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Preface

This is a book discussing the Bogoliubov-de Gennes (BdG) method and its major
applications to superconductors. It was originally formulated by De Gennes in his
book Superconductivity of Metals and Alloys and is based on the BCS theory of
superconductivity, i.e., Cooper pair formation due to an effective pairing interaction
around the Fermi energy. It consists essentially of a coupled set of Schrodinger
equations, enabling a description of superconductivity with much information on
both quasiparticle and superconducting order parameter properties. The method
becomes particularly useful by providing insight into quasiparticle properties down
to the atomic scale, which can be detected by such local probes as scanning
tunneling microscopy. The understanding of quasiparticle properties is important
in uncovering the mechanism for superconductivity. Therefore, the BdG formalism
serves as a complementary approach to the Ginzburg—Landau theory, which is a
choice to describe the spatial variations of superconducting order parameter slowly
varying at a larger length scale.

The BdG theory was initially applied to understand the variation of super-
conducting order parameter in layered structures and quasiparticle states around
a single vortex core in conventional s-wave superconductors. At that time, the
BdG equations were solved analytically for some special cases. With significant
advance in computer power, the BdG method is now widely used to address the
local electronic structure in superconductors in much more complicated situations.
Its application has recently been expanded to unconventional superconductors like
high-temperature cuprates and topological superconductors. Due to its simplicity,
the BAdG formalism can be easily accessed by undergraduate and graduate students
with the knowledge of quantum mechanics, who want to learn some interesting
superconducting phenomena by solving a generalized set of Schrodinger equations
through computer simulations. Throughout the book, we use the synonyms, BdG
method, BdG formalism, and BdG theory, interchangeably with the same meaning.

The book is organized into two parts. The first part is on the formalism itself and
consists of two chapters. The second part of the book, Chaps. 3—7, covers important
applications of the BAG method. Chapter 1 is on the derivation of the BdG equations
in the continuum model. Chapter 2 gives an alternative derivation of the equations in
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the tight-binding model, based on which a more realistic description of the normal-
state band structure can be incorporated. The structure of the equations and its
connection with the Abrikosov—Gorkov Green function method, as well as solutions
in the uniform case, are discussed in these first two chapters. Chapter 3 deals with
the local electronic structure around a single impurity in a superconductor. The
Yu-Shiba-Rusinov state around a magnetic impurity and Majorana mode from a
coupling to a spin chain in s-wave superconductors and impurity resonance states
in d-wave superconductors are discussed. Chapter 4 treats the influence on macro-
scopic properties by disorder effects in both s-wave and d-wave superconductors.
The localization of impurity-induced resonance states in a d-wave superconductor
is also discussed by using the one-parameter scaling analysis within the BdG
formalism. Chapter 5 deals with the magnetic field effects on the local electronic
structure of superconductors. The quasiparticle states around a single vortex core
and in the mixed-state of conventional and unconventional superconductors are
considered. The effect from a competing order on the quasiparticle states in a d-wave
vortex core is explored. In addition, the Fulde—Ferrell-Larkin—Ovchinnikov state
due to the spin Zeeman interaction of a magnetic field is also considered. In Chap. 6,
I discuss the transport properties of junctions formed with a superconductor.
The Andreev reflection on the differential conductance and its response to spin
polarization and topological superconductivity are explored. Chapter 7 covers the
topological effects with a focus on the periodicity of supercurrent in multiply
connected geometries at mesoscale and quantum size effects on the superconducting
properties in nanoscale superconductors. I would like to comment that the topics
chosen in the chapters on the applications of the BdG equations have a direct
relevance to the present frontiers of research in such emerging fields as iron-based
superconductors, topological superconductors, and cold atoms.

The author would like to thank C.-D. Gong and Z.D. Wang for introducing
him into the area of strongly correlated electron physics and superconductivity in
his undergraduate and graduate student ages, C.S. Ting for exposing him to the
phenomenology of high-temperature cuprate superconductors, and A.V. Balatsky
and A.R. Bishop for the help with nurturing new ideas in local electronic structure
and competing orders in strongly correlated electronic systems. The author wants to
thank C.-R. Hu, T.K. Lee, B. Friedman, I. Martin, I. Vekhter, M.J. Graf, D.N. Sheng,
Z.-Y. Weng, and Y. Chen for stimulating discussions and collaborations, on various
topics of superconductivity. The author is also indebted to excellent colleagues,
postdocs, and students in Los Alamos National Laboratory and Texas Center
for Superconductivity at the University of Houston for making his exploration
of superconductivity a great pleasure. I also want to thank Ms. Liesbeth Mol,
editorial director for the physical sciences at Springer, for her steadfast support and
enthusiasm, which made this project possible. The manuscript also benefited greatly
from valuable comments from the Series Editor and the skillful editing of Christian
Caron. Last but not least, I am enormously grateful to my wife Jian Xu for her love,
understanding, and support.

Los Alamos, NM, USA Jian-Xin Zhu
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Chapter 1
Bogliubov-de Gennes Equations
for Superconductors in the Continuum Model

Abstract In this chapter, a general introduction to the correlated electronic materi-
als as well as a brief account of superconductor discovery is given. The Bogoliubov-
de Gennes equations for superconductors are derived in the continuum. The
symmetry of the equations is discussed. Finally, a connection of the BdG equations
to the Green’s function method is made.

1.1 Introduction

In daily life, one is frequently encountered with the states of classical matter, and
transformation among these states or so called phases. For example, water can exist
in the forms of ice, liquid, and vapor. The transition between these forms can be
realized by varying temperature and pressure. These classical phenomena are the
outcomes of the collective motion of atoms and molecules, the understanding of
which constitutes the main subject of classical statistical physics.

In solid-state electronic materials, electrons are the major players. Since each
of them possesses charge —e (e > 0) and spin (an intrinsic degree of freedom),
the electronic states exhibit insulating, metallic, and even superconducting and
magnetic behaviors. The Mott-Hubbard-type insulating state occurs when the
Coulomb repulsion among valence electrons are too large as compared with their
kinetic energy (i.e., narrow electron energy band) in a pristine crystal [1, 2].
Therefore, these electrons have no nearby empty sites for them to hop to and they are
trapped around ions. In an Anderson insulator, the electrons are localized due to the
random distributed impurities in an impure metal, in which one can think of these
electrons as waves and these waves cannot propagate beyond the localization length
due to the wave-like interference effect [3—5]. Ideally, no conductivity exists in both
types of insulators. In the metallic state, they can sneak by all ions in the presence
of an electric field and conduct electricity. The difference between metallic and
insulating states is striking in real materials. For example, the resistivity in copper
is about 1.7 x 1078 2 m while the resistivity in undoped SmyCuOy., is as large
as ~1 2 m at low temperatures [6]. In the magnetic state, electronic spins can be
aligned into parallel, antiparallel, or other patterns.

More interestingly, in the superconducting state, electrons move throughout the
whole system with zero resistance. These unique properties have formed the basis

© Springer International Publishing Switzerland 2016 3
J.-X. Zhu, Bogoliubov-de Gennes Method and Its Applications, Lecture Notes
in Physics 924, DOI 10.1007/978-3-319-31314-6_1



4 1 Bogliubov-de Gennes Equations for Superconductors in the Continuum Model

for operating electronic devices. Some of them have already been used in nowadays
power plants, computers, and wind turbines, to list a few. Therefore, a microscopic
understanding of the origin of these electronic states as well as how to control them
has significant implications to technological applications. For superconductivity, it
is now well accepted that the superconducting current arises from the formation
of Cooper pairs [7] mediated by some kind of bosons such as phonons, which
is originally proposed by Bardeen, Cooper, and Schrieffer (BCS) [8]. The single-
particle excitations in the superconducting state can not only provide insight into
the fundamental properties of superconductivity itself such as pairing nature but also
serve as new entities of significant technology implications as a response to defects
or magnetic field etc. The Bogoliubov-de Gennes (BdG) [9] approach, which is the
main focus of this text, is now a very powerful method to describe these single-
particle approximations in inhomogeneous superconductors. Before we proceed to
bring out the BdG mathematical formalism, it should be helpful for the readers to
be exposed with a quantum many-body framework in a more broad area of strongly
correlated electronic systems.

1.2 Quantum Many-Body Hamiltonian

A typical solid consists of the order of 10>} atoms. Each atom has the atomic number
of electrons. In addition to interacting with nuclei, these electrons are interacting
among themselves. In principle, one can start with a Hamiltonian to describe the
motions of both electrons and nuclei:

Z]@ 1 @2 Z]ZJ@
H= sze Z|l‘—RI| E%.:ll‘i—lﬂ+Z:2MI ZlRI_Rll

(1.1)

Here the first and the fourth terms are the kinetic energy of the electrons and nuclei
while the second, third, fifth terms represent the potential energy due to the Coulomb
interaction between electrons and nuclei and among the electronic and nuclear
degrees of freedom themselves. The variables p; and P; denote the momentum
of each individual electron and nucleus, while the coordinates r; and R; are the
variables conjugate to p; and P;. The quantities m,, M;, and Z; are the mass of
electron and nucleus, and the atomic number, respectively. Note that each electron
carries a negative charge —e (¢ > 0) and each nucleus carries a positive charge
Zje. Therefore, the interaction between electrons and nuclei is attractive while that
among electrons or nuclei themselves is repulsive. A schematic drawing of this
many-particle problem for a frozen lattice of nuclei is shown in Fig. 1.1. Classically,
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Fig. 1.1 Many-particle Hamiltonian of a solid consisting of electrons in a frozen lattice of nuclei

the equations of motion of the whole system are given by the Hamilton’s equations

) 0 ) 0 (12)
ri = 5 > i = - 9 .
a apm Pia a}’i,a
for the electronic degrees of freedom, and
9. . 0.
R a = T5 a = — ) 13
T, R (1)

for the nuclear degrees of freedom. These equations are precisely equivalent to the
Newton’s laws of motion. Here o (= x,y,z) denotes the three components of a
vector in the cartesian coordinate system. Unfortunately, many important physical
properties of electronic phenomena in solids cannot be captured by the classical
mechanics and require a description within the quantum mechanics. There the
coordinates and momenta no longer commutate with each other. Instead they should
follow the Heisenberg uncertainty principles as represented by the commutators:

[r,"a,pj’,g]_ = ih&j&xﬁ and [Rl,as P‘]!ﬁ]_ = ih81,8a,3 . (1.4)
Here # is the reduced Planck’s constant. The commutators by Eq. (1.4) indicate the

coordinates and momenta are now quantum mechanical operators. In the coordinate
representation, the momentum operator can be written as

h h
pPi = —.V,' and P[ = —.VI . (15)
l l

Correspondingly, the operator form of the Hamiltonian (1.1) becomes

Z;e* 1 &2
H = — — -
- Z Iri — Ry| T3 12,: [r;i —r;

ZIZ]e
-y Vit (1.6)
7 Z IR, —Ry|’
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As such, the evolution of a state of the whole system is described by a quantum

many-body wave-function, described by the Schrodinger equation':

v
zhaa— =V, (1.7)

where the many-body wave-function is the function of the variables ({r;}, {R;}; ).
When there are no external potentials or when they are time independent, the wave
function can take the form

w(r (R0 = S} R e ™/ (1.8)
with the @({r;}, {R;}) satisfying the steady-state Schrodinger equation:
A P({ri}, {Ry}) = E@({r:i}, {Ry}) . (1.9)

Here E is the total energy of the many-particle system. Theoretically, the wave-
functions @({r;}, {R;}) contain all information needed to describe every property of
the system. In practice, a direct solution of Eq. (1.9) is prohibitively difficult and a
hierarchy of theoretical approximations are in order. Notice that the only small term
in Eq. (1.6) is the kinetic energy of nuclear motion, which is smaller than that of
electronic motion by a factor of m,/M;. Therefore, within the Born-Oppenheimer
approximation [10], the wave function for the entire system can be written as

Don(iri}. {Rr}) = Yo (i} - {RDuna ({R}) (1.10)

Here ¥,({r;} : {R;}) are the wave-functions for the electrons with the nuclei
positions {R;} as a fixed set of parameters and satisfying the equation

Z[é 1 62 Z[ZJ@ .
[ er—RII +EIZJ:|ri_I’| Z|R R|]%({r"}'{R’})

= Wo (R D% ({ri} : {Rf})) (1.11)

while u,, ({R;}) are the wave-functions for the nuclear motion, and they satisfy the
equation

2
[_; T WaliR) —E}um({m}) —o, (1.12)

"For simplicity, the discussion is restricted to the non-relativistic limit. For a fully relativistic
description, the kinetic energy at least for the electronic degrees of freedom should be replaced
by the Dirac Hamiltonian.
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within the so-called “frozen phonon” approximation. By going beyond the Born-
Oppenheimer approximation, a perturbation theory can be developed for the
electron-phonon interactions, which are responsible for the inelastic scattering of
electrons in metals, polaron formation in ionic crystals, and pairing of electrons in
some metals and compounds. As such, it is important to focus on the electronic
dynamics as described by Eq. (1.11) with the nuclear positions {R;} as parameters.
It has no effect whether we solve for W including nucleus-nucleus repulsive
interaction or solve the following equation

Z;e? 1 &2 v (R
a3 D ARV RO —Jwettm
= E,({R; )% ({r;} - {Rf}) , (1.13)

and add the nucleus-nucleus repulsive interaction afterwards. Equation (1.13) must
be solved with the appropriate boundary conditions for the wave-functions. For
example, ¥, ({r;} : {R;}) must be vanishing when the electrons are infinitely far
away from an isolated atom or molecule, or must be satisfying the periodic boundary
condition for crystalline solids. Also since electrons are spin-% fermions, the wave-
functions ¥, must be antisymmetric with the interexchange of two electrons. Even
so, due to the inter-electron Coulomb repulsion, Eq. (1.13) cannot be solved directly
except for problems with few number of electrons. The difficulty in solving it
numerically grows exponentially with the increase in the number of correlated
electrons. This exponential problem will not be overcome for the cases involving
many correlated electrons, which are typical in solids, regardless of the fact that the
computational power is continuing to grow rapidly.

To approach this problem, two strategies are mostly taken. One is to directly
deal with Eq. (1.13) and map it onto a single-particle Hamiltonian while the other is
to dramatically reduce Eq. (1.13) to an effective quantum many-body Hamiltonian
so that electronic correlation effects can be qualitatively understood. The former
is borne out within density functional theory (DFT) [11], in which the problem is
made equivalent to solving the single-particle Kohn-Sham equations [12]:

|:— + VKS,S(r)i| WS,a (l') = Es,aw&a (l') ’ (114)
with
7 2 /
Vis.s(r) = Z = ’e / & fr ”_(‘;)| + Viea(r) . (1.15)

InEq. (1.14), ¥ o and E; o, are the Kohn-Sham eigenfunctions and the corresponding
eigenvalues for spin projection s. In the DFT framework, the electronic correlation
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m,e o

M,

Fig. 1.2 Single-particle Hamiltonian of a solid consisting of electrons in a frozen lattice of nuclei

effects are encoded in the exchange-correlation potential Vy.(r).> A schematic
drawing of this single-particle problem is shown in Fig. 1.2. Since the single-particle
Kohn-Sham potential Vkg  is in turn determined by the Kohn-Sham eigenfunctions
via the local electron density n(r) = >, Zg’;l | (r)|> with the total number
of N = N3 + N electrons occupying N, lowest-lying spin-orbitals, the Kohn-
Sham equations (1.14) should be solved self-consistently. Although the mapping
from Eq.(1.13) to Eq.(1.14) is exact under the Hohenberg-Kohn theorem [13]
for the ground state, the construction of the functional itself is nontrivial. So far
the local density approximation (LDA) and its variants like generalized-gradient
approximation (GGA) are the most often used. The LDA- or GGA-based DFT
theory has been very successful in describing many materials for both ground-
state energies and band structures, suggesting weak electronic correlations in these
materials. However, the LDA-based DFT is not successful in describing other
important classes of materials with open d- and f-shell orbitals (i.e., with partially
occupied valence electrons occupying these orbitals). For example, LDA-based DFT
predicts such transition metal oxides as La,CuO4, MnO, and NiO to be metals
but they are insulators in reality. Similarly, for intermetallic f-electron systems
like lanthanides and actinides, the LDA-based DFT usually gives effective mass
of quasiparticles around the Fermi energy one or two orders of magnitude smaller
than the experimental values. This failure demonstrates that the LDA-based DFT
does not adequately address the electronic correlations in these materials, where the
electrons experience very strong Coulomb repulsion when they occupy these narrow
orbitals. The construction of more powerful exchange-correlation functionals for
these narrow band materials remains a challenge in the DFT community [14].

Instead in the latter strategic approach, the electronic correlations are addressed
directly by treating the competition between electron kinetic energy and inter-
electron potential energy in a quantum many-body manner but within a much
simplified low-energy model Hamiltonian [15, 16]. Some representative low-energy
models will be presented after we introduce the second quantization in the next
section.

2A spin index is introduced to allow for possible magnetic states. However, for simplicity of the
discussion, the spin-orbit coupling effect is neglected.
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1.3 Second Quantization

The direct treatment of the quantum many-body systems through the Schrodinger
wave-function method is cumbersome and is not practical. It is convenient to use the
second quantization to discuss the many identical interacting particles. As we recall,
in the first quantization, the physical observables become quantum mechanical
operators and the total energy is the expectation value of the Hamiltonian operator
against the many-particle wave-function, which is the summation of the contribu-
tions for the single-particle kinetic energy and two-particle potential energy. In the
second quantization, the wave-function itself becomes field operators, which can be
expressed in the particle occupation number representation. In this representation,
the many-particle state can be described by the occupation of identical particles in
each single-particle state and the statistics symmetry regarding the particle being of
Bose or Fermi character is protected in each step. This field quantization method
is not only essential for the description of particle creation and destruction in
the relativistic quantum field theory, but also powerful to describe the strongly
correlated electronic systems.

For the correlated electrons as described by the Schrodinger equation (1.13), the
Hamiltonian can be rewritten as

1
H, = Zh(ri) +5 ; vee(|ti = 1)) (1.16)
where the single-particle operator

h2 Z[€2
M) = - V2o Y A 1.17
D) = = Vi — i~ R}] (117

and the two particle operator

2

Uee(|ri_rj|) = (118)

e
i =]
Since electrons are fermions, the Hamiltonian (1.16) in the second quantized form
is given by Fetter and Walecka [17], Mahan [18]

N N N 1 N N N N
He= / dxy ()Y () + 5 / / dxdx D ()T (Yoo (%, %) P (X))
(1.19)

The first term on the right-hand side describes the non-interacting (also called
single-particle) part of electrons while the second term the electron-electron inter-
action. Here the variable x denotes both the real-space coordinates r and the spin
projection (usually along the z-axis) s, that is, x = (r,s). Different from the
continuous variable r, the spin projection can only take the discretized values,
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s = =£h/2.3 Therefore, a summation is implied in the integral over the spin index
in x. In Eq. (1.19), the field operator v/ (x) (¥(x)) creates (annihilates) an electron
at a coordinate x, and they satisfy the anticommutation rules as

(Y (x).y(x)} =0, (1.20a)
W .9 =0, (1.20b)
W, ¥ &)} =8x—x). (1.20¢)

We note that the field operator IﬁT(x) is the hermitian conjugate of gﬁ(x). Here the
curly brackets represent the anticommutator, i.e., for two operators A and B,

{A,B) = AB + BA . (1.21)

The §-function is understood as Dirac-type for the continuous spatial coordinates
while as Kronecker-type for the discrete variables, that is,

Sx—x) =8 —r)8y . (1.22)

More generally, if the single-particle Hamiltonian is non-local in the x coordinate
space, which is especially true when the spin-orbit coupling due to the relativistic
effect is included, the single-particle Hamiltonian takes the form of A(x,x’). The
system Hamiltonian of correlated electrons is then written as

/= 't N
A, //dxdxlp (X)h(x, X ) (x)
+%//dxdx’&T(x)l/}T(x/)vee(X’ X/)&(X/)lﬁ(x) ‘ (1.23)

Similarly, for any single-particle operator having

0=Y 0@). (1.24)
in the first quantization, its second quantized form is given by

0= / dxy T (x)0(x) ¥ (x) . (1.25)

3Later on, we will also interchangeably use the symbol ¢ = =1 for the spin variables, s = (f/2)0.
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or
0= / / dxdx' T (x)0(x, xX) ¥ (X) . (1.26)

for the non-local case. In addition, although the original electron-electron interaction
V.. 1s repulsive, the second quantized Hamiltonian for the low-energy modeling
remains to have the similar form even if inter-particle interaction is attractive.

Depending on the specific form of the Hamiltonian to be studied, the field
operators can be expanded in terms of a complete set of basis functions, which
are usually the eigenstates of the single-particle part of the Hamiltonian.

In the jellium model, where an interacting electron gas is placed in a background
of the uniformly distributed positive charges, it is convenient to write the field oper-
ators as a linear combination of creation and annihilation operators corresponding
to plane waves

Yo (r) = # Y e o, (1.27a)
k

Yl = \/% Y ekl (1.27b)
k

where 7 denotes the volume of the gas, and the annihilation and creation operators
¢iz and cja satisfy the anticommutation relation for fermions

{Cho» Chror} = Siae oo (1.28a)

{Ckos ewor} = feb ey = 0. (1.28b)

Accordingly, the second quantized Hamiltonian for the interacting electron gas is
given by

1
H =D ekhgho + 55D DD Vel Wiy qoCioqoriorcho - (129)

ko q#0 kk/ o0’
where
h2i
&k = , (1.30)
2m,
is the single-particle energy dispersion and
4re?
Vee(@) = —5— . (1.31)
q

is the Fourier transform of the long-ranged Coulomb repulsion.
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For the narrow band materials, the electronic correlations are significant. It is
convenient to represent the field operators in terms of local orbitals. Representative
examples of these local orbitals are Wannier orbitals or local atomic orbitals within
the tight-binding approximation (TBA) to the systems with large atomic distances.
If we consider only a single narrow band to be partially filled in a solid, the field
operators can be represented as

Yo(r) = Y ¢(r—R)cio . (1.322)
Yl =>"¢* @ —Rc, . (1.32b)

where ¢ (r — R;) is the localized orbital at atomic site R;, and the annihilation and

creation operators c;, and C;:T satisfy the anticommutation relation for fermions
{Ci0'7 C}LU/} = Sijaoa/ s (1333)
{Cior Cjor} = el cl ik = 0. (1.33b)

The Hamiltonian for the single-orbital Hubbard model is given by Hubbard [1]

A== "tichcio + % > nignis . (1.34)
ij io
where ¢ = —o witho = +1 or 1 forspinup and 0 = —1 or | for spin down,
tj = — / dr¢*(r —R)h(r)¢p(r—R)) , (1.35)
is the hopping integral between two atomic sites,
U=e¢ / / a9~ R’Iz,lzldifr/ Lol (1.36)

To derive this Hubbard model, the multi-center integral for the Coulomb interaction
has been neglected.
Similarly, within the TBA, the Anderson lattice model is defined as [19]

H == tichcio + ) (ViojaChfia + Hee)

ij,0 ij,oo

U
+ Za: el i + 7" Z nl . (1.37)
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Here the localized f-orbitals with energy level s{ is hybridized with the conduc-
tion band while the electrons within the localized f-orbital electrons experience
Hubbard-U repulsion. The quantity Vi, j, is the hybridization strength and the index
« represents a two-component quantum state of the f-orbital.

These minimal models have been intensively used for understanding such
emergent phenomena as localization-delocalization, heavy fermion, magnetism and
superconductivity in transition metal oxides and intermetallic f-electron systems
in condensed matter physics community. The creation and annihilation operators
in the second quantization are also the central elements in the definition of
Green’s functions, which are used in quantum many-body theory. In particular,
the Green’s functions have been used as convenient quantities to evaluate the
dynamic self-energies within the dynamical mean-field theory (DMFT) [20] for
strongly correlated electronic systems, which maps the quantum lattice many-
body problem to an effective quantum impurity one (still strongly correlated!).
Recently, the LDA+DMFT approach [21-23] has been developed to investigate
strongly correlated electronic materials. The approach incorporates the merits from
both LDA and DMFT, and has been successful in giving a unified description of
electronic states from weak to strong coupling limits, on the aspects of quasiparticle
renormalization and magnetism. As for the phenomenology of superconductivity
and related ordering states, the above quantum many-body approaches also lay
down the foundations for the effective modeling description covered in the following
chapters.

1.4 Basic Properties of Superconductors

Superconductivity was discovered by H. Kamerlingh Onnes in 1911 on mercury.
Thereafter, it has also been discovered in other elemental solids like lead and
niobium, and other simple compounds. The highest temperature superconductor has
been Nb3Sn until the year of 1986, when the high temperature superconductivity
was discovered in copper-based oxides. In the copper-family of superconductors,
the highest temperature superconductor is the ceramic HgBa,Cu,Cu3Og4s with
a transition temperature 7. ~ 130 degrees of Kelvin. In 2008, the iron-based
superconductors was discovered with a highest transition temperature of 55K
obtained in SmO;_,F,FeAs. A chronicle for the discovery of superconductors is
shown in Fig. 1.3. The hallmarks of the superconductors are the zero resistivity
and perfect diamagnetism as they are cooled below a critical temperature 7.. For
all the superconductors discovered so far, the flux quantization experiments have
provided strong evidence that the superconductivity arises from the formation of
Cooper pairs [7] by electrons. However, the mechanism for glueing the electrons
can be very different from materials to materials. The Cooper pairs are mediated by
phonons, that is, lattice vibrational modes, in conventional superconductors while
they are via a more exotic process (e.g., the fluctuations of the electron spins) in
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Fig. 1.3 Timeline of the superconductor discovery. Image courtesy of U.S. DOE Office of Basic
Energy Sciences

unconventional superconductors. Accordingly, the pairing symmetry that describes
the relative orbital motion of the paired electrons can be different. An s-wave pairing
symmetry is commonly observed in conventional superconductors, while other
unconventional pairing symmetry like p-, d-, f- and s4+-wave can occur in uncon-
ventional superconductors. The latter includes Sr,RuOy, He, high-temperature
cuprates, heavy fermion inter-metallic compounds, and recently discovered iron-
based superconductors. On the one hand, the unconventional superconductors are
accompanied with multiple electronic phases, a typical feature of strongly correlated
electronic materials. On the other hand, although the BCS [8] theory, invoking
the electron-phonon coupling as a pairing mechanism, is originally developed for
the conventional superconductors, it seems that the quasiparticle properties in the
superconducting state can be described by the BCS theory for the unconventional
superconductors. This is the underlying basic assumption for the BAdG [9] approach.

