&r) Ak } ir | VR
X A 24 e i , (C21
[—A (~k) =€(r) Vi )
w,k,l
Uk,
! b Ay || ¥rl
— i Sk (J f
=5 ZZ [Wk,Tﬂﬁk’l,W—k,T,W—k,l] [—A*(—k) & ] vl (C.22)
a,B k k Pk
e
s h2k?
&k =600+ V -0 —AXk -0, ‘szﬁ—EF. (C.23)
The examples of the pair potential are shown below,
Aicz'z ) . s-wave
Alk) = § A(ky = k3)id @ dya_yo-wave (C.24)

A2ky kyidy  : dyy-wave
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for spin-singlet even-parity order with k ;i =kj/kp for j = x,y,z and

Akyid - 66 : Px-wave
~on ) Alkybr — ky02)icn : 2D Helical p-wave
Alk) = Ak + iky)d - & it : 2D chiral p-wave ’ (€25

A(ky0y + ky6 + k,03)i07 : Superfluid *He B phase

for spin-triplet odd-parity order.
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