1.5 Derivation of the BdG Equations in the Continuum
Model

The BdG [9] approach relies on the assumption that there exist well-defined quasi-
particles in the superconductor. It has the advantage of providing information about
the one-particle excitations of the system. The quasiparticle excitation spectrum
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can be obtained, together with the corresponding quasiparticle amplitudes. The
BdG formalism is essentially correct in the weak-coupling regime, but also yields
qualitative results in situations of very strong coupling, as was pointed out by
Bishop et al. [24]. The interest in microscopic electronic structure calculations of
this type was revived by low-temperature scanning-tunneling-microscopy (STM)
experiments which provided extremely detailed, spatially resolved, excitation spec-
tra around a single impurity, near the interface/surface, and around a vortex core in
the presence of an Abrikosov flux lattice. An explanation of these results requires
the knowledge of the one-particle local density of states of the system, which is best
described in the framework of the BAG theory.

1.5.1 Derivation

We start with the second-quantized Hamiltonian for electrons experiencing an
effective two-particle attractive interaction:

1
# = v -5 [ [ drarveate ol @v) @ wna v
(1.38)

Here Ipl (r) and v, (r) are creation and annihilation field operators of an electron
with spin « at position r. They obey the anti-commutation relation

{Wa (D). Y ()} = 8(r —1')dup . (1.39)

Wa (). Y ()} = i), v5 @)} =0. (1.40)
The single particle Hamiltonian is given by

2V, + A

he(r) = om

—e¢(r) + apgH(r) — EF | (1.41)

with A(r) and ¢(r) the vector and scalar potentials. The magnetic field H(r)
has assumed to be along the z direction. The single particle energy is measured
relative to the Fermi energy Er. We have also chosen Vg (r, r’) to be positive while
introduced a prefactor “—” to denote the attractive interaction in the second term
of Eq. (1.38). Of course, the symmetry relation Veg(r',r) = Veg(r, ') still holds.
The repeated spin index means the summation. Since we are most interested in the
electron pairing in a superconductor, we can perform a Hartree-Fock-like mean-
field approximation to the second term of Eq.(1.38) but in the particle-particle
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pairing channel.* A caution should be taken that this assumption is reasonable
at low temperatures when the system is deep into the superconducting state,
and the superconducting phase fluctuation, which is important near the transition
temperature, is neglected. The mean-field Hamiltonian can then be written as
follows>:

A = [ arwnae© + [ [ drariawviwv]o) + el
+ / / drdr’ | A(e,v)|? Ve (r, ') (1.42)

where the pair potential is given by

Ar, 1) = —Verr(r = 1) (Y, ()P4 (1) = Verr(r — 1) (Y1 (0 (), (1.43)
A*(r,x) = =Ver(r = ¥) (YL (0P| (1)) = Ver(c = ¥) (¥ ] ()Y () . (1.44)
The effective Hamiltonian equation (1.42) is in a bi-linear form and can be

diagonalized exactly. By using the commutation relation for fermionic operators
A, B, C
[A,BC]- = {A,B}C —B{A,C}, (1.45)

and the function property

/ dx/f(x/)d(g();; *) _ —dj; ECX) , (1.46)

we obtain the following relations
4 6. gl = b @) + [ AG)¥] @) (1.47a)
0. ) = B0 - [a A @) (1.47b)
[y (¥), Hog)— = hy ()Y, (r) — / ar AW, vyl () (1.47¢)
(), Aoyl = —h (09, () + / dr' A (0, 1) () | (147d)

4We notice that the normal-state Hartree-Fock term can be absorbed into the chemical potential,
which will not modify the results qualitatively.

SHere we only consider the spin-singlet pairing, in which a spin-up electron is paired with a
spin-down electron. The spin-triplet pairing, in which electrons are paired with equal spin, can
be discussed similarly.
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Note that 2*(r) # h(r). Equations (1.47)(a)—(d) show that the electron field operator
can be expressed as a linear combination of electron- and hole-like quasiparticle
excitations, which enables us to perform a Bogoliubov canonical transformation [25,
26]:

Yo (r) = Y [t (£)ys — 003, (Y]] (1.48)

Be reminded the summation is over the excitation states with positive energy. In the
expanded form for each individual spin projection, the transformation becomes

Yr () = Y W@y — v @yl vl =D W@y —vimy) . (1.49)

Yy ) = Y W@y @yl vim =Y W my i) (1.50)

n n

In the above transformation, the quasiparticle operators y,, and y:[ are also fermionic
operators obeying the anti-commutation relation

s Y} = um (1.51)

e v} =y v} =0 (1.52)

The anti-communication relation between the quasiparticle operators also ensures
the anti-communication relation for the original electron field operators given in
Egs. (1.39) and (1.40).

The remaining task is to establish the eigen-equation for the quasiparticle wave
functions (i, (r), vy (r)) TP Assume the diagonalized Hamiltonian to be

Hog = Eg+ Y Enyiva, (1.53)

where the excitation energy is positive and E, is the ground state energy. We first
observe the following commutation relations

), #gl- = —Euy) (1.54)
[Vn, Hogl— = Euyn - (1.55)

Upon the substitution of Egs. (1.49) and (1.50), and with the aid of Egs. (1.54) and
(1.55), we can compare the coefficients of these terms with y, and y,f and arrive at
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the following set of equations:

ha ()i (r) + [ dr' A(r, r’)v’i(r/) = Euuy(r),
hy (v)u] (r) + [ dr' A(r, r)vi (') = E,u(r),
Jdr’ A*(r, )i} (r') — hy(r)v} (r) = E,v}(r),
Jdr' A*(x, r)u?(r’) — I (r)v} (r) = E,v) (r).

(1.56)

To see the structure of the above set of equations more clearly, we can write it into
a compact matrix form:

/ dr'M(r,¥)¢(x') = E,(r) , (1.57)
where
hy(r)d(r—r’) 0 0 A(r, 1)
~ hy(r)é(r—r’) A(r',r) 0
M(r.r) =, A*rr)  —H 8- 0
A*(r',r) 0 0 —hI (r)s(r—r')
(1758)
and
s (x)
S u’i (r)
() = i |- (1.59)
V] (1)

From Eq.(1.58), we can see that in the absence of spin-orbit coupling and other
spin-flip scattering interactions, the set of equations as given by Eq. (1.58) is blocked
diagonalized into two subsets of equations:

I (0! (r) + [ dr Afe, ¥y (1) = B! (r), (1.60)
Jdv A oyt () — i ()l (r) = Egpvj (o),

and
hy @) + [ de A v () = Epul(r), (1.61)
[ ar’ A*(r, r/)u’f(r/) —h} (r)Uﬁz(r) = EﬁZU’%Z(r)'

That is, the spin-up electron-like component of wave function u4 (r) is coupled only
to the spin-down hole-like component of wave function v (r) while the spin-down
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electron-like component of wave function u (r) is coupled only to the spin-up hole-
like component of wave function v4(r). Each of these two subsets of equations
are now a 2 by 2 matrix equation in the Nambu space. By breaking the U(1)
gauge symmetry, this unusual space allows the emergence of superconducting
pairing state. The mathematical structure of these equations looks similar to those
describing the coupling between particles in conduction band and holes in the
valence band in semiconductor physics. However, we should be cautioned that the
origin of these equations in superconductors is really due to an effective electron-
electron pairing. To be clear, we have redefined the number of eigenstate index.
If the original set of eigen-equations as given in Eq.(1.56) has N number of
eigenvalues, each subset of eigen-equations will have N/2 number of eigenvalues.
In this decoupling, the diagonalized Hamiltonian as given in Eq.(1.53) can be
written as:

Hig = Eg+ Y Exps Vi - (1.62)
n

with 4 = 1, 2. Correspondingly, the canonical transform can also be re-written as:

Yr () =Y W) ®)ya — v @y, vim) =Y [ )y — v ya) .
! ! (1.63)

Yy =Y WP@ya + o] @y v =Y Wy, + vl )yl -
' ’ (1.64)
We now prove that the set of equations given by Egs. (1.60) and (1.61) has the
following symmetry property: If (u’#, vzl)T’“"‘V"’” is the eigenfunction of Eq. (1.60)
with eigenvalue Ej;, then (vil*, is also the eigensolution to Eq. (1.61)

with eigenvalue —Ej;. We take the complex conjugation to Eq.(1.60), which
yields to

_u}%l * ) Transpose

g B () + [ e A% (e, ) = End! (), (1.65)

[dr' Ax, r)u'}l*(r') — hy (0)]* (1) = Eyv}*(r).

Multiplying the second expression in the above set of equations by a minus sign on
both sides, we re-arrange the whole set of equations into

{ hy ()0} (1) + [ dr A, ) (=i * (1)) = —Ez v (r) (1.66)

S e A% W) = (i (1) = —En (- (@)
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Equation (1.66) is just identical to Eq. (1.61) with the equivalence:

u%z (l') Uﬁl * (l')
{ = !

(v?(r)) ) (—u’%‘(r)) | e
and E;, = —Ej;. This property has a significant consequence. It suggests that
we merely need to solve one set of equations, e.g., Eq.(1.60), instead of both
Eqgs. (1.60) and (1.61), and obtain all information essential for the measurable. It
saves the computational time significantly, which is desirable for the real-space
inhomogeneous or disordered problems, even in a collinear spin-polarization. Note
again here that this simplification exists in the absence of the spin-orbit coupling
and other spin-flip scattering terms in the Hamiltonian. However, a more general
symmetry property, as will be shown in the next chapter, can be derived even in
the presence of these terms. We note that Egs. (1.60) and (1.61) involve the pair
potential A(r, r’). Substituting Egs. (1.49) and (1.50) into Eq. (1.43), we arrive at

Ar.x') = V(e =) YOy ()
= V(r =) Y [ 0] (0)f (~Ear) — o (0 ()f (Ezo)]
= Vr—r) ) i O] ) (~E) . (1.68)

On the other hand,

A(r, 1)

—V(r =)y ()P4 (1)
= —V(r—r) ) [~ () (—Ein) + v () (¢)f (En)]
= —V(r—r) Y ui' v ) En) - (1.69)

Here we have used the symmetry property in the derivation, and the statistical
average

(V;Tuyﬁzv) = 8ﬁr7zS;va(Eﬁ;L) ) (1.70)

and

(ViuViw) = (V,ZMV,QV) =0, (1.71)
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where the Fermi distribution function

1
exp(Ez,/kgT) +1°

f(Eqp) = (1.72)

with kp the Boltzmann constant and 7T the temperature. Notice the disappearance of
“r’ above the summation symbol, meaning the summation is over both positive and
negative eigenvalues. Combination of Egs. (1.68) and (1.69) gives

Afr,r)) = @ >l () tanh(zimT) . (1.73)
~ B

For spin-singlet pairing, A(r,r’) = A(r’,r), and we can have a more symmetric
form of the expression

Ar,r) = @ > Tl @) +ul ()] ()] tanh(zile) . (174)

When there is no spin-polarization effect, Eqs. (1.60) and (1.61) are identical
and they recover the original formalism proposed by de-Gennes [9] for an s-wave
superconductor and that for an anisotropic superconductor [27]. Since a Bogoliubov
canonical transformation is involved in the development of the formalism, these sets
of equations are called the Bogoliubov-de Gennes equations.

1.5.2 Local Density of States

Once the solution to the BAG equations is obtained, the local density of states can
be evaluated according to

!

p(r,E) = Z{ |y (6)P8(E — Ey) + [v5(0) P8(E + En) ¢ (1.75)

n,o

where §(x) is the Dirac delta function and can approximated numerically as
(1.76)

with I" a lifetime broadening parameter. In the absence of the spin-orbit coupling
and spin-flip scattering, Eq. (1.75) becomes

w8 = S| W OFS(E ~ B, + 1o} + )] 1.77)

n
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Equivalently, the thermalized local density of states can be written as

pte. ) = Sl () P (TEE ) A

The local density of states is proportional to the local tunneling conductance as
measured by the scanning tunneling microscopy.

In the following discussion, unless specified otherwise the BAG equation (1.60)
will be mainly used. We will drop the spin subscript to « and v, and the quasiparticle
branch index, as well as the symbol tilde on the eigenstate index. We keep only the
spin index for the single-particle Hamiltonian itself.

1.5.3 Gauge Invariance

The choice of the vector potential A is not unique, since A’(r) = A(r) + Vyx(r),
with y an arbitrary function, will give the same magnetic field as that determined
from A, thatis, VxA’(r) = VxA(r) = H(r). Thus A and A’ are equally acceptable
to describe the field H(r). All physically measurable quantities will have the same
expectation values when calculated with A and A’.

Suppose that the eigenfunctions (#,v) of the BAdG equation with the vector
potential A are known. It can be easily proved that the eigenfunctions (&', v") with
the vector potential A’ = A + Vy(r) differs from (u, v) as

wr)\ _ e~iex(®)/he 0 u(r)
(U/(r)) B ( 0 eie)((l”)/hc) (U(I‘)) ) (1.79)

while the pair potential is modified as

Al(r,r) = A(r, ¥)e @+ x(D)/he (1.80)

1.6 Structure of a General Gap Matrix

The spin wavefunction of a singlet state is antisymmetric upon an interchange of the
particles (spin indices). It enables us to write the order parameter as

01

&m=@®(40

)=%®@=%®ﬁ. (1.81)
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In terms of the spin up (1) and spin down (|) wavefunctions of individual
electrons, the quantity

~ n 01
=0, = , 1.82
Xo = i02 (_1 0) (1.82)

corresponds to the singlet wave function %HT) [1) = |4} I1)]. The factor jo is

antisymmetric upon interchanging spin variables of the order parameter while dj (k)
is symmetric upon interchanging orbital variables of the order parameter, that is,
do(—k) = dy(k). The singlet pairing symmetry has been discovered in most
of the conventional superconductors [28], high-temperature cuprates [29], iron-
based superconductors [30], and Ce-115 [31] and Pu-115 [32, 33] heavy fermion
superconductors.

For the triplet pairing state, the total spinis S = 1 for the two paired electrons and
accordingly there are three spin wavefunctions. Therefore, the pairing amplitude for
each of these spin states can be different and k-dependent. The order parameter may
then be written in the form:

AK) =d(k)-6i6, =d(K) - ¥ . (1.83)

where the vector d measures the amplitude of the order parameter and the matrices

n A A -10
X1 =10102 = ( 0 1) , (1.84)
B> = itahy = (‘ (.’) , (1.85)
01
and
3 = 636 = (‘1)(1)) . (1.86)

They correspond to the spin wavefunctions

N —1
= TE[IT) 1) =1 ] (1.87)

. i
X2 = E[IT)IT)HMIL)], (1.88)
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and

1
V3 —> —— + . (1.89)
13 ﬁ[IT)Ii) 1) 1)
Now all three of these wavefunctions are symmetric upon interchanging the spin
indices. In an expanded form, the triplet order parameter is written as:
A —d,(k) + idy(k) d.(k) )
Ak) = 4 ¢ . 1.90
= (00" s Lo 20

Recall that A must satisfy the Pauli antisymmetric property AAﬁa (k) = —AAaﬂ (k),
so we have d(—k) = —d(k). Also notice that the parity of spherical harmonics is
(—=1)7!, the above behavior is in accord with our intuition for p-wave (I = 1) (or
more generally, odd angular momentum) pairing.

If the vector d(k) has the form d(k) = a(k)n(k), where a(k) is a complex
number and n(k) is a real unit vector, we then have the property

d(k) xd*(k) =0. (1.91)
This property leads to the constraint

AT(K)AK) = |d]1 + i6 - [d(k) x d*(K)]
=|d1. (1.92)

We refer to a state where d has the property as given by Eq.(1.91) as the unitary
state because ATA is then proportional to the unit matrix. A rigorous classification
of the symmetry properties of triplet superconductors was given by Blount [34], and
Ueda and Rice [35] based on the group theory.

For the p-wave pairing state, the most general gap structure would involve a sum
over all possible spin-orbital wavefunction products, each with its own complex
amplitude, which we may write as

A =" Duifiuki . (1.93)
io

Here the indices « and i denotes the three component in spin and orbitals spaces
with k; = sin @ cos @, IAcy = sin 6 sin¢, and IAcZ = cosf while y, already given
above. The matrix D,; allows nine complex (equivalently, 18 real) coefficients and
suggests the possibility of 18 types of pairing states. So far, the spin triplet pairing
states has been discovered in *He superfluid [36] and possibly in Sr,RuQO4 [37] and
heavy-fermion UPt; and UBe;3 [38—40] superconductors. In superfluid 3He, two
phases are stabilized at zero magnetic field and very low temperatures, depending
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on pressure [41]. They can be represented by the D,; matrices:

100
(Bphase): D=Ap| 010 |, (1.94)
001

000
(Aphase): D=Ay[ 000 | . (1.95)
1i0

The corresponding gap matrices are:
ity R

Bphase): A=A .
(B phase) 0( b bt

) , (1.96)

(1.97)

mmmmm”@;jzm( 0 @+%)‘

ke + ik, 0

The B-phase is also called the BW phase proposed by Balian and Werthamer [42].
In this phase, the single particle spectrum and the energy gap are isotropic; the
total spin and orbital angular momenta are each equal to 1; the spin susceptibility
is finite at zero temperature. The A-phase is also called the ABM-phase proposed
by Anderson, Brinkman, and Morel [43]. In this phase, the S, channel is completely
suppressed and the spin susceptibility is very similar to that in the normal state.

1.7 Solution to the BAG Equations in Homogeneous Systems

Let us start with the non-spin-polarization situation. In homogeneous systems, there
exists the translational symmetry. In the limit of homogeneous electron gas, the
translation symmetry itself is continuous. Therefore, it would be convenient to
expand the BAG wave function in terms of plane waves:

u(r) _ L Uk ikr
) o

where £2 is the volume of the entire system. Substitution of Eq. (1.98) into Eq. (1.60)
leads to

Exuk + Axvg = Exu , (1.99a)
Afux — &vk = Exu (1.99b)
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where
hk?
k= —Er, (1.100)
2m,
is the single-particle energy dispersion, while
Ag = / dr' A(r, v )e @) (1.101)

is the Fourier transform of the real-space superconducting pair potential. Using
the definition of the pair potential A(r,r’) given by Eq. (1.74) into Eq. (1.101), we
obtain

1 Ey
Ax = oTo] Z Vige i v} tanh(szT) (1.102)
k/
with the term
View = / dr'V(r,r')e ™ ) cos(k - (r — 1)) . (1.103)

retaining only the pairing interaction of allowed orbital harmonics. For an isotropic
s-wave pairing symmetry, we use the ansatz

Viw = Vs, (1.104)
and correspondingly
Ax = Ay, (1.105)

which has no momentum dependence. For a d-wave pairing symmetry in a two-
dimensional system, we have the ansatz

Viw = Vgcos(2¢x) cos(Ley) (1.106)
and correspondingly
A = Ay COS(2¢k) s (1107)

with ¢k being the azimuthal angle of k around the Fermi energy. We note that in the
summation on the right-hand-side of Eq. (1.102), both positive and negative energy
eigenvalues are still taken into account. The profile of the energy gap around the
Fermi surface for these two types of pairing symmetry is depicted in Fig. 1.4. For the
isotropic s-wave superconductors, the quasiparticle gap is uniform along the Fermi
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(@)

Fig. 1.4 A schematic drawing of quasiparticle excitation gap for an s-wave (a) and a d,2_,>-wave
pairing superconductor (b)

surface. For the d,»_»-wave superconductors, the quasiparticle gap is closed at some

special momentum directions ¢ = T | 3% 3T IT Thege gapless quasiparticles are

: ) 474 4 %
called nodal quasiparticles.
A little algebra yields the eigensolutions

(0) ipK
(”k) = (”k o ) (1.108)
Uk Uy

corresponding to the eigenvalue

Ex = /& + | A2 . (1.109)
_ O iy
(”k) =( ”k(oj’ ) (1.110)
Uk Uy

corresponding to the eigenvalue —Fx. Here the BdG wave function amplitude is
given by

and

, (1.111)



28 1 Bogliubov-de Gennes Equations for Superconductors in the Continuum Model

and gy is the phase angle of Ag. Therefore, we obtain the self-consistency equation
for the pair potential

1 A, E
A, = —/des—tanh k), (1.112)
2n)3 2Ex 2ksT

for a three-dimensional s-wave superconductor with the quasiparticle excitation

energy Ex = /&2 + A2; and

1 Ay Ex
Ay = —— [ dkV,cos?(2¢)—= tanh , 1.113
i= / 1605 (20) 3% tan (szT) (1113)

for a two-dimensional d,>_»-wave superconductor with the quasiparticle excitation

2y
energy Ex = \/Eﬁ + (Agcos(2¢9))2.
We can convert the three-dimensional integral into

2 T o) e’}
/ dk — / deo / sin 0d6 / Kdk — Ax / Kdk
0 0 0 0

when the integrand has the spherical symmetry; while we can convert the two-
dimensional integral into

2 00 00
/dk—)/ d¢/ kdk—>27r/ kdk ,
0 0 0

when the integrand has the cylindrical symmetry. Therefore, for a parabolic normal-

. . . . 272 .
state single-particle energy dispersion, & = 27" — Ep, the integral over momentum

amplitude k can be changed to the integral over the energy as

ﬁ/dke /g(e)de, (1.114)

where D = 2 and 3 and g(€) denotes the density of states for electrons of one spin
orientation, and is given by

1 (2m,\*?
g(e)zm(ﬁ) €2, (1.115)

for the three-dimensional system, while

(€) = —< (1.116)
gl _Znhzé’ ’
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Fig. 1.5 Density of states for a three-dimensional (a) and a two-dimensional (b) electron gas

for the two-dimensional system. These expressions of density of states are shown in
Fig. 1.5. In the BCS-type weak-coupling theory for superconductivity, the pairing
interaction is limited to a range of [—hw,, hw.| around the Fermi surface. The
cutoff w, is the Debye frequency of phonons in conventional superconductors. In
most strongly correlated superconductors, w, is the energy scale characterizing spin,
charge, or orbital fluctuations and is approximated by the width of a renormalized
narrow band. One should be cautioned that for the strongly correlated superconduc-
tivity, the description of retardation effect is beyond the scope of BCS-based BdG
theory.

Now the self-consistency equations (1.112) and (1.113), for the non-trivial Ay #
0 and A, # 0, become

Ao 1 E
1= / deg(e)VS—tanh(—)
o, 2E 2ksT

ho, 1
~ g(O)VS/0 deEtanh(ZkBT) , (1.117)
for the s-wave superconductivity; and
ho. p2n E
1= o hwE/ dedpg(e)Vy cosz(2¢)—tanh(2k T)
0V, ho, 27
= ( ) d / / dedg cos2(2<p)—tanh(2k T) (1.118)

for the d-wave superconductivity. To derive the second line in each of the above two
equations, we use the assumption that the density of states changes slightly in the
range of [—hAw,, hw,.] around the Fermi surface and can be approximated by that at
the Fermi energy, i.e., g(0). For the temperature 7 = 0 K, an analytical expression
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for the s-wave superconductors can be obtained

1 1
AT = 0) = ho, sinh—l[ } ~ 2ho, ex [— } , (1.119)
=0 2(0)V, A O1Z

for g(0)V, < 1; while for the d-wave superconductivity, the following numerical
solution needs to be found

ho. p21 2
=8 (O)V" / / dedg cos 2¢) . (1.120)
62 + AX(T = 0) cos2(2¢)

The condition for the superconducting transition temperature is A; = 0 for s-wave
superconductors while A; = 0 for the d-wave superconductors, which leads to

ho,

e 1
1=gO)V, | de-tanh , 1.121
sV [ deltnn( 55 ) (1121

and

0V, [ 1

=80 "/ de - tanh . (1.122)
2 ) p s

In the condition of Aw./kgT,. > 1, we have

2e” 1
T. = —hw,exp| —
kBT[ g(O) VS

} , (1.123)

1.13hw. e p[ !
13hw. exp| —
g(0)V;

and

L, 2 1
©T dgm P T 00V,

= 1.13hwcexp|:— :| . (1.124)

2g(0)Vy

Here the Euler constant y &~ 0.5772 is used.
With the BdG solutions as given by Eqgs.(1.108) and (1.110), we can find the
bulk density of states

,E > A
VE A2 (1.125)
0, E < Ag

ps(E) _
g(0)
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(a) p(E)/g(0) (b) p(E)/g(0)

-1 0 1 E/As -1 0 1 EAy

Fig. 1.6 Quasiparticle density of states for a uniform three-dimensional s-wave (a) and a uniform
two-dimensional d-wave (b) superconductor

for the uniform s-wave superconductors, and

mdy __E___ Es|A 2
PaE) _ ) b0 3 Jamarenny £ 1Aacoso)] (1.126)
(0) 0, E < |A;zcos29)|

for the uniform d-wave superconductors. A schematic density of states for both
s-wave and d-wave superconductors is shown in Fig. 1.6. For the s-wave supercon-
ductors, a sharp gap feature is seen with vanishing density of states inside the energy
range of [—Ajy, A,], while for the d-wave superconductors, the density of states is
linear in energy inside [—A,, A4], due to the existence of nodal quasiparticles.

All the above discussions demonstrate that, in the homogeneous superconduc-
tors, the BAG equations can reproduce all the known results obtained through the
Bogoliubov-Valatin canonical transformation. However, as will be demonstrated in
later chapters, the BAG equations are more convenient to study the properties of
inhomogeneous superconductors.

1.8 Relation to the Abrikosov-Gor’kov Equations

We should also be aware that the Hamiltonian (1.42) can also be solved via the
Green’s function technique. We first define a two-component field operator in the
Nambu space [44, 45]:

- (¥ ()
P(r,7) = (%(r, T)) , (1.127)
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where

Vo (r,0) = /My (r)e™ e/t (1.128)
Yi(r,t) = eyl (r)eHr/h (1.129)

are the field operators defined in the Heisenberg picture. Note that 1/f;(r, 1) #
[V (r, T)]". We can then introduce the Green’s function

G(rr;r't) = —(T.[¥(r,7) @ T (', 7))
=0t — ) (¥(r,7) ¥, 7))
+0(r = )P, ) @ ¥(r, 1)) . (1.130)

Here ® means the direct product of two vector fields. The bracket (. ..) means the
statistic average

(0) = Tr[e PAar=20] | (1.131)
with the thermodynamic potential £2 given by
e P? = Tr[e PMer] | (1.132)

The factor T is a t-ordering operator, which arranges operators with earliest time t
to the right. The subscript 7 is affixed to T to distinguish 7, from the temperature.
In expanded form, the Green’s function becomes

g(l“[; I'/‘L'/) — <_(Tr WT (l', ‘L')Wi (I‘/, Tl)]) _(Tr [wT (l', ‘L')W¢ (l'/, ‘L’/)]) ) ’

—(T [y ] (e, Oy (0, o)) —(Tely | (e )y (e, 7))
(1.133)

Since the trace is unchanged upon a cyclic variation of operators, we can easily
prove that the Green’s function is a function of the difference T — 7/, that is,

Yarr’t)y =%, vt -17), (1.134)

with T — 7’ restricted in the range of [—8, 8] and the factor 8 = 1/kgT. Therefore,
the Fourier transform is given by

Bh )
G(r,x';iw,) = / dte ™G (r,v'; 1), (1.135)
0

1 .
G(r,v';7) = E Ze""’”rg(r, r';iw,) , (1.136)
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where the Matsubara frequency w, = (2n + 1)wkgT/h withn = —o0,...,—1,0,
1,...,00.
Using the equation of motion for v, (r, t) and w; (r,7):

_hawfra(:s T) — [wg(r, T)’%#]_ , (1137)
i
_ha%a(: 0 _ Wi (v 0), Ayl | (1.138)

and Eq. (1.47), we can obtain the equation of motion for the Green’s function

/ dr'M(r, v ;D)9 t;¥'t) =8 —r')s(t — )1, (1.139)
with
v [ @) —T) —A(r.r)
M(r,x', 1) = ( _A%( 1) (_% +hI(r))5ii . (1.140)

for the spin-single pairing case, and subject to the self-consistency condition:

A(r,r) = =V(r.t)%(@rt —> ' + 07,17, (1.141)

A*(r,v) = V(v ('t — ' + 01, r7') . (1.142)

Equation (1.139) is the famous Abrisokov-Gorkov equations [46] for superconduc-

tivity in the continuum model. This set of equations is also the starting point for the

derivation of Ginzburg-Landau theory. When the order parameter varies slowly in

space, the approximate Ginzburg-Landau theory is simpler to solve than the original

Abrisokov-Gorkov theory.

The Abrikosov-Gorkov theory is closely related to the BAG theory. With the time
dependence of the quasiparticle operators:

yu(©) = yue B/t (1.143)

y,f(r) = y;eE”t/h . (1.144)

and the canonical transformation, we can obtain for example:
G(e.r';7) = —60(0) Y (O} () (—En)e ™™ + 0l (00 (0)f (Eq) /]
+6(=1) Yl ()} (O (Enae™ /% + 02 ()0 (1) (= Er) ]

(1.145)
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and
Dn(r,1's7) = —0(1) Z W (O] (1) (Er) /7 4 07 (o) ()f (= Eq)e™17/%)

+60(—1) Z[u (r )u”z* (r)f(—Eﬁz)eEﬁzf/h + vnl*(r )v"l(r)f(E;,l)e_ ”lr/h]
(1.146)

It is straightforward to obtain the Green’s function in the frequency domain

Bh i
G (r, Y iw,) = / dre "4 (r,x'; 1)
0

/ _ . Bh )
— YU @ W) [ et
~ 0

- , ph 4
+U?2* (I')U?Z(r/)f(Eﬁz) / d.ce(lwn‘l'Eﬁz/h)T]
0

/ nl nlx /
- —Z{ (r); (/h)f( —~Eqy) (Mo 1)

UnZ*((r)an(r/)

i) i) N\ (PR liwn+En /h)

— ' _"AE 2/h) _
o+ By ! ER)e )}

/ nl (r)unl * (l'/) UI;Z* (r)vlgz (I‘/)
- Z[ “Ea/h | iw, + En/h }

(1.147)
and
g
Doy (r,1; iw,) =/ dte "Gy (r,1'; 1)
0
- —Z[u"2*<r)u () (E) / dreiontFn/
. . ph ,
+v11(r)vzl*(r’)f<—Em> [ areterremn
0

4 nZ*( ) ) |
o Z{ iwy, + E~2/h ———f(Ep) (PRt ERIT) 1)
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-l k). O
Here we have used the fact that
fonPh — 1 (1.149)

In addition, if we know the solution to the Abrikosov-Gorkov equations of motion
for the Green’s functions, the local density of states can be calculated as

1
p1(r, E) —h—Im[%l(l‘, r;iw, — E/h +i0")]
T

/

D g (0P8 — Ep) + WP (OPSE + Ei)] . (1.150)

7

and

py(r,E) = hilm[%z(r, r; —iw, — —(E/h +i07))]
b

=Y (WP (®)PS(E - Ep) + [v]' ®O8(E + Ep)] . (1.151)

Here we have used the following identity for the real frequency @

1

1

with & denotes a Cauchy principal value. Therefore, we have demonstrated an
exact relation between the BdG theory and the Abrikosov-Gorkov theory.
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Chapter 2
BdG Equations in Tight-Binding Model

Abstract In this chapter, I give an alternative derivation of the Bogoliubov-
de Gennes equations for superconductors. It is based on a tight-binding model.
A general symmetry of the equations is discussed. A few physically measurable
quantities are derived in terms of the BdG eigenfunctions. The solutions to the BdG
equations in the uniform case are provided. Finally, I also make its connection to
the lattice Abrikosov-Gorkov equations.

2.1 Derivation of BAG Equations in a Tight-Bind Model

In the previous chapter, we have derived the BAG equations in the continuum model.
The continuum model is reasonable to describe weak-coupling superconductors,
especially when they have a wide-band metallic normal state. For the superconduc-
tors like high-temperature cuprates, the electronic band is quite narrow. Therefore,
as we are encountered in solid state physics [1], the tight-binding model, either
constructed from atomic orbitals or from Wannier orbitals, is appropriate to be used
for studying narrow band behaviors arising from electronic correlation effects.

We generalize the second-quantized Hamiltonian given by Eq. (1.38) to include
the spin-orbit coupling and spin-flip scattering interactions, in addition to the regular
potential scattering. The single-particle part of the Hamiltonian is of the form:

Hy = / / drdr' Y} (0)hap (0, ¥ ) Y (x') @D

where hqp(r, 1’) is general enough to include the non-local and spin-flip effects. The
field operators are now expressed in the localized-state basis as

Ya(r) = > wir —Ri)cia . (2.2a)
i
Yl =" wrr—Rycl, . (2.2b)
i
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where c (ciy) creates (annihilates) an electron of spin « at site i, and w(r — R;)
is a locahzed orbital around the atomic site R;. The atomic orbitals or maximally
localized Wannier orbitals are most amenable to have a physical interpretation.
Substitution of these expressions into Eq. (2.1) gives

— i
Ho =) ¢hicjorcio
ij,oo’
= E tw\/a’cwcja’ + E GCwa + E Qzaa’c Cig’ - (23)
i#j,00" ioo’

Here the summation over the site indices ij in the kinetic energy (and also the
nearest-neighbor interaction in Eq. 2.4 below) excludes those term with i = j. In
the kinetic energy, the spin-orbit term has also been included by identifying the
spin flip when an electron hops from one site to its nearest neighbor. The on-site
single particle energy is introduced to consider the disorder or such inhomogeneity
problems as those with a (non-magnetic) single impurity; while the third term
accounts for the magnetic impurity effects (with the internal dynamics of the
magnetic impurity neglected here).

We then follow the same ansatz for the extended Hubbard model [2], and write
down an effective model Hamiltonian for superconductivity:

H = H()—,lLZC C,U+U2(n,¢—%)((n,¢—%)—‘—;Zninj

i#j
_ t 5.5 v
= 42/6‘1-0 hiaJa’_ ,u,—|- %00’ |Cjo’ +UZn,Tnl¢—EZninj.
y.oo i#]
2.4)
Here n; = Y, nj with n;; = cjac,-g is the particle number operator on site

i. The on-site and nearest-neighbor electron-electron interaction strengths are,
respectively, U and V. Positive values of U and negative values of V represent the
repulsive interaction while negative values of U and positive values of V represent
the attractive interaction since we have assigned a minus sign before the nearest-
neighbor interaction term. Note that the single particle energy is measured with
respect to the chemical potential p.

The derivation of the BdG equations for the on-site and nearest-neighbor pairing
interaction is similar to that for the continuum model in Chap. 1. To be distinct,
the above extended Hubbard model enables a description of possible competing
orders. We show one example here by considering on-site repulsion (U > 0), which
drives magnetic instability, and nearest-neighbor attraction (V > 0) for the d-wave
pairing superconductivity. Therefore, we retain the standard Hartree-Fock term for
the onsite repulsion and the anomalous Hartree-Fock terms for nearest-neighbor
attraction. The inclusion of an onsite repulsion in the mean-field approximation



2.1 Derivation of BdG Equations in a Tight-Bind Model

39

helps stabilize the d-wave pairing state, which comes from the nearest-neighbor
pairing interaction. The effective mean-field Hamiltonian with a singlet pairing

symmetry is now given by:

%ﬁ” = Z zJJG’CjU’ + Z /ClT /¢ CjifCiT] + Econst -

ij,oo’

Here the effective single-particle Hamiltonian is given by

- U
hia.ja/ = hiaJa’ - (ﬂ + 5 - U(ni(?))gijg(ra/ s

the singlet-pairing potential

1%
5((%%) - (Ci¢Cn>) ;

Vv
* Pt A
4 = 5((%%) - (chcw)) :

and the constant energy term is given by

| A7
Econst = _U(an>(nl~L> + Z T]

Ay =

(2.5)

(2.6)

2.7

(2.8)

2.9)

Itis evident that the singlet pairing potential satisfies the symmetry properties: A; =
Aj;. Also we note again that the single particle energy is measured with respect to

the chemical potential u.
We then obtain the following commutation relations:

[cir, Hog]- = thT jo Cjo’ + Z A,]c¢ )

Jjo’

[CITT’ %ﬂ]— = _Z o' it € ]0’ ZA;Cj‘L ’
J

jo'

[ciy, Hep]- = Zilwzio’cjo’ - Z 41'"ch ’
i i

[e], Hagl- = =Y higricl, + D Aney -
j

jo'

(2.10a)

(2.10b)

(2.10¢)

(2.10d)

Equations (2.10)(a)—(d) show that the electron field operator can be expressed as
a linear combination of electron- and hole-like quasiparticle excitations, which
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enables us to perform a Bogoliubov canonical transformation:

!/ /
Cio = Y (hyn— oty L el =Y iy —oviy) . (2.11)
n

n

where 0 = %1 denotes the up and down spin orientations. The operators y,f (vn)
create (annihilate) a Bogoliubov quasiparticle at state n. The prime sign above the
summation in the transformation means only those states with positive energy are
counted. The quasiparticle operators satisfy the anti-commutation relations:

s Y} = um (2.12)
e v} =y v} =0 (2.13)

These relations also guarantee the anti-commutation relations among the original
electronic field operators.

With the above canonical transformation, the Hamiltonian is diagonalized in the
following form:

Heﬁ‘ = ZEHVJJ/H + Etl:onst ) (214)

where the index n also includes the pseudo-spin state index. Upon substitution of
Eq.(2.11) into Eq. (2.10), and with the aid of the following commutation relations,

vl Hepl- = —Eny) (2.15)
[V Hegrl— = Enyn (2.16)

we compare the coefficients of the terms with y,, and y:[ and arrive at

Ealy =Y hitjortior + Y A0, | (2.17)
Jjo! J
Ealy = hip ol + Y Ajvly | (2.18)
Jjo! J
n o __ 17 % n *x n
Egviy = =D 0"y jorVjor + D AjH (2.19)
jo' J
n __ 17 % n *x n
EW! =Y o'hfy v+ Y Al (2.20)
Jjo! J

This set of BAG equations can be cast into a matrix form:

> M = Eudi . .21)
J
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where
hirjt hirgy 0 Ajj
~ hiy jt hi Aji 0
= f)‘” jff L e : (2.22)
. i ~*lTJT lT*N
Ai 0y T
and
M,'T
di=|""1. (2.23)
U,’T
Uw
This set of BAG equations is subjected to the self-consistency conditions:
!
iy = Y [l PA(ED) + [ PF(=E] (2.24)
/
iy =y [luly PF(ED) + ], PF(=E)] . (2.25)
and
/
V n n* n n* E
Ay = 7 DM+ o) + G o) anh | S (226)

where f(E) is the Fermi-Dirac distribution function defined in Eq. (1.72).

From Egs. (2.17)—(2.20), it is not difficult to prove the following theorem:
If (u:‘T, :1, ”¢, ”T) is the solution to the BAG equations with eigenvalue E,, then
(— ULT U, ¢ U7 | ’_MLT) is the solution to the same equations with eigenvalue —E,,.
Using this symmetry property, we can also rewrite Eqs. (2.24)—(2.26) as

g = Y W Pf(En) (2.27)
iy =Y [V PF(=Ey) | (2.28)

and

\% E,
Ay = Dl + i w]tanh(zk T) (2:29)

n
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_ In the absence of spin-orbit coupling and other spin-flip scattering terms, that is
hit ji = hiy j+ = 0, the BAG equations become block-diagonalized into two sets of
equations:

Bty = Lyt + 3, Ay (2.30)
. — * nl .
Eqvly = =20 v+ 2 Ay
and
Eﬁzm ¥ b it + 3 Ay 2.31)
Eﬁzv ZjhtT vt + 2 A i

This block-diagonalization structure leads to a distinct nature of the canonical
transformation:

/
cit = Y (Wl ya — VT YL) | Z(M#*VL — vy . (2.32)

’ ’
Cil = Z(u,l, Y2 + U;lf*y;l Jl = Z(u:lf*y;z + v,i, ynl) . (233)

The block diagonalization and the symmetry property suggest that we merely need
to solve Eq. (2.30) subject to the self-consistency condition:

nip = Z P (Enr) (2.34)
ni, = Zlv Pf(—En) (2.35)

and
o S () 236

Therefore, by reducing the diagonalization of a 4N by 4N matrix down to that of
a 2N by 2N matrix, the computational efficiency is improved significantly. Here N
would be NN, for a two-dimensional lattice while N, NyN; for a three-dimensional
lattice with Ny, N,, and N, being the linear dimension of the system. When it is
obvious that no spin-flip effect occurs, the reduced set of BAG equations, Eq. (2.30),
will be used with the hat symbol on the energy eigenvalue index and the set index
dropped. It will be encountered frequently in the later discussions.



2.1 Derivation of BdG Equations in a Tight-Bind Model 43

It is straightforward for us to obtain the BdG equations for an s-wave supercon-
ductor in the lattice model. There we first replace U by —U (U > 0) so that the
Hamiltonian becomes

T = Z cl-TU |:hiaJ-a/ — ,uSijS,m/:|cj,,/ — UZ”iT”ii , (2.37)

ijoo’

which leads to the BdG equations:

Eally =Y i jortior + Aiv? (2.38)

jo!
Euly =Y iy jorly + Aty (2.39)

jo!
Ewy == o'l v + Al (2.40)

jo!

Bl =3 o'l iy + Al (2.41)

jo!

Here

hinjor = hisjar — US;800" . (2.42)

and the self-consistency condition

U E,
Aii = EZ[ iy Ui IT]tanh(Zk T) 243)

n

In the absence of spin-orbit coupling and spin-flip scattering, the BdG equations
become

Eﬁl“ Z hLTJT + A”vzl, al (2.44)
- — n * n :
Enlvw = =2 M v T A
and
N2
Enzui~¢2 =2 ht¢d¢“,¢ + A”va . (2.45)
L a2 * n :
Eiviy = = X hig jp Uiy + Aiy -
with

_ U 7l nl* E;
A= — 5 Z vl tanh(szT) (2.46)

Vl
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Unless explicitly specified, we will focus on Eq. (2.44) with the tilde on the eigen-
energy index and set index dropped.

The tight-binding model, from which the BdG equations are derived, has
the origin from such strongly correlated models as the 7-J model [3] for high-
temperature cuprates. The derived BdG equations in the tight-binding model have
been used not only for unconventional superconductors with narrow electron
band [4-9] but also for s-wave superconductors [10]. The calculated quantities range
from the local density states to the superfluid density, which will be discussed in
more details in later chapters.

2.1.1 Local Density of States and Bond Current in the Lattice
Model

From Egs. (2.24), (2.25), we extract the expression for the local density of states:
I
pio(E) = Y [ty P8(E, — E) + |vio|*8(E, + E)] . (2.47)
and the corresponding thermalized density of states
I
pic(E) = — Y [ul, ’f (En — E) + vis|*f (E, + E)] . (2.48)

The bond current can be derived in the following way. The Heisenberg equation
of motion for (n;) = (n;4) + (n;y) is:

d9{n;)
ot

ih = ([ni. H]-)

={- > [—t(ja’,icr)c;a,cia + tio.jo' )l ciw]}) . (2.49)

j#ioo’

where H is the system Hamiltonian given by Eq.(2.4). The electrical current
operator from site j to site i is then found to be:

2 e . N
Jij = = Z[t(za,Jcr’)chjaf —1(jo’, za)q;g/cia] . (2.50)

0,0’

and the average bond current is given by:
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Jj= % S itiojo Y ul £ (En) + 00 v v (1= f(E))] —cch . (2.51)

oo’ n

Using the symmetry property of the BdG equations, we can also write the
physical quantities in the following form:

e = Y [l PF(E) =Y ol P[1 = £(En)] . (2.52)

€ IS nx n
Jj = = Z Z{t(za,jo/)ui:uja,f(En) —c.c.}

- % Y > o, jo Yoo vk v (1 — f(E)) — e} . (2.53)

oo’ n

and

pioc(E) = =Y s Pf (En —E) = = > vl |’f (B, + E) . (2.54)

These new formulations are especially useful when we study the ferromagnetic
impurity or Zeeman effect because the wavefunction of quasiparticles can be solved
in a 2 x 2 spin space.

2.1.2 Optical Conductivity and Superfluid Density
in the Lattice Model

The BdG solutions can not only describe the local density of states, which is a
direct measure of single particle properties, but also the eigenfunctions can be used
to study the two-particle correlations. In particular, the optical superconductivity
reveals the information about the coherent peak [11], while the superfluid stiff-
ness [12] and its temperature dependence set a criterion for superconductivity. Both
quantities are directly measurable in experiments. Theoretically, the formulae for
these quantities, as derived from the BAG method, are also valid for inhomogeneous
superconductors.

The formula of the superfluid density in a lattice model was first derived by
Scalapino et al. [12, 13] in a Hubbard model. It was then used for calculations
in other models. In the following, we give the derivation for the model with the
Hamiltonian defined by Eq.(2.4) in the absence of spin-orbit coupling and other
spin-flip scattering, that is,

U ' im 1%
H = ZCL[—IU - (M t5 U p)fsij}io + U miniy — 5 >

ij,0 i#j
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(2.55)
Here the impurity potential is represented by U;mp .
In the presence of an electric field pointing to the x-direction,
E((r;, 1) = B, T=D (2.56)
The current density along the x-direction is defined as
Jx(ris 1) = 0 (i, 0)Ex(ri, 1) (2.57)

where oy, (r;, w) is the local conductivity. In the Coulomb gauge, which dictates
V- A = 0 and the scalar potential ¢ = 0, the electric field can be expressed in terms
of a vector potential

Arif) = —éEx(ri, 1. (2.58)

Therefore, the total Hamiltonian becomes

H = — Z;ijcjacjﬂ + Z(U}mp _ g — “)c;racm + UZ"iTni¢ - g Zninj .

ij,o io ij

(2.59)
where

i = tijei@/(f) , (2.60)
with the gauge phase ¢;;(r) = eA; = eA.(r;, t)(x; — x;). Hereafter the charge e for

electrons includes the sign. In the linear response limit, we expand this hopping term
up to the second order of A,(r;, ):

- . 1 .
i ~ 11 + gy + 5(upi,-)z] : (2.61)
The total Hamiltonian can then be rewritten as:

i 1
Ho=H-iY  ¢;(Otccio + 3 > PR 0ticlco - (2.62)
ijo o
If we limit the hopping integral only between the nearest neighbors, we have

- t t
H, = H —iea Z[—Ax(l‘i, Dl i1iCipCitio + Ax(Tigz, Dlig i€,y 4 Ciol
i,0

2.2

ea 2 ¥ 2 i
+ 5 Z[Ax(rivt)ti,i-i-)?cjgci-i-)?,a + AL (Figs, Dligzi€; 44, Ciol

i,0
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: i i
~ H —iea ZAx(l'i, D[t i+iCio Citio T litiCiy 4, Cio]

i,0

2 2
e-a
2
t—- E A [t isch cino + ti+£,icj+;,acia]

2.2
~ P ea 2
~ H—ea ZAx(ri, 07 () — —- ZAx(ri, DK(x)

where the particle current and the local kinetic energy associated with the x-oriented
links are defined as

JE(r))

§
i Z[tz+xz CitioCic = 1ii+3Ciq Citio]
=it Z[CH-X UCIU Cit3, U] (264)

and
Ki(rj) = — Z[ti,i+)?cjgci+)?,o + ti+)?,icj+);’gcio]
o
= _IZ[C,LC:'H,U + CL_)?’UC,'U] . (2.65)
o

The x-oriented current density operator is then found to be

SH' (1)

O = —— 7
Jx (rl) SAx (l',', t)

= eJP(r) + K (r)A(r;, 1) . (2.66)

Here we have set the lattice constanta = 1.
An alternative derivation of the current density operator is to start with the
electric polarization operator:

P=oc¢ Z rin; (2.67)

with its x-component

P.=e inni ) (2.68)
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The time-derivative is
J2(r;) = i[H, P\

= ie ) xillyeicio = fic),ciol

ij,o
=ie) (x— X)ChyCio
ij,0
= ie Y (= )1 + igy)chcio
ij.o
= eJP(r;) + K (r)A(r;, 1) . (2.69)

Now let us calculate the expectation value of the current density operator. In the
linear response theory, the statistical operator in the interaction picture is given by:

b0 = pit-00) — 1 [T oot (2.70)

The expectation of a physical variable is found to be:

t

Tr{pi(—o0) [0 (1), H)({)]-}di'  (2.71)

(0) = Ty (~00)01] ~ /

~ i ¢ ~
= (0o~ & / (610, H)()]odr 2.72)
—00
where
0, = MOe™ M1 (2.73)
and
Hj(t) = ™ H' (1)e ™" . (2.74)

with the term proportional to A%(¢) in H'(f) neglected. The particle current density
is then given by

(L) = —i /_ (JE(xi.0), Hy(D)]) (2.75)

where the particle operator and the perturbation term in the Heisenberg picture with
respect to the unperturbed Hamiltonian H are given by, respectively,

I, ) = P (rp)e (2.76)
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We notice that the first term in H’(¢) can be rewritten as
— e AP () = S (g Bl @.77)
i,o @

where the Fourier transform of the particle density operator is given by
T =) e ml(r) . (2.78)
We then obtain
(E) = ZEi(ri. D / e (0, 0 (g, 1Y) . (279)
—o0
Finally, the current density is found to be

t

e2 . .
Jor)) = —Ex(r;, e / df' = ([P (v, 1), JF (—q, 1)])

< (Ki(r))Ex(r;, 1) (2.80)

e
0]
The local conductivity is then given by

(/2(r))
Ex (ri l} t)

Uxx(ris w) =
2

t
= & iar / di' e (P (x;, 1), P (—q. 1))
w —00

;2
— (K (r) - (2.81)

To eliminate the atomic fluctuations, we take an average over the spatial variable r;
and obtain the conductivity

ie?

_ e_2 ! / iw(t—t") 1 P Po _
0@ 0) = o [l @ e ) - (k)

where

(K) = 3 Y (Ku(e) 2.82)
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Since the correlation function in Eq. (2.82) is only a function of the time difference
t — ', we can express the conductivity as

ie?

A g P
o(a.0) = 2 [ e UL 0.9 . 00) = ()

2

= e_[i / dif(t)e ([J2(q. 1), JZ (—q. 0)]) + (qu

iw| N J_o

2
= L [-Mu(q.0) + (K] . (2.83)
1w

where we define the retarded correlation function of the particle current operator as

Mala,) = =00 (17 (@.0.77(-q.0)) .89

with its Fourier transform

M. (q,0) = / - dte™' IT,.(q, 1) . (2.85)

—00

The frequency-dependent, uniform electrical conductivity is given by taking the
limitq — O:

2
(@) = l.%[—nxx(q =0.0) + (K.)] . (2.86)

The dc conductivity is obtained by taking first the limit ¢ — 0 and then the limit
w — 0.

2
Oxx = — lim .e_[_nxx(q = O, C()) + (KX)] . (287)
w—>0 1w
Be reminded that the order of these limits cannot be reversed.
Similarly the transverse conductivity can also be derived as:

2
0o(q. ) = l%[—nxy(q, ). (2.88)

It is convenient to calculate the retarded correlation function in the Matsubara
formalism. First define the equivalent current-current correlation function in the
Matsubara formalism:

1
Mg, 7) = = (Tel{ (@, 07 (—4,0)]) (2.89)
B
(g, i) = / dré” M (q. 7) | (2.90)
0



2.1 Derivation of BdG Equations in a Tight-Bind Model 51

where w, = 2nnT since the current density operator is regarded as a bosonic
operator acting as a composite particle. The Matsubara function is evaluated as best
one can. Then the desired retarded function is obtained by performing the analytical
continuation iw, — w + i6:

I.(q, ) = I1(q, i, — @ + id) . (2.91)

Technically, we always write the conductivity formula as:

0u(q. ) = ﬁ[—nm(q,w) + (K] . (2.92)
and its uniform counterpart
6‘2
Oul0) = 1 - Tala = 0.0) + (K] (2.93)

If the numerator approaches a finite limit as @ — 0, the real part of o, (w) will
contain a delta function contribution D§(w) with the “Drude weight” given by

D

o*
2 4rm

= —(K\) + (g = 0,0 — 0) , (2.94)

with p* an effective density of the mobile charge carriers in units of their mass. This
implies a zero resistance state.

In a superconductor, the Meissner effect is the current response to a static, i.e.,
@ = 0 and transverse gauge potential q - A(q,&w = 0) = 0. In this case, the
electric field E = 0. When we only apply a transverse electric field along the x-
direction, we should have ¢,A,(q, w = 0) = 0, which requires g, = 0. Following
the same procedure as before, we can find the expectation value of the electrical
current operator

t

(J2(r)) = ie*Ay(r;)e ™ / di' (|72 (v, 1), JF (—q. 7))

+e* (Ko (1)) Ax(r:) . (2.95)
We then have
iﬁj(?i = e /_too dr' (7 (xi,1), 2 (—a, O))) + (Ku(x) - (2.96)
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By performing an average over the spatial variable r; to eliminate the atomic
fluctuations, we define an effective “Drude weight” as

Dy _ pf
e Ax

= _(Kx> + Hxx(Qx =0, qy — 0,0 = O) . 2.97)

The quantity Dy measures the superfluid density in units of the mass. The crucial
difference between p* and p is the order in which the momentum and frequency
approach zero.

For a superconductor, we perform the BdG transformation:

o= ) (Whya—ovp*y)) . (2.98)
n(E,>0)

The kinetic energy can be found readily:

(Ko) =—— Z{f@) WE Ul el + (I —fE)V]y v +ecly . (2.99)

lVl(T

However, the re-expression of the current-current correlation function is much more
tedious. In the expansion form, the commutator:

V2(q.0.J0(=q.0)] = (i? Y > e A+ B+ C+ D], (2.100)
l'o— i/o-/
where
A = [CL_)Q'G (t)cia (t), Cj/_i_)?’a/ci’a’] ) (2101)
B=—cl, i, (0cio(0).c)peiii0r] . (2.102)
¢ = [C:'ra (t)ci+)?,a (), Cj/_i_);ﬁ/ci/a/] s (2.103)
D = [l (Ncisio (D). Chpcriiol . (2.104)
with

¢l e s Dea() = Y 1S v (1) = 0l ¢y () W2y (1) — oY) (1))

ny.ny

_ ny* L(En —Ep, )t _ ny* ny* L(En +Ep) )t
2 :[ut+xa Uige ™™ 27V, 1)/"2 OUitioVio € : ? )/nl)/nz
niny

—i(En +Ep,)t ni nz* —i(Ep, —En))t T
_O-vH—faul(Te ny ny )’nl)’nz + Ul—|—,€avlo ny ny )/nl)/nz] s

(2.105)



2.1 Derivation of BdG Equations in a Tight-Bind Model 53
and
Ch (Do () = Y (Wl y) (1) = oV yu 0V vy () — 0025y (0)]
ny,ny
= Dl @ TEy yy — g VI BBy Ly,
nyiny
_O—UZTI ”742-;:06 i(En +E,12)ty Vny + Utnal 1”_12_’;(76 l(Erq_Enz)tynl yjz] )
(2.106)
Using the following relations
(i Vue Vi vmd) = (i v ) = v ) Sy - (2.107)
([y”l ynzv Vns J/n4]> = _((VJI ym) - ()’,LJ/nz))5n1n3 8"2"4 ) (2108)
([ynl ynzv Vns J/Vl4]> ( ning nzn3 - 8”1"38}12"4)((]/;1 )’n1> - (ynzerz)) ) (2109)
([an Vnys yn3 VM]) = ( ning n2n3 - 8n1n38n2n4)((yn1yrfl> - (Vrfzyru)) ., (2.110)
(Vi Vi vnd) = =Crm v = Y Vi) Smims Suon (2.111)
([ynl ynzv Vns J/n4]> = ((ynl VJI) - (ynzy,jz))gnlm;gnzm s (21 12)
we obtain
= D D gt IR (7 ) = (i)
niny
_u:l-:(guw Z(Enl_EHZ)t /+x U/Ul’g ()/2:1 ynl) - (ijynz))
+aa/u7-1|—*;avlnfrz*el(Enl+En2)t ' +X, U’ut’o’ <)/Jl an) - <y”2y’:rz))
_O-O_/M:l-:cgv:?* el En TER), :11+x O—/M’g‘/((ynl)/'“) _ (ynzerz))
+oo’ U+ : Lt e_l(E"1+E"2)t 72-:)((7’1):1:: (J/m Vm) - (]/;2)/"2»
—00" )L, e En T ER L () = (v )
~VL Vi e E I L (v v]) = (i)

+vn1 R U"Z*g_‘(Eﬂl_Eﬂz)t

i+x,0 i0

v, /+X g’vl/G/ (ynl )/,jl) -

(Ymyi D], (2.113)
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= Y [l e En TR () = (v Ym)
s R En TR () = (U Yan)
—00" w3, vig " E Il () = (Y p )
ool vt EnTENI W2 (] ) = (YY)
—o0"V!}, e En IR () — (Vi)
+oo' vl e EnTER N (Y v = (7 Ym)
O VEFe T ETER IR () = (YY)
—vl v Em TR i () = (YD) (2.114)
P AT A R (VA B (AR
Fup il S TERI ol () ) = (V7))
—o0 Ul s BBy () V) = (YY)
o0y vrEs S E IR L (i) = (V)
—o0 vigul ;e En R D () = (i Ye)
+o0 vl e Py "/ffm/v"z*((ymym) — (v, vm))
U VIR e T () = (Y i,)
—V Vi eI +xa/v,’31;f(<ymy;>—<yn2y,12>>], (2.115)
Dol TR (v ) = (v v)
—U U e EnTER I yRE () = (v Ym)
+oouy T e EnTERYE (vl va) = (Vi)
—o0 gV ST ERII R (v V) = (v ¥)))
oo vl e EnTER I (V) ) = (Y vm)
—00 VU, e EMTER (v y]) = (v V)
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ny % e—i(Enl—Enz)t nyx ny

i T
—V._V i /uz/+xa ((J/m J/nl) - (ynzym))

io Vi+x,0

+Ulnal Utn-lz—i - —l(Enl _Enz)l‘ ﬂ2 /v;fl_:x o (()’m J/;l) el ()/nz ]/;2))] . (21 16)

By defining
A () = Ze W — ] 2.117)
Bum(Q) = Zoe S T T 2.118)
Coymy (@) = Zoe R T VAT (2.119)
Dy (@) = Y e M0l Wit — v ], (2.120)
io

we find the current-current correlation function

_ 1 ni nz(q)[ Anl n2 _Dnl,nz(_q)] ¥ ¥
M.(q.0) = —]—VZ{ e T () = ()

By iy (=B, ., (@) — Cpy iy (—Q)]
o+ (B, + Enz) +i8

nl 12 (q)[ n1 n2 Bnlan (_q)]
—(E,, + Enz) +i8

Dy iy (q)[ Dy (@) — Ay oy (—q)]
®— (E, —E,) +i

1 ni,ny (q)[Anl 1 (q) + Dnl,nz (_q)]
:_Z{ ® + (Ep, — Epy) + 18

((V;jl Yo ) — (VnerL))

(Ym¥i) = vm))

((ym VJI ) - ()’nzy;z))

[f(Eﬂl ) _f(Enz)]

ny,ny

n1 M2 (q) [Bm n (Q) + Cn1.,nz (—Q)]
®+ (E, +Ey) +i6

Cyny (q)[ o (@) + By, (—@)]
—(Eq +Eny) + i6

n1 n (q)[Dnl o (q) + Anl,nz (_q)]
w—(E, —E,)+i

[f(Em) _f(_Enz)]

[f(_Eﬂl) _f(Enz)]

[f(_Em) _f(_Enz)] . (2121)
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Using the symmetry relation of eigenstates for positive and negative eigenvalues
in the BdG equation, we can write the I1,, in a simplified form:

1 Anl 2 (q) [AZI o (q) + Dnl N2 (_q)]
x|

Mu(q.0) = © e e (AR B

(2.122)

ny.ny

where E, cover all eigenvalues from the BdG equation.
For the optical conductivity and charge stiffness, we set @ = 0 and obtain:

_ 1 Anl,nz [A;:l,nz + Dnl,nz]
)=y Z% w0+ B — Byt 80 ) _f(E"z)]} : (2.123)

ny.ny

where A = A(q = 0) and D = D(q = 0).
For the superfluid density, we first set = 0 and obtain

Hxx(q%O):iZ EAC Il mn(@—0) o (—q = 0)]
N Enl _Enz

X [f(En,) _f(Enz)]} . (2.124)

An alternative derivation of the optical conductivity and superfluid can be carried
out within the Green function method, which is left for the readers to explore as an
exercise. The above formulae for optical conductivity and superfluid density are
particularly useful for the study of inhomogeneous superconductors.

2.2 Solution to the BdG Equations in the Lattice Model
for a Uniform Superconductor

We consider the case in the absence of spin-orbit coupling and other spin-flip
scattering effect, and assume only a superconducting order is present in the system.
In the nearest-neighbor hopping approximation for the tight-binding model of a
cubic system, the normal-state single-particle energy dispersion is given by

ex = —2t(cos kca + cos kya + cosk.a) , (2.125)
for a three-dimensional cubic lattice, while
ek = —2t(coska + cos kya) , (2.126)

for a two-dimensional square lattice. Here a is the lattice constant and ¢ is the
nearest-neighbor hopping integral. From these dispersions, the normal-state density
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Fig. 2.1 Normal-state single-particle density of states for a two-dimensional (a) and three-
dimensional (b) system. Lattice size is chosen to be 400x400 for the 2D system and 200x200x200
for the 3D system. The intrinsic lifetime broadening I" = 0.05 is used for the calculation

of states can be numerically evaluated. The results of normal-state density of states
are shown in Fig.2.1. As one can see, for the 2D system, the DOS exhibits the
van Hove singularity. The strong energy dependence of this DOS will influence the
magnitude of the superconducting order parameter. For high-temperature cuprate
superconductors, the electrons are mostly confined into a two-dimensional Cu
square lattice and the energy dispersion for the low-energy Cu-3d electrons usually
includes the next-nearest-neighbor hopping

ex = —2t(cos kya + coskya) — 41’ cos kya coskya . (2.127)

We consider a pristine 2D superconductor with an s-wave or d,»_»-wave pairing
symmetry. In this case, the system is invariant under a translation with a lattice
constant a of the square lattice, and the BdG wave functions take the Bloch
wavelike:

1 ik-r;
U = ue™ " (2.128)
VN
1 ik-r;
v, = ve™ ", (2.129)
VN
which gives rise to
Exux = &ux + Agvy , (2.130a)
Exvix = —&kvk + Agug . (2.130b)

Here

fk=€ex— (2.131)
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and
Ax = A (2.132)
for the s-wave pairing symmetry while
Ay = (Ay/2)(cos ka — cos kya) (2.133)

for the d-wave pairing symmetry.
A little algebra yields to the eigensolutions

(0) ik
) = (8 2.134
( o ) ( ; LO) ) ( )

corresponding to the eigenvalue

Ex =/ £+ | Axl? . (2.135)
(0) IQK

) — | T ¢ 2.136

(Uk) ( u® ) ( )

corresponding to the eigenvalue —Fg. Here the BAG wave function amplitude is
given by

and

: (2.137)

1 &k
(u,@) [il-8)
o | =
Uk 1 £
5(1 —E_kk)

and g is the phase angle of Ag. Therefore, we obtain the self-consistency equation
for the pair potential

1 Ay Ex
Ay = — Vy— tanh , (2.138)
N " 2Ex 2kgT

for a three-dimensional s-wave superconductor with the quasiparticle excitation

energy Ex = /&2 + AZ; and

1 Aq Ex
A :—E:V ka — cos kya)? —= tanh , 2.139
d N, a 4(cos kya — cos kya) T an ( ) ( )

2kgT
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Fig. 2.2 Temperature dependence of the superconducting order parameter for an s-wave (a) and
d,»—y2-wave (b) pairing symmetry for various values of chemical potential in a 2D tight-binding
lattice model with nearest-neighbor hopping. Lattice size is chosen to be 400 x 400 for the
calculations. The energy and temperature (kg7 and kg is set to 1) are measured in units of ¢
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Fig. 2.3 Density of states for a pristine 2D superconductor with s-wave (a) and d,»_,2-wave (b)
pairing symmetry. A square-lattice tight-binding model with normal-state single-particle energy
dispersion given by Eq. (2.127) is used. The parameter t = —0.3f and u = —t, and A; = A; =
0.2¢ are taken. Lattice size is chosen to be 4096 x 4096 and I" = 0.001z is used for the calculations

for a two-dimensional d,2_>-wave superconductor with the quasiparticle excitation

energy Ex = \/ Elf + [%(cos kea — cos kya)]?. In Fig.2.2, the temperature depen-
dence of superconducting order parameter for various values of chemical potential
is shown. The results show that the zero-temperature superconducting pair potential
and transition temperature are dependent on the location of the chemical potential,
at which the intensity of density of states is tuned. In the 2D tight-binding model
with nearest-neighbor hopping, the van Hove singularity occurs at the normal state
energy € = 0. In Fig.2.3, we show the typical feature of density of states for a
2D superconductor described by a square-lattice tight-binding model. The normal-
state single-particle energy dispersion given by Eq.(2.127) with / = —0.3t and
a chemical potential & = —t are considered. For the s-wave pairing symmetry, a
well-shape characteristic as marked by the superconducting coherent peaks around
the Fermi energy at E = O is exhibited in the density of states. Instead, for
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the d,2_,2-wave pairing symmetry, a V-shape characteristic is exhibited in the
density of states around the Fermi energy, which arises from the gapless nodal
quasiparticles. In addition, the normal-state van Hove singularity peak is shifted
by the superconducting gap opening.

2.3 Abrikosov-Gorkov Equations in the Lattice Model

Similar to the continuum model, we can also establish the Abrikosov-Gorkov theory
in the lattice model. Here we generalize it to include the effects of spin-orbit
coupling and spin-flip scattering. We first define a 4-component spinor field operator
in the Nambu space

cir(7)
d(7) = zig; , (2.140)
ol (@)
and
9/ (0) = (0 ¢, () (@) ey (@) . 2.141)
where the electronic operators
Cio(1) = eIty o= Hart/h (2.142)
cf (1) = eHatlhe] o=/t (2.143)

are defined in the imaginary-time space and %y is given by Eq.(2.5). Note that

c;ra (t) # [ciy (1)]T. We then introduce the real-space Green’s function in the lattice
model as

G (itsjr') = —(T(Fi(x) @ ¥ (7)) ,
= —0(r — ) (¥(0) ® F/ () + (7' — (¥ () ® Wi(D)) . (2.144)

Therefore, in an expanded form, it becomes

G (itsj7')
—(Te(cip (D)l () =(Teleir (D], (1)) =(Te(eip (D)ejr (7)) =(Te(erp D)z ()
—(Te(eig (D)e}y () —=(Te(eiy (2)e], (7)) =(Te(eiy (D)ejp () —(Te(ein () (1))
—(Te(cly (D)l () —=(Te(ely (D)e], () =(Te(ely (D) () —=(Te(ely ()0 ()
—(Te(c], (D)l () =(Te(e], (D)e], () =(Te(e], (D) () =(Te(e], (D)0 ()

(2.145)
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Since the trace is unchanged upon a cyclic variation of operators, we can easily
prove that the Green’s function is a function of the difference t — 7/, that is,

Gt jiY=93G,jt—1), (2.146)

with T — 7’ restricted in the range of [—8, 8] and the factor 8 = 1/kgT. Therefore,
the Fourier transform is given by

B )
G (i, iw,) = / dre"'9(i,j: 1) (2.147)
0
1 )
Y(iji1) = 3 > e (i jriw,) . (2.148)
where the Matsubara frequency w, = (2n 4+ 1)wkgT/h withn = —oo,...,—1,0,

1,...,00.
Using the equation of motion for ¢;,(t) and cja (7):

3200 e ), ) (2.149)
.
—hw = [ch (), Ay (2.150)

and Eq. (2.10), we can obtain the equation of motion for the Green’s function

Y My()9 (i) =88 — )i, (2.151)
j/
with
— 328 = hirjr ; ~hitjy 0 —4;
. —hivjt =5l —hyg A 0
M,"(T) = ! o * ! a Tk 7 %
! 0 . —4j _%&flj s it ) —hiw*
—4j 0 v Tadi T

(2.152)

for the spin-singlet pairing case, and subject to the self-consistency condition:

Ay =

\%
—5[%4(1'1' — 7 401, ji') —%s(it > ' + 0T, j7)] . (2.153)

14
A = _5[%1@ — ' 40", i) —G(it > ' + 0T, j1)] . (2.154)
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In the absence of the spin-orbit coupling and spin-flip scattering, we can decouple
the equation of motion for the Green’s function into two sets:

Z __51// — hip jit -4y (gll(j/'f;jfl) gm(j’ﬂjfl))
-4 —L8y + h oy ) \%ai(J' ') Gaa(j' s jt’)

7

= §;8(r — )1, (2.155)
and
Z — L8y —hiy gy ) —4yi (%zz(j/f:jf/) %3(J'/T?J'T/))
Ay =585 T 1y iy ) \ G5 jt") D33 (J T3 5T)

i

J

= §;8(t — 1)1 . (2.156)
In this case, either one of the above two sets of equations of motion is sufficient to
solve the whole problem. More interestingly, there exists a close relation between
the Green’s function and the BdG eigenfunctions. Specifically, with the time

dependence of the quasiparticle operators:

Ya(T) = ype Bt/ (2.157)
y,f(r) = yTeE”t/h (2.158)

and the canonical transformation, we can obtain for the most general case the
following matrix elements of the Green’s function

Gi1(i.jiT) = —0(x) Y[l f(=Ep)e ™ ™ 4 vlF vl f(Ey)e/*]

+0(=) Y Wy f(Ee ™/ vl vl f(=Ee™ /™ (2.159)

and

ualii7) = ~0(0) ) [y f(En)e™ " + iy (B

+0=0) D W EDEP 4 o (Ee .
(2.160)
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It is straightforward to obtain the Green’s function in the frequency domain
ph
G131, J; iwy) = / dte"4,(i,j; 1)
0
- _Z[MIT f(—Ey) / drelionEn/h)e

g
+Uln/F< nf(En)/ d'lfe(lw"+E"/h)r]

_ 7T JT Bh(iwn—En/k) _
- Z{ ) 1

vn*
it Uit Bh(ion+En /) _
—f(E 1
iw, + E /hf( n(e )}

s Ui U 5 16
_ Lo 161
Z[za)n E,/h twn+En/hi| ( )

and

Bh )
Gaa (i, J; lwy) = / dre "Gy (i, j; 7)
0

_ Z[u nl,f(E )/ dte(lwu'i‘En/h)T

-G-vl¢ N f(— E)/ dre(”"”+E”/h)r]

n*n

ll/ jif Bh(iw,+E,/h) _
- _z : E, 1
n { Wy En/hf( )(e )

n n*

V. .
+- i\ j¢ f(En)(Eﬂh(lw”_E”/h) _ 1)}
iw, — E,/H

n*n

4 o vflvf‘f
= it A . 2.162
Xn:[iwn + E,/h + iw —En/h:| ( )

n

Other matrix elements of the Green’s function can be evaluated in the same way,
which are left for exercise.
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In the absence of the spin-orbit coupling and spin-flip scattering, we can rewrite
the Green’s matrix elements as

e vt
(i i) — it Y it ) 2.163
11(i.J: iwn) Z[iwn—Em/h +l.wn+EﬁZ/hi| ( )

and
! w2y O
. 1~L li« l‘l’ ]i’

oy = S Y _ 2.164
w(in]: ieon) Z[la)n+Eﬁ2/h * lwn_Eﬁl/hi| ( )

7

In summary, we have demonstrated that once we know the eigensolution of
the BAG equations, the Abrikosov-Gorkov Green’s function can be expressed
rigorously. Conversely, if we know the solution to the Abrikosov-Gorkov equations
of motion for the Green’s functions, the local density of states can be calculated as

1
pir(E) = s Im[%,, (i, i; iw, — E/h + i07)]
b

/

> [ P8(E — Exp) + [WEPS(E + Ep)] . (2.165)

n

and

piL(E) = %Im[%m(i, i; —iw, — —(E/h +i01))]

/
=Y (W} P8(E — Ep) + 0]} P8(E + Ep)] - (2.166)

The above expressions for the local density of states are the same as those given in
terms of the eigensolution to the BAG equations (2.47). As we will show in later
chapters, the Green’s function technique is very useful and convenient for some
situations.
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Part 11
Bogoliubov-de Gennes Theory:
Applications



Chapter 3
Local Electronic Structure Around a Single
Impurity in Superconductors

Abstract In this chapter, I am going to discuss the local electronic structure around
a single impurity. Both the nonmagnetic and magnetic impurity scattering in con-
ventional s-wave and unconventional d-wave superconductors will be considered.
The local electron density of states and the existence of impurity bound or virtual
bound states will be explored. The possible realization of Majorana zero-energy
modes is discussed for the case of electrons coupled to a spin chain in an s-wave
superconductor. These results have a direct relevance to the STM measurements.
The results will also be compared with the T-matrix method.

3.1 Introduction

The local electronic structure around a single impurity in a superconductor can
provide unique information about the superconducting pairing symmetry [1].
The obtained local density of states can be directly measured by the scanning
tunneling microscopy (STM) nowadays. The STM technique has made a significant
stride in understanding the pairing symmetry of unconventional superconductors.
Theoretically, the study of local electronic structure around a single impurity is
also a very important step toward understanding the disorder effect on the bulk
superconductivity. The impurity scattering can be either static, which we usually
treat as the potential scattering, or dynamic like magnetic impurity or electronic
scattering off a local vibrational mode, both of which has internal degrees of
freedom. The dynamic scatters cause the inelastic scattering effect of electrons. Here
we limit the discussions on the elastic scattering off potential scatters and without
loss of generality, consider two-dimensional superconductors, which are described
by a tight-binding model on a square lattice.

3.2 Yu-Shiba-Rusinov Impurity States in an s-Wave
Superconductor

The condition for the existence of bound state and the spatial oscillations of
order parameter and electron density was first studied by Fetter [2] around a
spherical impurity in an s-wave superconductor. The existence of bound states due
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to resonance scattering in an s-wave superconductor was also considered in an
Anderson impurity model by Machida and Shibata [3], Shiba [4], and Machida [5].
For these cases of nonmagnetic impurity scattering, because the product of the bulk
superconducting order parameter and the density of states at the Fermi energy is
too small (of the order of 1073), the bound state energy is essentially located near
the gap edge. However, the situation becomes very different in the presence of a
single magnetic impurity. The quasiparticle scattering off a classical spin was first
studied by Yu [6], Shiba [7], and Rusinov [8, 9], who predicted the existence of
in-gap bound states, with the energy depending on the exchange coupling between
the classical spin and conduction electrons.

The Hamiltonian for an s-wave superconductor with a single-site impurity can
be written as

H =Y —ty—uSilel cio + Y _[Aichcl +Hel+ Y (e +J0)chco, . (3.1)
ij,o i o

In principle, as we discussed in earlier chapters, the pair potential A; should
be determined self-consistently. However, at this moment, we neglect this self-
consistency and approximate this pair potential by that for the pristine system. As
such,

Ay = DIt = mbileicio + 3 [Aich e, + Hel

ij,o
= Z Ekclackg + A Z[CIT(TCT—M +Hcl], (3.2)
ko k
and
Hip = Y (&1 + J0)ch o - (3.3)

Here ¢; and J are the strength of the nonmagnetic and ferromagnetic impurity
scattering, respectively. Figure 3.1 shows the relative strength of potential in spin up
and down channels. In this case, it is particularly convenient to solve the problem
in the T-matrix method. By following procedure given in the previous chapter, the

(@ g+ (b)

Fig. 3.1 Relative strength of the impurity potential in spin up (a) and spin down (b) channels
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Abrikosov-Gorkov equations of motion for the Green’s function corresponding to
the Hamiltonian equation (3.1) is found to be:

> liwndiy60 — hip) (i ion) = 860 + VimpSio 9 (0.j: i) . (3.4)

i

Because of the non-spin-flip scattering considered here, the Green’s function has
been re-defined from Eq. (2.155) as

(3.5)

9.7y = (—(Tf(ciT(t)Q:T)) —(T+ (e ()¢ ¢))) |

—(Te(c], (D)el)) —(Te(e], (D)e))

which is a 2 x 2 matrix in the Nambu space. In Eq. (3.4), the impurity scattering
matrix is written as

Vimp = €163 + J0y , (3.6)

with the identify matrix

6o = ((1) (1)) , (3.7)

and the third component of the Pauli matrix

n 10
= ) 3.8
03 (O _1) (3.8)
The single particle Hamiltonian is also a 2 x 2 matrix
by = (_t’if' — ey A ) . (3.9)
Ay tj + [LSU

On the other hand, we can also have the Abrikosov-Gorkov equations of motion
for the Green’s function corresponding to the Hamiltonian equation (3.2):

> liwndiy 6o — hir)% (. ji iwn) = 8;60 . (3.10)

J

where 4, (i, ; iw,) is the Fourier transform of

@3.11)

olij ) = (—(Tf(cn(rx;))o —<Tf(ci¢(r)c,»¢)>o) |

—(Tf(cj¢ (t)ch))o —(T: (CL (Mo
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with subscript “0” for the statistical average and Heisenberg field operator c¢;s(7)
with respect to Eq.(3.2). Since the Hamiltonian equation (3.2) holds the spatial
translational invariance, we can find

1 .
Doli.fiion) = 3 Gl i)™, (3.12)
k

with

, -1
G (k; iw,) = [zwn ~S —4 }

—Ay  iw, + &
= ! ia)ﬂ + %‘k As )
B (ia)n - Ek)(i(l)n + Sk) - A? ( As iwn _ Sk : (313)

In a tight-binding model up to the next-nearest-neighbor hopping, the single particle
energy dispersion is given by Eq. (2.127) and

k=ex— U . (3.14)

The wave vector in the square lattice is given by k = k.e, + k,e, with k, , = ?TZ"M

and n,, running from —N,,/2 to N, /2 — 1, the lattice vector in the direct space is
given by r; = i.ae, + iyae, with the integers i, , running from—~N,,/2 to N, /2 — 1.
The unit vectors e, , are along the bond direction of the square lattice and the N; =
N;N;.

From Egs. (3.4) and (3.10), we can obtain the recursion relation:

G (i, iw,) = (i, ; iwy) + Z%(z’, 73 10)Vinp8i09 (J . Ji iwp)

j/

= %0(i. j: iwn) + Go(i, 0; i) Vinp% (0, i i) . (3.15)
From Eq. (3.15), we can evaluate the Green’s function with site 7 at the impurity site
G(0.j:i0n) = %o(0.: iwn) + Go(0. 0: i) Vinp@ 0.z iwy) . (3.16)
which leads to
G(0.j: iwn) = [60 — %o(0. 0; iwn) Vispl %0 (0, ji i) - 3.17)
We then substitute Eq. (3.17) into Eq. (3.15) and arrive at

Y (i, iwn) = %(i,]; ion) + %0, 0; iwn)f,-mp(ia),,)go(o,j; iwy) , (3.18)
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where the T-matrix is given by

Tl (iwn) = [Vl — 90(0, 0z ie0,)] " . (3.19)

imp

With the matrix Vimp given by Eq. (3.6), we can determine the 7T-matrix to be

. 1 D (iw,) DG (iwy)
Timp (i) = —ats R B , (3.20
p(ieon) (iw,) ( G liw,) =7 — 9 (w,) )
where
. 1 . . . .
(i) = (m 4 (zwn)) (—e, - %%(zwn)) — G i) (i)

(3.21)

Here we have abbreviated the Green’s function % (0, 0; iw,) as 4°(iw,). The pole
of the T-matrix with

I(iw, > w.) =0, (3.22)
determines a true or virtual bound state induced by the impurity scattering.

Physically, the most direct measure of the possible existence of this kind of states is
through the calculation of local density of states (LDOS):

pi(E) = pip(E) + piy (E)

1
——Im[%, (i, is iw, — E +i0") — % (i, iz —iw, — —(E +i0%))] .
e
(3.23)

which follows from the discussion in Chap. 2.

In Fig. 3.2, we show the energy dependence of LDOS around a single zero-ranged
potential scatter in an s-wave superconductor defined on a two-dimensional lattice.
The results are obtained within the 7-matrix theory, where the self-consistency
on the superconducting pair potential is neglected. The lattice is described by a
tight-binding model with the hopping parameter included up to the next-nearest-
neighbors. As is shown, the shape of LDOS for the nonmagnetic impurity remains
similar to that for the pristine case (i.e., no impurity scattering). Its intensity on the
impurity site (see Fig. 3.2a) suppressed significantly while the LDOS intensity on
the nearest-neighboring site to the impurity shows almost no change compared to the
pristine case. However, in the presence of a ferromagnetic potential scatter, in-gap
quasiparticle states are induced. They are revealed as peaks in the LDOS inside the
superconducting gap (see Fig. 3.2b). The location of these in-gap states is dependent
on the exchange coupling strength. It first moves toward the Fermi energy with the
increased coupling strength and then crosses the Fermi energy when the coupling
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Fig. 3.2 Local density of states around a zero-ranged nonmagnetic ((a)—(b)) and magnetic ((c)—
(d)) potential scatter in an s-wave superconductor defined on a two-dimensional square lattice. The
left column is for the LDOS calculated at the impurity site while the right column is for the LDOS
calculated at a site nearest-neighboring to the impurity site. For the nonmagnetic potential scatter
((@)—(b)), we take g; = 1t (black), 2t (red), 10t (green), and 100t (blue) with J fixed at 0. For the
magnetic potential scatter ((¢)—(d)), we take J = 0.01z (black), 0.5t (red), 1t (green), 2t (blue),
and 3t (maroon) with g; fixed at 0. Here we have used a tight-binding model up to next-nearest
neighbor hopping with #/ = —0.27 and ;- = —0.8¢. The pair potential is taken as Ay = 0.2¢. The
broadening parameter is y = 0.005¢

strength is further increased. In addition, the spectral weight of the particle and hole
in-gap states on the impurity site is nearly symmetric while noticeably asymmetric
on the nearest-neighboring sites.

As we have shown above, the T-matrix theory is quite convenient for the
study of local quasiparticle properties around a single-site impurity in a uniform
background of superconducting order parameter. Rigorously, the superconducting
order parameter can be modified near the impurity. In this case, one needs to
solve the BAdG equations self-consistently. Since a single-site impurity breaks the
transitional invariance in space, a very large system size should be considered at
a first glance, which presents the computational challenge for diagonalization of
the system Hamiltonian. In practice, since the superconducting order parameter
around a single impurity varies at a length scale of the superconducting coherence
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length &, which is inversely proportional to the superconducting energy gap, we
can consider a finite area around the impurity. However, this is not generically
true for the quasiparticle states, which can be extended into a region further away
from the impurity site. To accommodate these conditions, one can use a supercell
technique. We now consider the single impurity problem as an example of how
to use the technique. Consider the supercell containing a single impurity located
at the center on a two-dimensional lattice. The cell size is N, x N,. Therefore,
the entire system now consists of a repeated stacking of these supercells. When
the supercell size is sufficiently large that the quasiparticle states induced by the
single impurity do not overlap between two nearest-neighboring supercells, the
physics from this superlattice should mimick the problem of a single impurity in
an otherwise pristine system. For the superlattice, we can apply Bloch theorem to
write the BAG wavefunction as

i oK RET)

1
Uic = = 7(7
v = 5 gy (3.24)

Here M = M, x M, with M N, and M,N, the linear dimension of the entire system.
The symbol i labels the sites in a given unit cell. The Bravais lattice R = I.N,e, +
I,Nye, with I,(,) integers and e,(,) unit vectors along the x and y-bond directions. To
simplify the discussion, we have taken the unit length a = 1. Subjecting the above
Block wave function to the periodic boundary condition leads to the wave vectors
corresponding to the supercell

K = K,e, + Kye, , (3.25)

where K, = 2nn,/MN, and K, = 2mn,/M,N, with n, = —M,/2,—-M./2 +
..., M/2-2,M,/2—1andn, = —M,/2,-M,/2+1,... M,/2—-2,M,/2—1
for M, and M, even integers. Upon substitution of Eq.(3.24) into Eq. (2.44), we
obtain the BdG equations in a tight-binding model with hopping integrals up to the
next-nearest neighbors:

E,(K)ut, (K) = Z hip sy @ T ) + At (K) | (3.26)
8
E,(K)v!, (K) = Zhl¢ It v 51 (K) + At (K) | (3.27)

subject to the self-consistency condition:

__ U »(K)
A= 2 iy (K)vf" (K) tan h( 2kBT) : (3.28)

Once the self-consistent solution is obtained, the local density of states in a given
supercell is then evaluated according to
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_ 1 n 2 n 2
pilE) = ;[IM;T (K)PS(E — E,(K)) + [v2) (K)PS(E + E,(K)] ) (3.29)

Figure 3.3 shows the self-consistent solution of a single impurity in an s-wave
superconductor. As we can see, in the presence of a unitary non-magnetic impurity,
the superconducting order parameter is indeed strongly suppressed at the impurity
site. However, no impurity bound states exist. Instead, in the presence of a ferro-
magnetic impurity, the superconducting order parameter is suppressed even with an
intermediate exchange coupling. In this case, the quasiparticle peaks with energies
inside the gap are exhibited in the local density of states. The results are qualitatively
consistent with those obtained within the 7-matrix theory, suggesting the in-gap
states are of Yu-Shiba-Rusinov origin. Therefore, this example demonstrates that the
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Fig. 3.3 Self-consistent solution to a single impurity in an s-wave superconductor. The fop row
displays the results of the spatial variation of the superconducting order parameter and the local
density of states for a nonmagnetic impurity. The bottom row displays those for a ferromagnetic
impurity. For the local density of states, only the results on the impurity site (red line) and on the
site nearest neighbor to the impurity site (black line) are plotted. The calculations are carried out
for an s-wave superconductor defined on a two-dimensional square lattice. The pairing interaction
is taken to be U = 1.5¢ and the temperature 7 = 0.01¢. The supercell size has the dimension of 21
by 21. The nonmagnetic impurity potential strength €; = 100 while the ferromagnetic impurity
potential / = 1¢. Here we have used a tight-binding model up to next-nearest neighbor hopping
with ¥ = —0.2¢ and y = —0.8¢. The broadening parameter is y = 0.01¢
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fully self-consistent BAG approach can provide more insight into the local electronic
structure of a superconductor.

3.3 Majorana Fermion in an s-Wave Superconductor
with a Chain of Localized Spins

As we know, the conventional fermions come with a pair of the creation and
annihilation operators, (c', ¢), satisfying the Fermi-Dirac anti-commutation rela-
tions {c,c'} = 1. The operators ¢ and ¢’ are not self-adjoint but they are the
adjoint of each other. In contrast to these complex fermions, Majorana fermions
are real-valued fermions, that is, they are their own anti-particles and self-adjoint
with the property of ¢/ = c. Although these particles may or may not exist in
nature as elementary particles, there is intensive interest in their realization in solid
state systems [10—13]. In particular, it is proposed that the Majorana fermions can
perform better than the complex fermions in keeping the quantum coherence and are
proposed as basic building units for quantum computation [14]. For the realization
of Majorana fermions in superconductors, a natural strategy is to use the zero-energy
or midgap Bogoliubov excitation modes. This observation follows from the particle-
hole symmetry of Bogoliubov quasiparticles as evident from the BdG equations:
The quasiparticle operators y(E) and y(E) are related by

Y(E) = y'(-E) . (3.30)

When the quasiparticle excitation energy is zero, we obtain y = T, suggesting
that the particle is its own antiparticle. The search of midgap excitations with the
character of Majorana fermions has been made in chiral p-wave superconductors in
early years [15, 16] and more recently revived with new proposals [17]. A specific
system of interest is that a chain of magnetic atoms on surface of a conventional
s-wave superconductor. It has been shown [18-20] that when the magnetic atoms in
the chain form a spiral with the correct pitch, the Yu-Shiba-Rusinov states discussed
in previous section can give rise to an effective one-dimensional topological
superconductor with Majorana fermions bound to its ends. A schematic setup is
shown in Fig. 3.4. The model Hamiltonian is given by

i€l

H = Z(—l,:i — (Szjjll)cjacjo +J Z S; - (C}LUO'UG/C,-G/)
ijo
+ E[Aichcj¢ +Hel. (3.31)

Here the s-wave superconducting pair potential is defined in the BCS mean-field
approximation
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Fig. 3.4 (a) Schematic picture of a chain of magnetic impurities adsorbed on the surface of an
s-wave superconductor. Suppression of the superconducting order parameter A; from the self-
consistent BAG solution is also shown. (b) The tight-binding lattice with a row of magnetic atoms.
From [21]

A,’ = U(c,~¢c,~¢) s (332)

where U is an effective pairing interaction. The third term in the Hamiltonian
describes the exchange coupling with strength J of a chain of magnetic spins
with the superconducting electrons. We consider a two-dimensional lattice of the
dimension Ny = N, x N, for the s-wave superconductor, which lies in the xy-
plane, and choose the chain of the magnetic atoms aligned along the x-direction.
For the case that the magnetic moments form a coplanar spiral at wave vector G, the
classical spin can be written as

S: = S(cos Gx;, —sin Gx;, 0) , (3.33)
where (x;,y;) are the coordinate of site i. It represents the spin rotating in the x-y

plane. With a periodic condition along the x-direction, it is convenient to perform a
spin-dependent gauge transformation to superconducting electron operators:

Cioc —> Cig = Ciy exp[%ani] , (3.34)

which effectively aligns the local spin quantization axis for the conduction electrons
along the classical spin S; and leads to the Hamiltonian

H =Y (e 1700 — §)El G + ISy L 0% Ei)

ijo il

s 1
+ ) [Adhe, +Hel - 7 Al (3.35)

In the spin reference frame with spin quantized along the x-direction, the effective
hopping term becomes spin-dependent —tije_i"G(""_"f) and can be interpreted as the
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hopping with an effective spin-orbit coupling; while the last term in the first line of
the above Hamiltonian represents a uniform Zeeman field of the strength JS.

In the one-dimensional limit N, = 1, the entire system is translationally invariant
and the pair potential A is a constant. We can perform a canonical transformation

. 1 - ik
Civ = Croe™ 3.36
g m Zk: ko ( )

into the Block representation, where k is the wave vector in the first Brillouin zone
of the one-dimensional system. The Hamiltonian is then found as

H = Eiollyro + IS Y 607 B
ko

koo’

N
Ae & He]— —A2, 3.37
+Zk:[ Grllpy HHel =7 (3.37)

where the spin-dependent energy dispersion in nearest-neighbor hopping model is
given by

€ = —2tcos[(k + 0G/2)a]l — (3.38)

with a being the lattice constant. In the normal state (A = 0), the single-particle
energy dispersion of the system becomes

Ey =&+ £ /& +J2S*, (3.39)

where

E+ = %[’;’m +&y]. (3.40)

For k = 0,7 so that §,_ = 0, the quasiparticle has an excitation gap of JS, as
shown in Fig. 3.5. It implies that when the chemical potential lies inside the gap by
satisfying the condition

| + 2tcos(Ga/2)| < JS, (3.41)

there exists a single non-degenerate Fermi point in the right half of the Brillouin
zone. The Kitaev criterion [22] then tells that the system is a one-dimensional
topological superconductor upon turning on the small superconducting pair poten-
tial (A # 0). It turns out [23-25] that in the one-dimensional system, for
an optimized spin spiral pitch G, which minimizes the ground-state energy, the
condition Eq. (3.41) is always satisfied.
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Fig. 3.5 Normal-state energy
dispersion in the € (q) )

one-dimensional electron
system coupled to the
one-dimensional spin chain.
From [21]

For the two-dimensional superconductor, the translation invariance is broken
along the y-direction, that is, perpendicular to the spin chain, we can only rely on
the numerical simulations to solve the BdG equations

Zﬁ,qu =EY", (3.42)
j
where the matrix
hivgt hirgy 0 8y
2 hiyjr hiyjy 83Ai 0

Hj = A, , (3.43)
0 , 8y 4; _fiiTJT hgT*u
A7 0 g —hy g

and the eigenvector ;' = (”?T’ ”?V vf’T, v;i)Tra“SP"SC. Here the matrix normal-state
single-particle Hamiltonian matrix is given by

~ —l‘,"e_%G(xi_xf) — 5,",LL JS6;i
By = if ) if o iG(xi—x]») . . (3.44)
JS8;; tjez D — S

For the bulk system, the closed boundary condition is applicable and the system
is still translationally invariant along the x-direction, which allows us to introduce a
mixed representation through the transformation

1 o
U= —— ) W (ke (3.45)
/Nx %: y

The BdG equations can be block-diagonalized as
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hig gt (ke) iy () 0 8iyj, Ay it Uit
> iy gyt (k) Py (k) S’yfyA Y il E, i\
ol B e i
. A* n n
SlnyAiy 0 w T(k") i ¢Jy¢(k") ijJ, iy
(3.46)
with
hij, (k)
_ _liyjy + (—2l COS[(kX + G/2)L1] — /,L)S,‘yjy JSSiyjy
IS8, —tij, + (=2t cos[(k, — G/2)a] — u)éi;, .
(3.47)

With the aid of these eigensolutions, the ground-state energy can be calculated as a
function of the free-parameter G, that is E,(G), for a given chemical potential, from
which the spin spiral pitch G* can be determined. The typical results are shown in
Fig. 3.6 [21]. The strong suppression of the s-wave superconducting order parameter
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Fig. 3.6 Spatial variation of the superconducting order parameter A;, obtained through the self-
consistent solution to the BAdG equations (3.42) (a), the dependence of the ground-state energy on
the spiral pitch (b), and band structure on the longitudinal wave vector k, (¢) for various values of
the chemical potential 4 = 1.0, 2.6, 3.6. The system size is taken to be N;, = N, XN, = 100x20.
The other parameter values are chosen as U = 3.6, JS = 2. The energies are measured in units of
nearest neighbor hopping parameter t = 1. From [21]
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(see Fig. 3.6a) is seen along the spin chain. This superconducting potential quantum
well can trap low-energy quasiparticle states. For the chosen chemical potential
values, the optimized spiral pitch G. has the values of =, 0 and in between (see
Fig.3.6¢), corresponding to the antiferromagnetic, ferromagnetic, and topological
spiral phases. In all these phases, distinctive Shiba states are obtained (see Fig. 3.6¢).
These are described by the effective one-dimensional model and the Majorana zero-
energy edge modes can be induced in the system with open boundaries (i.e., at the
both ends of the spin chain).

3.4 Impurity Resonance State in a d-Wave Superconductor

The d-wave pairing symmetry, especially, d._»-wave pairing symmetry, has been
observed in high-temperature cuprate superconductors [26, 27]. As we have dis-
cussed above, the s-wave superconductivity is not so sensitive to non-magnetic
impurity potential scattering, by showing no existence of in-gap states. However,
for a d-wave pairing symmetry, the local electronic structure can be quite distinct
in the immediate vicinity of an isolated non magnetic impurity [28—40]. It has been
theoretically predicted by Balatsky, Salkola and co-workers [31, 32] that, in a d-wave
superconductor, a single nonmagnetic impurity can generate quasiparticle resonance
states at subgap energies. This prediction has been confirmed by scanning tunneling
microscopy experiments [41].

To demonstrate this local properties, we can again employ the 7-matrix theory as
explained in Sect. 4.2 except that the pair potential is now of the form

Ax = %(cos k, —cos k) , (3.48)

defined in a tight-binding model for a square lattice.

In Fig. 3.7, we show the energy dependence of LDOS around a single zero-ranged
potential scatter in a d»_-wave superconductor defined on a two-dimensional lat-
tice. The results are obtained within the 7-matrix theory, where the self-consistency
on the superconducting pair potential is neglected. The lattice is described by a
tight-binding model with the hopping parameter included up to the next-nearest-
neighbors. As is shown, the shape of LDOS for the nonmagnetic impurity can
change dramatically with the strength of the scattering potential. In particular, due
to the locally breaking of the particle-hole symmetry of the electronic states, the
spectral weight for the electron and hole component of quasiparticle resonance
peaks is biased. For the repulsive potential scatter, the LDOS resonance state has
a dominant hole component on the impurity site (see Fig.3.7a) while a dominant
electron component on the nearest-neighboring site to the impurity (see Fig. 3.7b).
In contrast, for the attractive potential scatter, the LDOS resonance has a dominant
electron component on the impurity site (Fig. 3.7c) but a dominant hole contribution
on the nearest-neighboring sites (Fig. 3.7d).

To take into account the full self-consistency of the superconducting order
parameter, we use the supercell technique as discussed in Sect.4.2. Now for
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Fig. 3.7 Local density of states around a zero-ranged nonmagnetic potential scatter in a d-wave
superconductor defined on a two-dimensional square lattice. The left column is for the LDOS
calculated at the impurity site while the right column is for the LDOS calculated at a site nearest-
neighboring to the impurity site. For the repulsive potential scatter ((a)—(b)), we take & = 1¢
(red), 2t (green), 10t (blue), and 100z (maroon). For the attractive potential scatter ((¢)—(d)), we
take &; = —1t (red), —2t (green), —10t (blue), —100¢ (maroon). The DOS for the pristine system
(e; = 0 with black lines) is also shown. Here we have used a tight-binding model up to next-nearest
neighbor hopping with ¢ = —0.2¢ and © = —0.8¢. The pair potential is taken as Aqg = 0.2¢. The
broadening parameter is y = 0.005¢

the d-wave superconducting order parameter, the pairing interaction should be of
nearest-neighbor type on a square lattice. In the supercell technique, the BdG
equations [c.f. Eq. (2.30)] become:

E (K, (K) = ™ g sy o (0K) + Agzysvt ) (K] (3.49)
8

E, (Kl (K) = D ™[R oo (K) 4+ A%l (K], (3.50)
8

subject to the self-consistency condition:

- — |4 n nxk —iK-rg n n* iKerg E”(K)
Aii_,_g—m;[uh(K)v;_,’_N(K)e S, (K)vrf (K)e™ ] tanh ot )

(3.51)
The d-wave and the induced extended-s-wave OP components are then defined as
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Aq(i) = i[A;(i) + Az(i) = A5(0) — A5, (3.52)
Ali) = %[A;(i) + A_;() + A50) + A;0)] . (3.53)

Here x and y are the unit vectors along x- and y-bond direction of the square
lattice. We note that the expression for the LDOS is still the same as that given by
Eq. (3.29). In Fig. 3.8, the typical results are shown for a repulsive impurity with the
scattering strength in the unitary limit. The d-wave superconducting order parameter
is strongly suppressed near the impurity site while a subdominant (extended) s-wave
superconducting order parameter is induced around the impurity. In addition, the
LDOS near the impurity site exhibits a resonance peak close to the Fermi energy and
the spatial dependence of the LDOS at this resonance energy shows tails along the
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Fig. 3.8 Self-consistent solution to the BdG equations for a single impurity in a d-wave
superconductor. The top row displays the spatial variation of the d-wave (a) and induced s-wave
(b) components of the superconducting order parameter. The bottom row displays the local density
of states on the site nearest neighbor to the impurity site (¢) and the spatial dependence of the
LDOS at the resonance energy E, = 0.014¢ (d). The calculations are carried out for the d,>_ -
wave superconductor defined on a two-dimensional square lattice. The pairing interaction is taken
to be V = 1.5¢ and the temperature 7 = 0.01¢. The supercell size has the dimension of 35 by 35.
The nonmagnetic impurity potential strength €, = 100¢. Here we have used a tight-binding model
up to next-nearest neighbor hopping with #/ = —0.27 and u = —0.8¢. The broadening parameter
is y = 0.02¢
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nodal direction of the d,._,»-wave order parameter. These results are fully consistent
with those obtained from the 7-matrix theory.

Before closing this chapter, one remark is in order. All of the BdG equations
presented so far are derived within an effective BCS theory, which is believed to
describe reasonably well the quasiparticles in the superconducting dome even for
high-temperature cuprates. Actually, the phase diagram of high-temperature cuprate
superconductors is much more complicated with an antiferromagnetic Neel order in
its parent compound. These features are mostly discussed in the -J model, which
is a low-energy model derived from the one-band Hubbard model in the localized
moment limit. Therefore, it should be appropriate to discuss the superconducting
phase within this model. The 7-J model Hamiltonian defined on a two-dimensional
square lattice can be written as:

H = — Z lijCLCj(y + Zsini — M Zni

(ij)o i€l i

J 1 w

Here the electrons are subjected to single occupancy constraint with S; the spin-1
operator on site i. The quantity n; = ¥°, ¢l ¢;, is the electron number operator on site
i and ¢; is the on-site single-particle potential introduced to describe the impurity
scattering or more generally disorder effect. The superexchange interaction J > 0
ensures an antiferromagnetic state at zero doping. We have also included a direct
nearest-neighbor interaction term so that W = 0 and J/4 correspond to two versions
of the standard #-J model. This term will also adjust the magnitude of the resultant
d-wave OP, as will be shown below. Upon doping, the model can be solved within
the slave-boson mean-field (SBMF) method [42]. The electron operator as

Cio = bifir » (3.55)

where f;, and b; are the operators for a spinon (a neutral spin-1 fermion) and a holon
(a spinless charged boson). These auxiliary degrees of freedom are subjected to the
constraint

bibi+ Y fife <1, (3.56)

arising from the single occupancy of electrons ) c}:,c,v(, < 1. In the SBMF method,

this constraint is enforced by introducing a term into the Hamiltonian
S Al =66 = fifil | (3.57)

where A; is the site-dependent Lagrange multiplier in the presence of impurity
scattering potential. In addition, the spin and electron density operators are given
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1
Si =22 fu0orfo . (3.58)

with o being the Pauli matrix, and
o = £ fio - (3.59)

By applying the Wick theorem to the interaction terms, we derive a mean-field
Hamiltonian

Hw =Y hifufio + D _[Agfhf| +Hel + ZA,U —bby) (3.60)

ij.o ij
Here the single-particle Hamiltonian is given by
- . J
with the resonance valence bond order

X =7 LFhge) +eel. (3.62)

and the pair potential
J—-W
Ay = ——[{fnfi) = Uisfir)] - (3.63)

Due to the holon Bose condensation, which is now treated as a c-number, at low
temperatures, the quasiparticles are determined by the spinon degree of freedom
only. Without loss of generality, when we take the holon operator as a real number,
the application of the Hellmann-Feynman theorem gives rise to the constraints

B+ Y (fifo) =1, (3.64)
and

Ai = _Zlij)(ijbj/bi . (365)
J

Within these mean-field approximations, the BAdG equations are derived to be

Eij Aij uJ" _ ufl
P ()== (1)
J L\ 1) J 1



References 87

The local electronic structure around a single nonmagnetic impurity in the -7 model
has been studied in the further simplification with a uniform b; [40, 43]. The results
from these studies are qualitatively consistent with those obtained from the above
phenomenological BCS model for d-wave superconductors. The full self-consistent
solution to the above BAG equations is left for readers to practise.
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Chapter 4
Disorder Effects on Electronic and Transport
Properties in Superconductors

Abstract In this chapter, we discuss the disorder effects. The disorder comprises of
a distribution of nonmagnetic impurities. As such, ensemble averaged effects will
be relevant. We focus on the suppression of superconductivity by considering the
response of superconducting order parameter, transition temperature, and superfluid
density in both s-wave and d-wave superconductors. Finally, we also discuss
the localization/delocalization of gapless quasiparticles in a disordered d-wave
superconductor within a single-parameter scaling approach.

4.1 Anderson Theorem for Disordered s-Wave
Superconductor

A remarkable feature of the isotropic s-wave superconductors is the insensitivity
of the superconductivity to the diluted nonmagnetic impurities. This robustness is
demonstrated by the Anderson theorem [1]. The theorem states that because the
superconductivity arises from the instability of the Fermi surface upon the pairing
of time-reversed electronic states, any perturbation should not affect the mean-field
superconducting order parameter and transition temperature as long as it does not
lift the Kramers degeneracy. We first discuss this theorem within the Abrikosov-
Gorkov theory [2]. For simplicity, we consider the zero-ranged interactions between
the conduction electrons and nonmagnetic impurities

Ur)=upy 8(r—Ry), (4.1)
i€l

where ug is the strength of the scattering potential while R; is the position of
individual impurities. The Abrikosov-Gorkov equations are derived in Chap. 1 and
written as in the continuum limit

VZ
|:ia)n + + Ep — U(r):|%(r, r';iw,)
2m,
+ / dv' A(e, v F (" ¥ iw,) = 8(r — 1) , (4.2a)
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VZ
—iw, +
[ oy + 5

e

+ Ep — U(r):|§T (r,r';iw,)
+/dr”A*(r, Y@, ' iw,) =0, (4.2b)

Here w, = (2n+ 1)7x T with n any integer is the Matsubara frequency for electrons,
Er is the Fermi energy, and ¢ and .Z ' are the normal and anomalous Green’s
functions. The pair potential is given by

A, r) =V( - H)TZ?JT(I‘, r';iw,) (4.3)

Wp

where —V(r — r’) is the pairing interaction. After averaging over the impurity
configurations, the transitional invariance is restored so that we can write the above
system of equations in the momentum space

liwn — &p — G, 19 (Pi i) + [A(P) + F0, 1T (Priwn) = 1, (4.42)
liwn + & + G0, |7 (pii0n) + [A* (D) + F, 19 (pi i) = 0, (4.4b)
where
2
p
= —Er, 4.5
&p 2 F (4.5)
and
I/lilxl% ’. ,
G = )2 G (p'iwy)dp’ (4.62)
), = 2 / T (01 iw,)dp’ (4.6b)
Wy (27[)2 ’ n k] .

with n; as the density of nonmagnetic impurities. We note that ﬂ"j)n = (Zu,)*. We
can solve Eq. (4.4) to obtain

] n — g{u
G (p:iwy) = — 1 ki —, (4.72)
_(iwn - gwn)z + Sg + |A*(P) + gzwn|2
A* T
F(p;iw,) = )+ Fo, (4.7b)

—(ion — G0, )? + E2 + | A% (D) + T0, 17



4.1 Anderson Theorem for Disordered s-Wave Superconductor 91

On substitution of Eq.(4.7) into Eq. (4.6), we find

2 .
niug —(iwn — 9,,)
b, = 5 2/ ‘ — — - 2dp/, (4.82)
@2 ) (i, — G2 + £ + |A* () + |
na AP + T,
F) = 5 02 / — — de/. (4.8b)
(27) —(iwn — Y,) +E + [A*(p') + Z. |

Here we have dropped the contribution to the integral from the term linear in &, in
the numerator of ¢ (p; iw, ). The pair potential is subjected to the self-consistency:

d
A =Ty / (2:)2"(" — )7 (priwy) . 4.9)

In the weak-coupling limit, the pairing interaction is limited to a small range near
the Fermi surface. As we discussed in the early chapter, for the s-wave pairing
symmetry, the pairing interaction is approximated as
Vik—p) =V;. (4.10)
From the structure of Eq. (4.8), we can write that for the s-wave pairing symmetry
Gy = —iOxN, 4.11)
and

Foy = AN, - (4.12)

This gives rise to

nuO/ 1 + N, J
Ton = Gay | @+ a0 +n, 7 +8P

1 + ﬂwn
= g (0)/ / T d+mrres @
(1 + 14,)
= nu2N(0) / N T e (4.14)
4.15)

" wzwz
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where t7' = 2nn; uON (0) with N(0) the density of states per electron spin at the
Fermi energy is the impurity scattering rate. Here we have used the integral

dx 1
/ T =tan  (x).

The self-consistency solution in the presence of impurity scattering can then be
found as

(4.16)

A= 2T ) s yrd

where g = N(0)V,/2. We note that when the summation over the Matsubara
frequency is performed, the cutoff frequency w,., which is related to the pairing
mechanism, should be introduced. Equation (4.16) indicates that the s-wave super-
conducting order parameter does not depend on the impurity scattering rate.

The Anderson theorem can also be shown through the BdG equations [3]. As
discussed in Chap. 1, the s-wave order parameter is given as

A =V, > uu(r)vy (r)tanh(Zk T) (4.17)

n(E,>0)

At zero temperature, it is further simplified as

A =V, Y un(mv;(r) . (4.18)

n(E,=0)

On the other hand, the BCS variational wave function that pairs electrons in time-
reversed states is given by

Whcs) = [ [(@n + buclycl))10) (4.19)

Here |0) stands for the filling Fermi sea, and ciT creates an up-spin electron with

wave function ¢, (r), and cl:l creates a down-spin electron in ¢,(r)*, where ¢,(r)
is an eigenfunction of the single-particle Hamiltonian. It thus restricts the trial wave
function to the subspace of either doubly occupied or empty levels. The coefficients
a, and b,, are subjected to the normalization condition |a,|* + |b,|> = 1. When A(r)
is independent of r, we have

up(r) = a,Pn(r) , (4.20a)
V(1) = buehu(r) , (4.20b)
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which leads to

Ar) = Vs ) anbylga()* . (4.21)

In the absence of a magnetic field, a,, b,, and ¢,(r) can be taken to be real. With
the above variational wave function, the energy is given by

Ec = (¥Bcs| 2 |Wacs)

= Zzgn — Vi Y anmbuby / $2(r)p2 (r)dr (4.22)
n#Em

subject to the normalization condition for a,, and b,, where §, is the eigenvalue of
the state ¢, (r). The a, and b, can be written as @, = sin 6, and b, = cos6,. The
variational principle leads to the equation

£, tan(26,) = Zsm(Z@m) / 2 (r)p2 (r)dr . (4.23)
n;ém
We now define
tan(26,) = % , (4.24)
which implies
sin(29n) = m = 2a,,b,, . (425)

Equation (4.23) now becomes

=V, ; ; 52 oy / P2 (r)¢2 (r)dr . (4.26)

Using Eq. (4.21), we obtain

A, = / A(r)p2(r)dr 4.27)

once the condition m # n is relaxed.
For a pristine system, A, = A(r) = Ao. For disordered systems, ¢,(r)
is a complicated wave function. However, if we assume A(r) = A, then the

normalization condition [ ¢n(r)’dr = 1 givesriseto A, = A, which is independent
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of n. With this condition, the gap equation (4.26) gives

AN(e,r)

etz

where we introduce the normal-state single-particle density of states for the
disordered system

A= | Vi —Z¢>(r)dr, (4.28)

N(e,r) =) ¢r(r)8(e —&n) - (4.29)

In weakly disordered system, N(e,r) &~ N(0), the gap equation (4.28) gives A =
Ay. As such, the transition temperature is also insensitive to the disorder effect. This
is the Anderson theorem.

4.2 Suppression of Superconductivity in a Disordered
d-Wave Superconductor

For the d,»_,»-wave pairing symmetry, the pairing interaction can be written as
V(k —p) = V,cos2¢ cos2¢’ , (4.30)

where the angle ¢ = tan™! (kp,y/kr ) With kr y(y) the two components of the Fermi
wave vector. Correspondingly, the superconducting pair potential is of the form

A(k) = Agcos2¢ . (4.31)
This special form of the d-wave pairing symmetry leads to the breaking of the

scaling law for .%,, and in particular .%,, = 0. The self-consistency equation for
the d-wave pair potential then becomes

Agcos?(2¢)
Ay =2 T , 4.32
eT e Z/ 27 Jo2 (1 & M) + (A cos(2)? “32

where g; = N(0)V,/2 and

1 /dqb’ 1 4+ 1y,

— | = ) 4.33
2t ) 27 \Jw2(1 + ny,)? + (Agcos(2¢))? -

ﬂwn =

Equation (4.32) suggests that the nonmagnetic impurity scattering is pairing break-
ing and can suppress the transition temperature of the d-wave superconductivity.
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The transition temperature from the AG theory is then found [4-7] to be

TN (1N (1. ]

Here W (x) is the digamma function and T is the transition temperature of a pure
system.

The impurity scattering also influences the superfluid density and the penetration
depth in a d-wave superconductor. For these quantities, one calculates the electro-
magnetic response tensor %, relating the current density j to an applied vector
potential A:

j=—-XA. (4.35)

If the electromagnetic tensor is diagonal .%j; = J%;4;;, the penetration depth A; for
the current flowing in the direction i is given by

A7t = (4n/c) Ay (4.36)

where c is the velocity of light. The AG theory for a disordered BCS d-wave
superconductivity then gives the response tensor [4]:

e’ *° ) A?
Hy = ?<Ui(k)vj(k)/0 dw tanh(ZkBT)Re G A,%)3/2> . (4.37)
Here (---) = 2(Q2n)72 [ dSg/|v(K)|--- represents an angular average over an

arbitrary Fermi surface in a two-dimensional metal, and v(k) is the Fermi velocity.
The renormalized frequency @ = @ — X, with the impurity self-energy obtained
from the T-matrix approximation [8—13]

I'Gy

" wh0) -G -

X

where I' = n;/7N(0) = 1/2t is the scattering rate with n; being the impurity
concentration, and Gy is the integrated diagonal Green’s function averaged over the
impurity configuration

) @

Equation (4.37) can be decomposed into two parts

Ji(T) = (T = 0) + 67;(T) (4.40)
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where
2 A2
Hy(T = 0) = <v (K)v;(k) / dwReW> (4.41)
and
AZ
844(T) = <v (k)v;(k) / dwaD(G))Rem> (4.42)

In the impurity-dominated gapless regime, the renormalized frequency takes the
form [4] ® — iy + aw, where y is a constant dependent on the impurity
concentration and scattering strength, while the constant a ~ O(1). At low
temperatures, it allows us to replace @ by this limiting form, which gives rise to

- A,%
For the d,»_,»-wave pairing symmetry, the angular average in the above equation

varies as y 2. It suggests that the coefficient of the 72-dependence in the penetration
depth is proportional to the inverse y but the T2 behavior is valid in a very narrow
temperature range ~ V.

The impurity scattering also affects the zero-temperature tensor (T = 0),
which is given by

2 A2
HH(T = 0) = HGT = 0.1 = 0) + - <v (k)v,(k)m> (4.44)

The scaling relation between the zero-temperature superfluid density p; o< J#; and
the superconducting transition temperature based on the AG theory for a disordered
d-wave superconductor is shown in Fig.4.1. It has been found that for high-
temperature cuprate superconductors, the experimentally observed 7, is much more
robust than one would expect from the AG theory, when it is measured against the
corresponding zero-temperature superfluid density. Originally, the failure has also
been ascribed to the mean-field nature of the BCS-type theory in view of the fact
that the normal state is a non-Fermi liquid in the optimally doped high-temperature
cuprates [15]. It turns out [14] that the discrepancy between the theory and the
experiment comes mainly from the inadequacy of the AG theory itself to determine
the suppression of the superconducting transition temperature for high-temperature
d-wave superconductors. In the AG theory, one crucial assumption in the derivation
of the transition temperature is that the spatial dependence of the superconducting
order is replaced by an averaged value, as shown in Fig.4.2. This assumption is
only valid when the superconducting coherence & is much larger than the average
distance between impurities /;. The superconducting coherence length is inversely
proportional to the maximal amplitude of the order parameter in the momentum
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Fig. 4.1 Normalized critical temperature versus the normalized zero-temperature superfluid
density. The dashed line denotes the results from the AG theory while the experimental data are
represented by symbols. From [14]

A(r)

0

Fig. 4.2 Schematic drawing of the spatial dependence of the superconducting order parameter
around impurities in a superconductor with a short coherence length (solid blue line). In the AG
theory, it is replaced with an averaged value (dashed red line)

space and has the following form:
E(T) ~ &(1 —T/Te)~ /% (4.45)

For a superconductor with a short coherence length, the superconducting order
parameter can be recovered to the bulk value within a distance much shorter than /;
(see solid blue line in Fig.4.2). As such, the areas of the depressed order parameter
around impurities do not overlap, and the superconducting order parameter in most
areas of the system is not affected at all. Only when the depressed areas begin to
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overlap (§(T) > [;), the entire system can be affected as if the order parameter
is suppressed everywhere. This weakness of the AG theory can be fully overcome
by solving the BAG equations self-consistently, in which the inhomogeneity of the
superconducting order parameter is fully taken care of.

To be complete, let us re-derive the superfluid density within the lattice model.
The derivation follows closely that for the optical properties discussed in Chap. 2.
Again we calculate the superfluid stiffness for a current response to a vector poten-
tial of wave vector q and frequency w along the x-direction in a two-dimensional
square lattice through the Kubo formula. By expanding the Hamiltonian to include
the interaction between electrons and an electromagnetic field, the time-dependent
Hamiltonian is given by

M = Hpes + A (1) (4.46)

where the BCS Hamiltonian in the tight-binding model has already been discussed
in Chap. 2, and J#”(r) describes the coupling of electrons to the external electro-
magnetic field up to the second order

A0 = —ea DAt (Jf(r,-) e r)Kx(r,-)) , 4.47)

where a is the lattice constant, A, is the vector potential along the x-axis, and the
particle current density operator

Jf(l‘i) = —i Z[ti,i+8cjaci+8,a — HC] s (4.48)

0.8

and the kinetic energy density operator

Ko(r) = = [tiirsclcivsq + Hel . (4.49)
0,0

The variable § = X for the nearest-neighbor hopping model and § = %, x & y for
next-nearest-hopping model. The charge current density operator along the x-axis is
then found to be

8 (1)

Op) = — — o7 (v, 2 . .
JI(r) = SAL ) =eJ, (r;) + e K (r)A(x;, 1) . (4.50)

We then calculate the paramagnetic component of the electric current density to the
first orderin A,:

t

) = —i / TP (). A (Y)Yodr @51)

—0o0
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while the diamagnetic part only to the zeroth order, that is, (K, )¢. Here (- - - )¢ stands
for the thermodynamic average with respect to the non-perturbed 5%cs. The current
response is then obtained as

Q(p. t
- ZA(Z,.) = e /_ A0 I D))~ (Ko (452

Please keep in mind that the variables 7 and ¢ in the vector potential and the integral
boundary are the time.

We then perform a lattice average over the spatial variable r; to eliminate the
atomic-scale fluctuations, and define an effective “Drude weight” as a measure of
the superfluid density

Dy
ps = — = (K)o + (g = 0,0 = 0) . (4.53)
e
Here the first term
KJo= — 3k (4.54)
x/0 = NL X, :

with the local kinetic energy

K. = -2t Z (f(En)[u;‘I)eu? + cc] + f(—E) ], v + c.c]) . (4.55)

n(E,>0)

The second term is the current-current correlation function with a double sum over
lattice sites

1 i
T — 0w = 0) = = ZJ: Mi(w =0), (4.56)
where
i — () — i j* o S(En) = f(En)
Hx{r(a) - O) - Z Anl,nz [An—l,n2+Dﬁl,n2]ﬁ s (457)
n1(En 20),n2(Ep, >0) ny ny
with
i _ ni* n ni* n
Ay = 2l — i (4.582)
i _ n ny * ny . noxk
Dy, = z[vi-il-)?viz - vilv,-j_)g] . (4.58b)

Typical results from the solution to the BdG equations are shown in Fig.4.3.
As the superconducting coherence length increases, the discrepancy between the
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Fig. 4.3 Normalized critical temperature versus the normalized zero-temperature superfluid
density obtained from a fully self-consistent solution to the BdG equations in a tight-binding
model. The dashed line denotes the results from the AG theory. From [14]

rigorous critical temperature and that from the AG theory diminishes. However, at a
very short coherence, the result from the AG theory deviates significantly from the
true 7,. In addition, the typical temperature-dependence of the superfluid stiffness
is shown in Fig.4.4. The pileup of the impurity resonance states near the Fermi
energy in a disordered d-wave superconductor gives rise to the T2-dependence of
the superfluid stiffness at low temperatures. Increase of the impurity concentration
expands the temperature range for the T2 behavior of p, before it turns into a T-
linear behavior.

4.3 Quasiparticle Localization in a Disordered d-Wave
Superconductor

In Sect. 3.4, we have shown that a single impurity in the unitary scattering limit
can produce a zero-energy quasiparticle resonance states. These states have a
long decay distance away from the impurity site. A natural question arises as to
whether the possible overlap of these states in an ensemble of unitary impurities can
create extended low-energy quasiparticle states. We consider this question by using
the one-parameter scaling analysis. The one-parameter scaling analysis [17, 18]
has been a popular method to study the electronic localization/delocalization in
Anderson disordered metals. Our discussion is based on the transfer matrix method
and follows that of MacKinnon and Kramer [19] for the disordered solids. To discuss
the two-dimensional d-wave disordered superconductors, we first consider a system
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Fig. 4.4 Temperature 1 1
dependence of the normalized
superfluid density calculated
from a full self-consistent
solution to the BdG equations
in a two-dimensional lattice
model with nearest-neighbor
hopping approximation. From \
[16]
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Fig. 4.5 Schematic drawing
of a quasi-one-dimensional
strip

of electrons defined on a quasi-one-dimensional strip. When the strip width goes to
infinity, the strip is expanded into a two-dimensional lattice. The geometry is shown
in Fig.4.5.

We write down the Anderson Hamiltonian as

H = — Z tijClTCj + ZEZ‘CQLCZ‘ . (4.59)
ij i

Here the site index i = (iy, i) with the two components defined in the coordinate
system shown in Fig.4.5 and the variable ¢; is on-site potential for the disorder
effect. For simplicity of discussion, we have neglected the spin index for electrons.
By performing a canonical transformation,

=) BV (4.60)
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with y, is the quasiparticle operator, the problem becomes to solve the Schrodinger
equation

> Hy¢; = E¢ . (4.61)
J

In the nearest-neighbor hopping approximation, the expanded form of the above
equation is

Gi+1i, = —Edi i, + € i Piviy — Piiy+1 — Divi—1 — Di—1, - (4.62)

Here we have used the nearest-neighbor hopping parameter ¢ = 1 and measured the
energy in units of #. We introduce a column vector to denote the coefficients of the
iy-th one-dimensional slice (along the y-direction),

Pi1
b=, (4.63)
bim

where M is the width of the strip. Equation (4.62) can then be cast into a matrix

form
figi{+1) - T (Afigix ) 4.64
( bi, Ngi-1) *09

Here the transfer matrix is given by

—(E1-H;) -1
T, = NG I 4.65
: ( . (4.65)

where the I:Iix is the Hamiltonian for the i,-th slice of the quasi-one-dimensional
strip when it is not coupled to the rest. Equation (4.64) gives us a recursion formula
for the coefficients qgix. That is, if we are given the initial coefficients q30 and qgl , the
coefficient qgn can be obtained through the accumulated transfer matrix

P, = ]_[ T, . (4.66)

=1

(lgri+1 =p (fél) 4.67
(¢n) " ¢0 ’ ( )

That is,
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The matrix P, satisfies the Oseledec’s multiplicative ergodic theorem [20, 21]: For

any initial vector
i )
) (4.68)
( $o

there exits an orthonormal set of vectors v; (1 < i < 2M) such that
o1
y; = lim —In || Pyv; || (4.69)
n—>oo n

exists. Due to the ergodicity of the system, the set of values {y;} are independent on
the initial values of the coefficients (¢, ¢) TP, and thus they describe the global
properties of the system. The y; can be calculated as the log of the eigenvalues of

[P.PI]% . (4.70)

The vector v; are now the eigenvectors of PnP,JE and are indecent of n for large n.
In another word, the matrix [PnPZ]Tln converges to a limiting matrix when n —
00, which determines the modulus of the eigenvalues of P, and the corresponding
eigenvectors. We note that the matrix P, is not hermitian and the eigenvalues are
in general complex. The eigenvectors v; can also be called Lyapunov eigenvectors,
which determine the properties of electronic states of disordered systems.

With the above introduction, let us turn to the case of disordered d-wave
superconductors, where further technical details will be discussed on the calculation
of the localization length. In the presence of disorder, the BdG equations (2.30)
become

Eu} = Zj hijuj’ + Z/ Ay

4.71
Ev = — Zj h;kjvf + Zj A;”/y'l ) ( :

where the single particle Hamiltonian
hy = —tj + (e — n)dy; | (4.72)

with ¢; the on-site potential and p the chemical potential. We assume the bond pair
potential A; to be real and neglect the depression effect of the impurity scattering to
take A; = A. The above equation in the nearest-neighbor hopping approximation
is expanded as:

(E — (€ipiy — W)Uy = —Ti 14y — MUi—1 iy — MU i1 — Ui -1
+AV; 415y + Avi—1i, + AV 41
+Av; i1, (4.73a)
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(E + (€ipiy — W)V, = Wit 1iy + 0i—1iy + W i+1 + 10 -1
+Au; y1iy + At 14, + Auti i1
+ A (4.73b)

As for the normal state case (A = 0), we introduce a column vector

Ui, 1

Ui 2

=" | (4.74)
Vi1

Vi.2

Vi.M

Now this vector has a dimension of 2M. Equations (4.73) can be recast into a matrix

form:
figi.+1 ) ( <Z§i )
x =T, [ " , 4.75)
( bi, i1
Here the transfer matrix is
7, =("EHI ) (4.76)
1 0
where
I:Ii. = Z (_tgjy’i«"il + (Gi"’iy - “)8/‘)"")’ Agj)"’iyil ) . (477)
! Ay i1 18, i1 — (€iiy — )84,

i

is the BdG Hamiltonian for the i,-slice when it is decoupled from the rest. The
transfer matrix for the entire strip is given by

=117 (4.78)

i=1

connecting the coefficients at the left and right end of the strips

"g’i“):P (¢’1) 4.79
(¢n "\ ) (4.79)
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The system transfer matrix satisfies the Oseledec’s multiplicative ergodic theorem.
It allows to determine the localization length through the eigenvalues of [PHPZ]I/ n
in the limit of n — oo. Specifically, the matrix

2 =In(P,P}), (4.80)

leads to 4M eigenvalues A; (1 < i < 4M). Lyapunov exponents can then be defined
as

Ai
yi = lim =~ (4.81)
n—o00 2n
= lim A;, (4.82)
n—o0

where /f,- are the eigenvalues of the matrix ln(Pnle)l/ 22 Since the matrix P, is
symplectic, the eigenvalues of 2 occur in pairs, which are of opposite sign. The
smallest positive Lyapunov exponent is the inverse of the quasi-one dimensional
localization length

A= — (4.83)

when we label the exponents in a decreasing order. In practical calculations, the
eigenvalues of the matrix e = P,,le ~ €' rises exponentially with the length
of the strip. When the ratio of the eigenvalue closest to the unity from above
and the largest eigenvalue becomes comparable to the machine accuracy, this
closest to unity eigenvalue is lost. However, it is this eigenvalue that determines
the localization length. This difficulty can be overcome by following the Gramm-
Schmidt orthonormalization procedure, which is carried out for each column B, ; of
the matrix P, in succession:

B,i = (B — Z(Bn.j 'Bn,i)Bn.j)/bg) , (4.84a)
Jj<i

by = |Bui— Y (Bnj-Bui)Bujl . (4.84b)
Jj<i

for 1 < i < 4M. Through this procedure, each column is orthonormalized to the
previous columns. The first column converges to the eigenvector corresponding
to the largest eigenvalue, the second column to the second largest and so on. The
Gramm-Schmidt transformation can be performed regularly (e.g., every fifth step)
but not necessarily at every stage of iteration.
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0

O

Fig. 4.6 The action of the system transfer matrix on an arbitrary set of orthonormal vectors o; and
0, generates a new set of vectors of By and B,, which are orthogonalized by the Gramm-Schmidt
procedure. However, the area of the parallelogram formed by B, and B, vectors is preserved

Pictorially, we can think of having P, acting on a set of orthonormal unit vectors
0; (1 <i < 4M) to generate a new set of vectors

B =Py, (4.85)

as shown in Fig. 4.6. They are just the columns of the transfer matrix itself. Notice
that By x B, = B; x B, with B, = B, * b@, and so on. The Gramm-Schmidt
orthogonalization procedure preserves the area of a parallelogram formed by two
vectors B; and B;. This process can be iterated successively through the entire strip,
and the eigenvalues are given by

e = bV n)bVmy) ... | (4.86a)

¢ = bDm)b®my) ... | (4.86b)

C=e (4.86¢)

&M = pM (b (ny) L (4.86d)

e+t = pCMED G M () (4.86¢)

S=e (4.861)

ST = pEM=D) (=D gy (4.86g)

& = pM (b (ny) L (4.86h)

where n = nj + ny + .... For the symplectic matrix P,, the eigenvalues occur in
pairs,

wrnys. e . — A (4.87)

DI 3 b
ny>m ny, nyi
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where we have arranged them in descending order. As such, we have the following
relation

Ny = % =b2" + b2 ..., (4.88)

from which the localization length can be calculated iteratively

n

A= (4.89)
Cn
with
M) = |np@) 4 cf_f‘? ) (4.90)

More generally, we can define a channel dependent localization length

A= (4.91)
cn
with
¢ =mp® 40 (4.92)

for 1 < i < 2M. Since the spin carried by a quasiparticle in a superconductor is
conserved [23], these localization lengths can then be used to determine the spin
conductance for the strip with width M [24]:

2M
g:(M.n;) =) cosh™ A; . (4.93)

Jj=1

where A; = A;/M is the localization length in units of the strip width. In Fig. 4.7a,
gs 1s shown as a function of M and it monotonically decreases with the increase of
M at E = 0 for each selected impurity density, indicative of a localization in the
large M limit. In addition, as shown in Fig. 4.7b, all the data for various values of M
at different n; can be collapsed onto a single curve:

sM.n) =f (SZ(Z")) : (4.94)

so that the one-parameter scaling law is obeyed. The quantity & (rn;) is the thermo-
dynamic localization length which only depends on n; as shown in the inset of
Fig.4.7b, and remains finite for all the disorder density n;, suggesting that all the
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Fig. 4.7 Spin conductance as a function of the strip width M for various values of impurity
concentration (a) and as a scaling function of M/§ (b). Inset of (b): The thermodynamic
localization length as a function of impurity concentration n;. The energy of the quasiparticle state
is E = 0. From [22]

states are localized even in the unitary limit with the presence of the zero energy
resonance peak.

We remark that this scaling approach can also be applied to study the localization
and delocalization in disordered topological superconductors.
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Chapter 5
Local Electronic Structure in Superconductors
Under a Magnetic Field

Abstract In this chapter, the calculation of local electronic structure in the presence
of magnetic field is discussed. It starts with the continuum theory for a single
vortex and proceeds to the lattice version for the vortex lattices in both conventional
s-wave and unconventional d-wave superconductors. A generalization of the BdG
formulation for a topological superconductor will be briefly explored. For high-T7,
cuprates, the local induction of competing order around a magnetic vortex core is
examined. Finally, the Zeeman-field induced FFLO superconducting state is also
analyzed in depth.

5.1 Effect of the Magnetic Field

In Chap. 1, we have addressed the non-interacting electron part of the Hamiltonian
in the absence of static electric and magnetic field. Since the magnetic field effect
on the superconducting properties is unique, we give it an in-depth discussion here.
The second quantized Hamiltonian for electrons in the presence of a static magnetic
filed is

Ay = / dry ! (O)he (1) (D) . 5.1)

Here the single-particle Hamiltonian

[AV: + (AP

hao(r) =
(r) 7,

+ V(r) + augH(r) — EF , (5.2)

where A(r) is the vector potential giving rise to the magnetic field H(r) (assumed
to be along the z-direction of the spin axis)

V x A(r) = H(r) , (5.3)

V(r) is the Coulomb potential contributed from the nuclear ions, and the third term
in Eq. (5.2) describes the coupling of electron spin moment to the magnetic field.

© Springer International Publishing Switzerland 2016 111
J.-X. Zhu, Bogoliubov-de Gennes Method and Its Applications, Lecture Notes
in Physics 924, DOI 10.1007/978-3-319-31314-6_5



112 5 Local Electronic Structure in Superconductors Under a Magnetic Field

The magnetic field has effects through both electron orbital and spin degrees of
freedom. For the purpose of this chapter, we neglect the effect of spin-orbit coupling.

In wide-band systems, where V(r) varies slowly, the free-electron gas approxi-
mation is usually made and the continuum model is a choice to study the magnetic
field effect. For narrow-band systems, where the band structure effect is important,
the tight-binding model is more convenient. Therefore, it is helpful to obtain the
single-particle tight-binding Hamiltonian for the orbital effect of the magnetic field.
The derivation follows that by Luttinger [1]. In the presence of a magnetic field, we
expand the field operators as

Yo (r) =Y a(r —Rpe M/t . (5.4)

R;

Here a(r — R;) are either maximally localized Wannier functions or atomic orbitals.
They are localized about the lattice site R; and drop off rapidly as r goes away from
R;. The operator c;, annihilates one electron of spin o at site i. The integral

A= A -d€ 5.5
/R RORE (5.50)
1
- / (r—R)-A(R; + A(r —R))dA | (5.5b)
0

is taken along the straight line path joining R; to r. The exponential factor in
Eq. (5.4) has the effect of approximately removing the troublesome A - P and P - A
terms. We consider

A . . VA eA
(p+e (r))a(r—Ri)e_’eA"/hC=e_‘6A"/h”|:P——e 18 (")}a(r_ni), (5.6)
c C C

which leads to

A(r)\> . . VA AT
(P + < (r)) a(r — R)e eAi/he — piedi/he [P SASL (r)} a(r—R;) .
C C

c
6.7

We then use the identities
Vxr=0, (A-V)r=A, (5.8)

V x A(R; + A(r —R))) = AH(R; + A(r —R))) , (5.9)
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while

1 1 . —R:
/ AR+ A(r—R)) = AAR; + A(r —R))|} — / deA(R‘ +d);(r R)) ,
0 0

1
=A(r) — / dA((r—R))-V)A, (5.10)
0
and prove that
1
VA, =Ar) + / dAA(r —R;) xHR; + A(r —R))) . (5.11)
0

By substituting Eq. (5.4) into Eq.(5.1), and using the expressions Eq.(5.7) and
Eq. (5.11), one arrives at

Ao =Y hjclcio . (5.12)
ij,0

where the field-modified one-electron Hamiltonian is given by

~ . i 1 1 2
= / dra® (e — Ri)eze(Af—Aj)/flc{ e (p e / dAA(r — R;) x H(R; + A(r — Ri))
2m, cJo ’

+V(r) —EF} a(r—Ry) . (5.13)
We may now invoke the fact that the function «; is localized, which allows us to

approximate r ~ R; in the integral over A in the above integral, as long as the
magnetic fields are not varying too rapidly. This approximation leads to

hij = —t;2;€"% + (e; — Ep)5j . (5.14)
where
p?
tij = — f dra*(r — Ri)(z + V(r))a(r — Rj) s (515)
Me

is the hopping integral in the absence of magnetic field, and the Peierls phase is
given by

e R;
0= e [, A®-8

27 [Ri
= A(§)-&. 1
B Jr, A8 (5.16)
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Here the single-electron flux quantum is

@) = h?c (5.17)

with 4 the Planck constant. The phase factor modifying the hopping integral is called
as the Peierls substitution [2].
The spin Zeeman exchange interaction term can be easily found as

ZO/LBHZ‘CLCM , (5.18)

in the tight-binding model, where H; is an effective magnetic field at site .
We conclude this section by summarizing the BdG equations in the presence of
magnetic field:

ho ()l (r) + [ dr' A(r, X' )02 (x') = Eqdl (x), (5.19)
[ dv A* (¢, r)ul (r) —iz;(r)vg(r) = E,vl(r), '
in the continuum limit, and
Ealt. =S hiigu + Y Ajv |
o = 2ot + 2 4ivs (5.20)
Envig = =30 Iy 57 + 20 Ajid

in the tight-binding model.

5.2 Vortex Core State in an s-Wave Superconductor

5.2.1 Single Isolated Vortex

The study of the single vortex line of an s-wave superconductor based on the
BdG theory has been initiated with the seminal work by Caroli, de Gennes, and
Matricon [3-5] and later by Bardeen et al. [6], in which various approximations
were used. Later on, Shore et al. [7] and Gygi and Schliiter [8] obtained numerical
solutions for quasiparticle amplitudes in a vortex core starting with approximate
forms for the pair potential. It is important to note that, in these two calculations, the
pair potential used as input was modeled from the experimentally inferred coherence
length. The effect of the spatial dependence of the magnetic field was neglected,
which seems to be justified when the GL parameter « = 1/¢ is large, where A and £
are the penetration depth and coherence length, respectively.

Here we consider a single vortex in a two-dimensional s-wave superconductor.
When the magnetic field is applied perpendicular to the 2D plane, the orbital effect
is dominant over the spin Zeeman effect. By introducing the polar coordinate system
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r = (r, 0), the pair potential should have the form
A(r) = A(r)e . (5.21)
It suggests that we can write the eigenfunctions as
() = (o)
o) )\ wjeit1/26 |

which leads to the BdG equations

2 du; du; —1/2)2u;
Ejuttjp (r) = 2;;1(; (— L;j:;(r) —% ujgr(r) + (v /rz) 2 (r)) — Erujy (1)
+Ar)vju(r) (5.22a)
W ( d* dv; 1/2)%v;
Ejvju(r) = _Z_me(_ Z]’Z(r) —% v];r(r) + e /r2) v]u(i’)) + Epvju(r)
+AE) G (r) - (5.22b)

Here the pair potential amplitude

A(r) = % Z uj (N)vjy (r) tanh(ﬂ) , (5.23)

2k
Jn(Ej|<op) BT

is determined self-consistently, where U is an effective pairing interaction and wp is
the cutoff. The azimuthal quantum number |u| = % % % e

We first focus on solutions to the BAG equations (5.22) by following the original
work by Caroli, de Gennes, and Matricon [3] and that in [9] in the assumption
that the pair potential is known with a shape schematically drawn in Fig.5.1.
Equations (5.22) can be rewritten as:

2 2y; r Ui \ ¥ 2 Ui \r
h (_d ) 1dunn) | G x U ]M())_EFuj;L(r)+A(r)vjlt(r)

2m, dr? roodr 2

= (Em + %)um(r) . (5.24a)
_zh_ni(_dzlsz(r) 3 %dv,;r(r) N W2+ 1r/24)vju(r)) T Ervge () + AW ()

= (Em + ;Lm—ii)um (r). (5.24b)

We now introduce a radius r, very close to the vortex core center, that is,

L+ 12k <re <&
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Fig. 5.1 The amplitude of superconducting order parameter A(r) around a single vortex core line.
It vanishes at the core center r = 0 while rises to the bulk magnitude A, over a characteristic
length &. The quasiparticle states with energies (red lines) smaller than the superconducting gap
Ay are bound near the vortex core center

For r < r., A(r) approaches to zero and we can neglect it in Eqs. (5.24), and obtain
the solution as

(uﬂ(r)) _ [ A+ u—slkE + 9] ’ (5.25)
vu(r) A=J 4 1 [(kp = g)r]

where kr is the Fermi wave number, ¢ = E/hvp with vp = hkp/m,, and J,, is the
Bessel function. Here we have used the approximation

om,E\ /2
(k%i ’Zz ) ~kptq. (5.26)

For r > rc, we use the fact that the Hankel function H,, (krr) satisfies the Bessel
ordinary differential equation:

d*H,, (kpr) | LdH(ker)
dr? rodr

2
+ (k% - ’:—Z)Hﬂ(kﬁ) -0, (5.27)

to separate this fast oscillating component out of the wave function and write in the
form

uy (1) _ R+(r)H,~L(kpr)+c.c (5.28)
v (r) R_(nH(kpr) +cc. )’ '

where the functions R (r) are varying slowly in space, and the quantum number
i = /% + 1/4. Substituting Eq. (5.28) into Eq. (5.24), we obtain

P, PR Hy \ dR+ (1)
|: _) dr

/ ~
Zme _HILT — (21‘1[2 + - i| + A(V)HMR_(}’)
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2
- (E + zum—;zrz)HﬁR+(r) : (5.29a)
H2 42 r d, r
_2me[ H; 52() (ZH}L 7") Rdr()] + A(HzR4(r)
2
(E—I— 2‘”’ )H R_(r). (5.29b)

In the limit that kzr > 1, we neglect the terms HR” and HR’ ', /r, and approximate
H'(kpr) ~ ikpH from the asymptotic form of the Hankel functlon

1/2 2
Hy(x) = (%) exp[i(x + % - “7” - %)} , (5.30)

for the limit r — oco. Equation (5.29) then becomes

2 2

AR | AyR_ ) = (E+ i )R+(r), (5:31a)
e dr 2mer?
2 2

AR AR () = ( L )R-(r) : (5.31b)
me  dr 2mer?

For E « A and kpr > p, we can treat the right-hand-side of Eq.(5.31)
perturbatively. To proceed, we write the envelope functions in the form

(RW)) _ ( e )e_K. (5.32)
R_(r) e

Substitution of Eq. (5.32) into Eq. (5.31) gives

ldp dK iy uh?
hv F(2 — +i — ) + A(r)e™ = E+ e (5.33a)
hor( 192 9K | aeie = g4 2 (5.33b)
vp|l = — —i— = . .
\oar ~ar e 2mer?

Through addition and subtraction of Egs. (5.33a) and (5.33b), we find

hvp d h?
r gy + A(r)cos¢p = E + e

52 Y (5.34a)

hvp‘fi—K — A(r)sing = 0. (5.34b)
r
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We further write the solution for ¢ and K up to the leading order of E + 5%:

=90+, (5.352)
K=Ky+K;. (5.35b)
It can be easily found that
oo = % , (5.36a)
Ko = (hop)~! / AG)dr (5.36b)
0

Upon substitution of Eq. (5.35) together with Eq. (5.36) into Eq. (5.34), we arrive at

2
er
K =0, (5.37b)

where we have used the approximation sin ¢; ~ ¢;. Equation (5.37a) has the solution

S N I\
o1(r) = _/ S Ui aeha = 4w 1(2 LM )dr
, kpr'?
o
= —/ 2Ko(N=2Ko() (2 + —)dr (5.38)
r kpr'

On the other hand, for r < r., we can write
o1(r)=a—1/r+ag+air+...

and

dA(r)

A(r) =

|r—0r +.

and substitute them into Eq. (5.37a). By comparing the coefficients for the »—2 term,
we have

so that

doi Ko 2pA(r)
=29+ — — 5.39
dr a+ krr?  hkpvpr’ ( )
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for r < r.. We can then obtain

00 , M
p1(re) = —/ EZKO(r)_ZKO(r)(Zq + X a)dr/

re Fr
oo , re d
~ —/ e_ZKO(’)(Zq + M Z)dr/ —/ i/ldr/
0 kpr o dr
/
~ 2qre — -2 /‘00 ¢ 2Ko(r) q— KAL) ar’ . (5.40)
krre 0 hkpvpr/

The final form of the wave function for r > r. is then

IRl
(up,(}")) :Ae—KO(V) ( € 4+ 2 Hﬁ(kFr) +C'C ) . (541)
e

v (r) _i%_i%Hﬁ(kpr) + c.c.

This wave function must be joined smoothly at r = r. with that from the region
r < r. given by Eq. (5.25). Using the asymptotic form of the Bessel function

2 \1/2 2
Ju(x) = (E) exp[x—{— % - “7” + %] , (5.42)

for x > 1 together with that of the Hankel function, Eq. (5.30), we obtain

01(re) = 2gre — kFLr . (5.43)

Comparison of Eq. (5.43) with Eq. (5.40) leads to

o0 , A J
[y 220 Vs . s
0 hkpvgpr
That is,
g e gy
B ke 2 2K gy
dA(r
= kﬁ ( )|r=Og(kF) , (5.45)
Fdr

where the dimensionless function g(kr) depends on the shape of A(r) and is close

to one. Using the approximation d@i’) lr=0 ~ % with the coherence length £ =

hvp /24, the energies of the vortex core bound states are given by

E,=p=0. (5.46)
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These are the Caroli-de Gennes-Matricon vortex core levels. The lowest bound state
energy corresponds to || = %

More rigorous solution to the BAG equations can only be obtained through
numerical solution, which also determines the pair potential self-consistently [10,
11]. The radial functions are expanded in terms of the set of Bessel functions
normalized in a disc of radius R:

wi(r) | _ i3 (1) 5.47
(vm(r)) Z diithy, 4 1) | G47
where
V2 .
¢jm(}") = mjm((x,mr/R) , 1= 1,2,...,N (548)

withm = pu F % and «jy, is the ith zero of J,,(x). The BAG equations are now solved
separately in each subspace of fixed angular momentum g, which amounts to solve
a 2N x 2N matrix eigenvalue problem. Once the self-consistency solution is obtained,
the local density of states as derived in Chap. 1 can be computed.

Typical results are shown in Figs. 5.2 and 5.3. As the temperature decreases, the
vortex core size, as defined by df;’) |/—0, shrinks, as originally predicted by Kramer
and Pesch [13]. In addition, at very low-temperatures, the pair potential also exhibits
Friedel-like oscillation, which is mainly contributed from the vortex core states.
These vortex core states are displayed clearly in the local density of states probed

near the core center. For a large zero-temperature coherence length, these core levels

alsS————7—1—

pair potential (meV)
A(r)

0
0 300 600 900 1200
r (a.u)

Fig. 5.2 Spatial variation of the pair potential A(r) as a function of distance away from the vortex
core center, determined self-consistently, for kr§ = 70 (a) and 16 (b) for various temperatures.
From [11] for (a) and [12] for (b)
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Fig. 5.3 Local density of states as a function of energy and distance from the vortex core center
at 7 = 0.137, and kp€ = 70 (a), and T = 0.05T, and kré = 8 (b). From [11] for (a) and [12] for
(b)

Fig. 5.4 Tmage of dI/dV on 2H-NbSe, as a function of voltage bias (horizontal axis) and position
along a line that intersects a vortex (vertical axis). From [14]

are close in energy and the discretization is thermally smeared, while for a short
coherence length, the discretization of the levels is evident. The first experimental
evidence for the Caroli-de Gennes-Matricon vortex core states comes from a series
of scanning tunneling experiments on a layered hexagonal compound 2H-NbSe, at
low temperatures [ 14—-16]. A spatial image of tunneling conductance across a vortex
is shown in Fig. 5.4. There a tunneling conductance peak is observed at the vortex
core center.

Recently, the STM experiments have also been carried out in a vortex core
of a proximity-induced s-wave superconductor in Bi,Te; thin films [17, 18]. The
evolution of local tunneling conductance spectra with film thickness has led to a
conjecture [18] that the zero-bias conductance peak observed at the core center
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reveals the existence of Majorana bound states. This conjecture has been supported
by a very recent theoretical study [19] by solving a generalized set of BdG

equations [20, 21]:
) Aw ) fawm)) _ () (5.49)
At —sxm ) i) o) '

Here the normal-state effective Hamiltonian of the TI
N PN 1
HA1 = €6, — ivF[e_"f”z (a,fsx + —8¢§y) + azsz]ax —Er, (5.50)
r

with §; and 6; the Pauli matrices for spin and orbital degrees of freedom, and the
Dirac mass

1 1
- 2 2 a2
€ __EO_Zme (a, +;8r+ r28¢+8z), (5.51)
in the cylindrical coordinates with the quantity 2¢( describing the bulk gap of the

topological insulator. The proximity-induced superconducting gap has the form
A = e Agsy (5.52)

where the superconducting gap Ao is kept as a constant. We note that the BdG
wave function [fi(r), O (r]T"Pos¢ js a total eight-component vector spanned in a
spin-orbital-Nambu space. The BdG quasiparticle wave function around an isolated

vortex takes the form
30 i(j—s/241/2) 750
(:jmii;) = (ji(j+s/2—l/2)gsfr§:.;) ’ (553)

J

where the superscripts s (£1) and o (=1,2) on u and v are spin and orbital indices.
The coefficients (#*? (r), 7°° (r)) can be expanded in terms of the Bessel orthonormal
functions in the radial direction [11] while the Gauss-Lobatto functions in the z-
direction [22]. Numerically, the authors of [19] has used a varying Fermi energy to
simulate the thickness dependence of the local density of states around the vortex
core. It was found that the local density of states profile evolves from a V-shape to
a Y-shape as the Fermi energy level is tuned toward the bulk gap center, in a good
agreement with the experimental results.
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5.2.2 High Field Limit

The quasiparticle states of a superconductor in the low field limit can be sufficiently
described by considering a single isolated vortex. In the high field limit, a vortex
lattice is formed as a regular array [23], in which vortices are closely packed.
In this limit, the single isolated vortex description is not adequate. Quasiparticle
excitations of a superconductor in the high field limit are interesting in the possibility
of Landau level quantization, which plays an important role in quantum Hall effect
in a semiconductor two-dimensional electron gas.

Different from the single isolated vortex case, in the high magnetic field limit,
the vector potential must be treated explicitly in the BdG equations (5.19) with A(r)
given by Eq.(5.1). For the extreme type-II superconductors, we can assume the
vector potential is entirely determined by the external magnetic field. In the Landau
gauge with the vector potential

A :H(_y’ 0’0) ’ (554)
the pair potential for a triangular Abrikosov lattice has the form

A(l‘) — A(T,H) Zeinaz,xnz/aA ei2nnx/aA—(y/13+71n13/aA)2 . (555)
n

where the position vector r = (x,y). The unit vectors in the direct space of a
triangular vortex lattice are

1 V3
a; = (arx.a1y) =an(1,0), ay = (azx,a2y) = aA(Es 7) . (5.56)
The magnetic length Ip = /hc/eH. This form of the pair potential and the
explicit appearance of the vector potential in the BdG equations break the rotational
symmetry existing for the single isolated vortex. The BdG wave functions can be
expanded as

(‘“”) =3 (“q) b (r) - (5.57)

v(r) g \ Ung

Here ¢, are the eigenfunctions to the single-particle Hamiltonian Eq.(5.1) in
the magnetic sublattice representation for a vector potential chosen in the Landau
gauge [24]:

1
Pnqg = —F———
M i | Lily

xHpu(y/lg + qxlp + wmip/ap) , (5.58)

LTay x .
@y S Ty gt rm/ap)x—(/ls+qdstrmls/an)? /2
m
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where q = (gx, gy) is the quasimomenta in the first magnetic Brillouin zone defined
by the reciprocal vectors

Qi = (ay.—@m)/l, Q= (0.2ap)/13 . (5.59)

L, and L, are the linear dimensions of the system, and H,(x) is the Hermite
polynomial of order n. Substitution of Eq. (5.57) into Eq. (5.19) yields

€nling + Z Anm(‘])vm,q = Enqing - (5.60a)

m

—€nUngq + Z Ar(@umq = EnqVng - (5.60b)
Here the normal-state Landau levels are given by

€=+ %)hwc —Er, (5.61)

with the cyclotron frequency w. = eH/m.c, and the matrix element for the pair
potential is

Anm(CI) _ A(TvH) n—f;l)m Zeinaz,xkz/aa+2iquaz,y—(qxlg+7rle/aA)2
V2 2rnnlm! 4

XHy4m[V2(qx + 7k/ap)lg) . (5.62)

Therefore, the BAG equations are now solved in a 2N, x 2N, subspace for separate
values of quasi momentum q. Due to the complex structure of the pair potential
matrix elements, accurate solutions can only be obtained through numerical simu-
lations [25-30]. The numerical results show that when the magnetic field is close to
the upper critical field H,,, gapless quasiparticle states can occur at discrete locations
of the Fermi surface. We note that the gapless quasiparticle states in the s-wave
superconductors are induced from the Cooper pair motion in the high magnetic
field. Their existence can be detected by the de Haas-van Alphen oscillations at
high magnetic field and low temperatures [31-34].

5.3 Vortex Core States in a d-Wave Superconductor

The study of vortex cores states in a d-wave superconductor finds its immediate
relevance when high-temperature cuprates are found to have a d-wave pairing sym-
metry. A novel feature from a d-wave pairing symmetry is that the superconducting
gap function experiences a continuous sign change at some special points of the
Fermi energy, showing the existence of nodal quasiparticles. Similar to the previous
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section, here we first consider the quasiparticle core states in a single isolated vortex
in the continuum model and for a vortex lattice in the tight-binding model.

5.3.1 Single Isolated Vortex

We begin with the BAG equations (5.19). The non-local nature of d-wave pair-
ing introduces further complications. We introduce the center-of-mass coordinate
system

R:r—;r” s=r—r, (5.63)

to rewrite the equations as
hru(R) + / AR —s/2,s)v(R—s)ds = Eu(R) , (5.64a)
—hjv(R) + [ A*(R —5s/2,8)u(R —s)ds = Eu(R) . (5.64b)

Here we have used a new label R = r so that the single-particle Hamiltonian
becomes

h? AR
hy = (PR+€ ( ))_EF, (5.65)
2m, c
and
R:R—%, s=r—r . (5.66)

The pair potential in the center-of-mass coordinate system is given by

A(R,s) = V(s) Z[un(R +5/2)v¥ (R —5/2) + us(R —s/2)v¥(R +5/2) tanh(zf—;T) ,

(5.67)

n

with the energy summation subjected to a cutoff §2. in the continuum limit. The
pairing interaction is parametrized as

V(s) = Vag(p)d(s —a)/a (5.68)

with s = (s, ¢) in the polar coordinates and a as a length scale for nonlocal pairing

interaction. For the d,»_>-wave pairing symmetry, the angular dependent function

g(p) = cos’(2¢) . (5.69)
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This form of the pair interaction suggests that the d-wave order parameter depends
on the relative coordinate s only through its polar angle. Therefore, we can expand
it as

AR.s) = AR, 0:p) = Y e A (R) . (5.70)
p.l

where R = (R.6). In this representation, p represents the winding number of
the superconducting phase around the vortex and / represents the orbital angular
momentum of the relative motion of two paired electrons. For the d,._,,-wave
pairing symmetry, the order parameter near the single vortex should be contributed
dominantly from a linear combination of components with p = 1, and | = £2 at
equal weight A(R, 6; @) = €[ A5 (R) + e 72 A _5(R)).

For the case of singe isolated d-wave vortex, we neglect the vector potential
A, which is reasonable for extreme type-II superconductors. We can then follow
the same procedure used for the single isolated s-wave vortex to solve the BdG

equations (5.64) through the expansion of the wave function as

(um(R)) _ v [ G-t ® ) (5.71)
Vjn (R) i dji¢iﬂ+% (R)
where
V2 . _
dim(R) = mjm(a,-mR/Ro), i=12,...,N (5.72)

withm = u F % and «;y, is the ith zero of J,(x), and Ry is the radius of a disk.
The resultant equations can be solved via exact diagonalization with the order
parameter obtained through an iteration procedure. Figure 5.5 shows the variation
of the dominant component of the superconducting order parameter and the local
tunneling conductance at the vortex center [35]. Due to the spatial anisotropy of the
dominant d,»_»-wave component, other subdominant order parameter components
are also induced near the vortex core (see Fig. 5.5a). The calculations [35] also show
that for a short coherence length kr&y with & = hvr/mAg (Ao is controlled by the
pairing interaction strength V), the profile for the d,»_,>-wave order parameter is
quite universal and it follows the form 1/R? instead of tanh(R/£") with £’ a fitting
parameter. In addition, a broad peak shows up near the Fermi energy in the local
tunneling conductance at the vortex core center (see Fig.5.5b). For the d,»_,>-wave
vortex core, even for a very short coherence (e.g., kp&y = 2.5 for Fig. 5.5a), no clear
splitting of the core level is obtained, which is in sharp contrast with the case of
the s-wave vortex core. This is a clear indication that the nodal quasiparticles pre-
existing for the d,»_»-wave pairing even at zero field play an important role in the
nature of vortex core states.
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Fig. 5.5 Dominant order
parameter component around
a d-wave vortex (a) and the
theoretically obtained
tunneling conductance at the
vortex core center. The
system size is kpRy = 120.
The other parameter values
are kra = 2, 2./Er = 0.3,
V4/EF = 1.6,and T = 0.
From [35]

5.3.2 Quasiparticle States in a Mixed-State of d-Wave
Superconductors

The order parameter profile for a single d._,»-wave vortex core has also been
studied by solving the BdG equations within the tight-binding model [36]. The
use of tight-bind model enables one to incorporate band structure of normal-state
superconductors, which is especially appropriate for high-T, cuprates. As in the case
of s-wave superconductors, when the magnetic field is much larger than the lower
critical field H,;, a vortex lattice is formed also in the d-wave superconductors. The
quasiparticle spectrum in the mixed-state within the tight-binding model has been
first studied by Wang and MacDonald [37] for a pure d,._,»-wave superconductor.
It was shown that the local density of states at the d-wave vortex core exhibits a
single broad peak at zero energy. The results are supported by the study of the single
d_,»-wave vortex line discussed above in the continuum model.

In this high-field limit, we again need to treat the magnetic field effect explicitly,
which is described in the BAdG equations (5.20). In the mixed state, the magnetic field
effect is included through the Peierls phase factor ¢;; = —%’(’) rrj‘ A(r)-dr, where ¢y =
he/e (e > 0) is the single-electron flux quantum. We still assume the superconductor
under consideration is in the extreme type-II limit where the Ginzburg-Landau
parameter k = A /& goes to infinity so that the screening effect from the supercurrent

is negligible. Therefore, the vector potential A can be approximated by the solution
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Fig. 5.6 Schematic drawing
of a magnetic unit cell with
linear dimensions of N, and
N,. The red lines form a
closed path around the unit
cell

V x A = Hz, where H is the magnetic field externally applied along the ¢ axis. The
enclosed flux density within each plaquette is given by Y "5 ¢jj = —%.

We choose a Landau gauge to write the vector potential as A = (—Hy, 0, 0), where
y is the y-component of the position vector r. By considering a rectangular lattice,
we introduce the magnetic translation operator J,,r = r + R, where the translation
vector R = mN,aé; + nNyae, with N, and N, the linear dimension of the unit cell of
the vortex lattice, as shown in Fig. 5.6. Note that the original crystal lattice is a. To
ensure different .7, to be commutable with each other, we have to take the strength
of magnetic field so that the flux enclosed by each unit cell has a single-particle flux
quantum, i.e, ¢y, which is equivalent of two superconducting flux quanta each with
he/2e.

Under this condition, we can decouple the translation operator .7, into two
consecutive operations

Tmn = TonImo - (5.73)
As such, we have
A(Tmor) = A(r) = A(r) + V¢ , (5.74)
which gives
¢1=0, (5.75)
and
A(Fpnr) = —Hyé; — H(nNya)é, = A(r) + V¢, , (5.76)
which gives
¢2 = —HnNyax . (5.77)

Therefore, the transformation .7, leads to the transformation of the superconduct-
ing pair potential as:

_idmr_ _idn
A(Ft) = ¢ 90 THAEmND) =000 p )

= TR A (r) | (5.78)
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where the phase accumulated by the order parameter upon the translation is

4
x(r,R) —EO[—HnNya(x + mNya)]

= —4—nA(R) -r + dmnm | (5.79)
2

when N,Nya?H = &,. If we perform a successive application of four transformations
along a closed path around the magnetic unit cell, as shown by the red lines in
Fig.5.6,

(0,0) = (Nxa,0) — (Nxa, Nya) — (0,Nya) — (0,0) , (5.80)

the accumulated phase on the superconducting order parameter is 4w, which
corresponds to two superconducting flux quanta.

From this property, we can obtain the magnetic Bloch theorem for the wavefunc-
tion of the BAG equations:

(“k,o(ymni)) — eik~R< eil(r’R)/zuk’U(i) ) . (581)

k.o (Tpunt) TR/ 2y, o (F)

Here ¥ is the position vector defined within a given unit cell and k = A%[’X’Zl\;x & +
%éy withmy, = 0,1,..., M, — 1 are the wavevectors defined in the first Brillouin
vy

zone of the vortex lattice and M,N, and M,N, are the linear dimension of the whole
system. The vortex carrying the flux quantum hc/2e is the generic feature of the
pairing theory for superconductivity. Comparing with the zero-field case but with the
similar kind of supercell technique, we can see that the magnetic field also modifies
the matching conditions between two neighboring unit cells. Similar type of the
magnetic Bloch theorem can also be derived in the symmetry gauge for the vector
potential. Typical numerical results are shown in Fig.5.7 [37]: The d-wave order

Fig. 5.7 Amplitude of a d-wave order parameter in a magnetic unit cell (a) and the local density
of states at the vortex core center. From [37]
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parameter as defined by
1
Aq(i) = Z[Ai,i+)? + Ajig = Qi — Aiigl (5.82)

is strongly suppressed at the vortex core. The local density of states at the vortex
center exhibits a broad peak, which is clearly centered at the Fermi energy. No clear
core level splitting is seen. These results are fully supported by the study of a single
isolated d-wave vortex core in the continuum model discussed above.

The quasiparticle states near the vortex core can be probed by scanning tunneling
microscopy. The unique feature of a pure d-wave pairing symmetry on the mix-
state quasiparticles state can also be detected by nuclear magnetic resonance
spectroscopy, which is essentially a site-selective probe. The correlation function
between the two spin operators at equilibrium is

sP(—1) = (st sl @) . (5.83)

Its Fourier transform defines the dynamical structure factor

0 .
Slﬂj‘ﬁ / etwtsgﬁ (l‘)dt
—00

2 — e
- ;; 3 e BT S(E, — Ey + hao) (]S v (v]S] 1) . (5.84)
A

where the partition function is given by

Z =) e EnlksT (5.85)
"

If we define the response function
R (1) = —i6(t ) ([ (0). 5L ()]) . (5.86)

where [A, B] denotes a commutator. Its Fourier transform is given by

o . .
R (@ + in) = / dre @RI (1)

oo

1 (e~ Eu/kaT — =Ev/kaT) (11|59 ) (v M
iy (] |')(|,|), (5.87)
7 2 (Ep —Ey) + ho + in

where 7 is an infinitesimal. Comparison of Egs. (5.84) and (5.87) leads to the relation

2

op -
8 (@) =~ ST

mR (@) . (5.88)
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In the limit of @ — 0, we have

af _ 2 of
S (0 —0) = —ha)/kBTImRij (w —0). (5.89)

This spin response function can be calculated conveniently in the Matsubara
formalism. We are interested in the correlator between

=51 +5) = cheu
and
ST =Si—is) =l e
and write down
R (0) = ~(T(S (1)S7 (0))) . (5.90)

Using the Wick decoupling scheme and performing the Fourier transform, we obtain

+—: _ o't onxo n* n* n’*f(En) —f(=Ey)
i Gion) = 3 Jutof ™ol — vl I (5.91)

nn’

from which we arrive at the spin-relaxation rate:

|

J2rkgT * *
= S Y Reluy gy = oy

/

nn'

x( U E ))|E 5. 8(En + Ey) | (5.92)

where J is the strength of the coupling between the nuclear spin and the electron
spin density on the lattice.

Figure 5.8 shows the temperature dependence of the spin relaxation rate on a
few selected probing sites [38]. The results indicate that in the presence of vortices,
1/T; follows 1/T, ~ T at low temperatures, which deviates from the 73 behavior
at zero field. This T-linear behavior arises from the low-energy states around the
vortices. In addition, the temperature range for the 7-linear behavior is expanded.
This result is in sharp contrast with the 1/7] o« ¢~21/7 for the s-wave vortex lattice
case at low temperature, where Ay ~ A% /EF [38]. Its magnitude of 1/7 is also much
larger than that for the zero-field case, suggesting a significant contribution from the
gapless vortex-core states.
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Fig. 5.8 Position of probing sites V, A, B, C, S in the square vortex lattice, where the nearest-
neighbor vortex is located in the 45° direction from the x-axis (due to the choice of symmetric
gauge) (a), and the temperature dependence of spin relaxation rate. Line U shows the zero-field
case. The line N is for the normal state at 7 > T,.. From [38]

For high-temperature cuprates, low temperature STM experiments observed a
double-peak structure around zero bias in the local differential tunneling conduc-
tance at the vortex core center [40, 41]. The discrepancy between the theory and
the experiment stimulated interesting theoretical proposals on the quasiparticles
in the vortex core of high-7, cuprates, including the mixed dy_» + idy-wave
pairing symmetry [35, 42], the Landau-level quantization [43], as well as competing
order [39, 44-46]. Here we discuss the quasiparticle spectrum within a competing
spin-density-wave scenario. Other competing scenarios [47] can be discussed within
the same framework.

Beyond the tight-binding model with only a d-wave pairing term, we introduce a
Hubbard on-site repulsion

Hy=UY fuhy . (5.93)

where njq is the local density operator and U is the strength of the on-site repulsion
between two electrons with opposite spin polarization. By assuming that the on-site
repulsion is solely responsible for the antiferromagnetism, we have a mean-field
decoupling

Hyme = ) mighio , (5.94)
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where mj; = Unj, is the spin-dependent Hartree-Fock potential. The extended BdG
equations can then be derived as:

Hjo  Aij g \ _ o [ Uiy
Z( AX —jf*) (mt) =En (v.”_ ’ (5.95)
J I 1.0 Jo io

where (i ,viL) is the quasiparticle wavefunction corresponding to the eigenvalue
E,, the single particle Hamiltonian J&j , = —t;je%i8i1.5 + (mi 5 — n)8;j. Notice that
the quasiparticle energy is measured with respect to the Fermi energy. The self-

consistent conditions read:

mie = U Y |u |’f (En) . (5.96)
and
_ 14 n . nk nx_n E"
Ajj = 7 Xn:(uiTvN + v ujT)tanh (ﬁ) , (5.97)

where V is the strength of d-wave pairing interaction and the Fermi distribution
function f(E) = 1/(e£/%T 4+ 1). Here the summation is also over those eigenstates
with negative eigenvalues thanks to the symmetry property of the BAdG equation: If
(”inT’ Uy vi”T, vi”i)Tm’W’m is the eigenfunction of the 4 x 4 equation in the spin space
with energy E,, then (vi"T*, —vi'l*, u;‘T*, —ui’l*)Tm’”I’m up to a global phase factor is
the eigenfunction with energy —E,.

For the optimally high-T, cuprates, since there is no static spin-density-wave
(SDW) order at zero field. One can choose the relative strength of Hubbard repulsion
and the d-wave pairing interaction such that the antiferromagnetic SDW order
is strongly suppressed while the system is only dominated by a pure d-wave
superconducting order, which is uniform in real space. As such, the competing
nature of the system will be uncovered by suppressing the superconducting order
in the form of vortices when a magnetic field is applied. Representative results are
shown in Fig. 5.9. With an appropriately chosen strength of the Hubbard repulsion,
the SDW order is nucleated at the vortex core center, where the d-wave order
parameter is depressed (see the left column of Fig. 5.9). More interestingly, with the
SDW order localized at the vortex core center, the near-zero-energy broad peak in
the local density of states for a pure d-wave vortex is suppressed with the amplitude
of the SDW order (see the left column of Fig.5.9). The exhibited double-peak
structure in the LDOS is consistent with the STM tunneling conductance measured
at the vortex core center.
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Fig. 5.9 Left column: Spatial variation of the d-wave order parameter (a), staggered spin-density-
wave order M, = (—1)’ (ni+ — n;y) (b), and charge density n; = n;q + n;y (¢) in a magnetic unit
cell of size 42 X 21 for V. = 1.0 and U = 2. Right column: The local density of states measured
at the vortex core center for various values of Hubbard interaction U = 0 (a), 2 (b), and 3 (c¢). The
filling factor defined as ), n; /NN, = 0.84. From [39]

5.4 Fulde-Ferrell-Larkin-Ovchinikov State due to a Zeeman
Magnetic Field

As we mentioned at the beginning of the chapter, the magnetic field also influences
the superconductivity especially with the spin-singlet pairing through the spin
Zeeman interaction. This effect is especially important for a low-dimensional
system, where the orbital effect of magnetic field when aligned appropriately can
be completely quenched. In this section, we will focus on the spin Zeeman effect by
neglecting the orbital effect of the magnetic field.

The modification of superconductivity by the external magnetic field through the
Zeeman coupling was first studied by Clogston and Chandrasekhar [48, 49]. It is
concerned with the bound on the paramagnetic upper critical field by considering
the Zeeman interaction alone, that is the Pauli limit, and the nature of the phase
boundary. The paramagnetic pair-breaking effect comes from the Zeeman splitting
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of the single electron energy bands. When a magnetic field is applied in the normal
state, electron band is split into spin-up and spin-down sheets to gain the magnetic
energy; while in the superconducting state, this paramagnetism is eliminated by
the formation of spin-singlet Cooper pairs. Qualitatively, the destruction of the
superconducting state by the Pauli paramagnetic pair breaking occurs when the
normal-state paramagnetic energy

1
Ep = E)(,,H,% , (5.98)

takes over the superconducting condensation energy
1
E.= EN(O)A]%CS(T) ) (5.99)
Here the normal-spin susceptibility is given by

1
In = 581N () | (5.100)
with g being the gyromagnetic ratio, g being the Bohr magneton, and Ny the density
of states at the Fermi energy per spin polarization. The quantity Apcs is the zero-
field BCS energy gap. A little algebra yields

Hp(T) = V2Apcs(T)/|glus - (5.101)

On the other hand, if one assumes a second-order phase transition and the
superconducting order parameter is always uniform in real space, the solution of the
BdG equations (5.19) or (5.20) in the Pauli limit (that is, ignoring the orbital effect)
will lead to an upper critical field, which will decrease with decreasing temperature
below a critical temperature 7. This transition line is metastable, which suggests
that the transition below T (with the line defined by Hp(T)) becomes the first
order. The phase diagram between the Zeeman field and the temperature is shown
in Fig. 5.10.

A more unusual state was proposed by Fulde and Ferrell [50], and by Larkin
and Ovchinnikov [51], where the pairing state is formed with a finite Cooper pair
momentum at a larger Zeeman field. If the normal state is transitioned into this finite-
momentum pairing (inhomogeneous in real space) state, the upper critical field can
be enhanced. Specifically, the Cooper pairs are formed between electrons at (k, 1)
and those at (—k + q, | ), as shown in Fig. 5.11. The shifted momentum g due to the
Zeeman field is estimated to be ¢ ~ 2ugH/Avr. The state originally proposed by
Fulde and Ferrell has the form

A(r) = AeT | (5.102)
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Fig. 5.10 The H-T phase diagram of a two-dimensional superconductor in the pure Pauli limit,
which can be realized by applying the field parallel to the plane. Below Tt (= 0.56T,), the
transition becomes first order. The broken line represents the metastable transition line. From [52]

(a) (b)

-k'+q

Fig. 5.11 Schematic picture of BCS pairing state (q = 0) (a) and FFLO pairing state (k 1, —k +
q {) (b). The inner and outer circles represent the Fermi surface of spin-up and spin-down electron
bands. From [52]

with the amplitude of the order parameter remaining homogeneous. Note that the
functionals Ae/T and Ae~'4T are degenerate for a given q, its equal weight linear
combination can lift this degeneracy

A(r) = AT + 79Ty = 2Acos(q - T) . (5.103)

Larkin and Ovchinnikov suggested this form of the order parameter can lead to an
even more stable superconducting state in the presence of a larger Zeeman field.
Nowadays, this finite-momentum pairing state is called FFLO state [52, 53].

The interest in the FFLO state is recently revived by the observation of a so-called
“Q” phase in heavy-fermion CeColns compound [54], which has a d._»-wave
pairing symmetry at zero field. The problem has recently been numerically studied
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Fig. 5.12 Spatial variation of a d-wave order parameter in the Pauli limit of an external magnetic
field (a) and the local density of states (b, ¢) at the sites marked on the contour plot (upper right
panel) of equal magnitude of order parameter. The pairing interaction V, = 1.0, the exchange
field h = Hup = 0.15, the chemical potential 4 = —0.4 in a nearest-neighbor hopping model.
From [55]

by solving the BAG equations (5.20) with a d-wave pairing symmetry. Figure 5.12
shows the d-wave order parameter variation as well as the local density of states at
several representative sites of the system [55]. The d-wave order parameter at low-
temperatures is stabilized into a square lattice in the form of Ag[cos g.x + cos g,y]
(see Fig. 5.12a). The spatial variation, especially the sign change of the d-wave order
parameter in the real space gives rise to in-gap states exhibited in the local density
of states (see Fig.5.12b, c).

We note that just as interesting quasiparticle states in the mixed state of a
superconductor arise from the vortex formation, novel quasiparticle states in the
FFLO state through a large external Zeeman field are also due to the variation of
order parameter, that is, the collective motion of Cooper pairs. In addition, the BdG
formalism is also very powerful in studying the interplay between the Zeeman field
and impurities.
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Chapter 6
Transport Across
Normal-Metal/Superconductor Junctions

Abstract In this chapter, transport properties in hybrid structures involving a
superconductor are discussed. The transport quantities are expressed in terms of
reflection coefficients within the framework of the Blonder-Tinkham-Klapwijk
theory. These coefficients are evaluated in the scattering theory. The enhancement
of conductance from Andreev reflection process is revealed, and its suppression
due to the spin polarization is examined. Finally, the possible revelation of chiral
Majorana modes through the tunneling differential conductance in a normal-metal-
ferromagnetic insulator-s-wave superconductor junction is discussed.

6.1 Blonder-Tinkham-Klapwijk Scattering Formalism

In a phase-coherent normal-superconducting hybrid structure, electrons are not only
intrinsically coherent in the superconducting part but also retain phase memory
all through the normal conducting region. Therefore, the transport properties
are determined in detail by the quasiparticle states produced by elastic scatter-
ing from inhomogeneities and boundaries. In the presence of superconductivity,
a scattering process known as the Andreev reflection [1] occurs: As shown
schematically in Fig.6.1, an electron incident from the normal conductor with
an energy below the superconducting quasiparticle energy gap cannot drain off
individually into the superconductor. It is instead coherently reflected from the
normal-metal/superconductor (NS) interface as a hole by transferring a charge
—2e to the superconductor. This process goes beyond the lowest-order description
within the tunneling Hamiltonian model for the NS junction, which predicts that
the tunneling conductance is proportional to the density of states. In 1982, Blonder,
Tinkham, and Klapwijk [2] (BTK) pointed out that the contribution to the subgap
conductance from the Andreev reflection can be significant, and further developed
a scattering theory of transport through an NS interface with the arbitrary barrier
strength.
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Fig. 6.1 Schematic drawing N S
of the scattering process for
an incident electron beam clectron | electron—like QP

impinged upon a
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We now discuss the derivation of the BTK formula. The time-dependent BdG
equations can be directly generalized from Eq. (1.60)

e (Of (r. 1) + / ' Ae (1) = in (3rt D (6.12)
/ dr' A* (¢, Df (1) — I (0)g(r, 1) = ih ag(al;’ D (6.1b)

Now the time dependence of the potentials is included implicitly. From the above
equation, we derive the continuity equation for BAG quasiparticles. We multiply
Eq. (6.1a) on both sides from the left by f*(r, ) while Eq.(6.1b) by g*(r, ) such
that

7w @ + [ dr e Aw e = e Lo
/ dr'g™ (r, ) A* (', 0)f (', 1) — g* (r, )] (1)g(r, 1) = ihg™ (r,1) ag(al; ) .
We then take the complex conjugation to the above two expressions
0O 0 = [0 At e g w = mfen
- / dr'g(r, ) A(Y', r)f*(v', 1) + g(r,)hy (r)g*(r,1) = ihg(r, t)w )
Combine the above two sets of equations together, we arrive at
alf(arQ—t)|2 +V-J =5, (6.4)
Als(r.OP Vel=5,. 6.5)

ot
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where

Jl = Re[f* (l', [)VJ(I‘, t)] B
Jo = —Re[g"(r.)vig(r, 0],

with the mechanical velocity of electron and hole as

Ve =(p+eA)/m., v,=(p—eA)/m,.

The source term are respectively given by

$1 = Jml* (e DA, )]

and

S, = %Im[g*(r, HA*( , 0)f (', 1] .

P(r.t) =2 fE)f(r.0) + 18" 0] .

Correspondingly, the quasiparticle current density is given by

Jp=2) fEII]+T5].

and the source term

Sp=2) fES] + 5] .

The charge density is defined as follows

O(r, 1) = =2¢ Y {fEM (e 0P + [1 = fED]lg" (x.0)7} -

Correspondingly, the electrical current density should be

Jo = —=2¢ ) {f(ENI} + [1 —f(E)3} .

= ~2¢ ) {f(EDRe[f™ (. )Vef"(x.1)]

143

(6.6)
6.7)

(6.8)

(6.9)

(6.10)

The total particle density is defined as the probability density for finding an electron
or a hole at a particular time ¢ and position r,

6.11)

6.12)

(6.13)

(6.14)
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—[1 = f(E)IRe[g"" (r, )vag"(r, O]} .

—2eh
= DU ENmU @)Y + ieA R (x.0)]

—[1 = fE)m[g"™ (r, )(V — ieA/hc)g"(r, O]} (6.15)

and the source term is

So = =2 ) {f(E)S] + [l —f(E)]S3] - (6.16)

The vector potential A(r) entering the BAG equations is in turn related to the
electrical current distribution Jo(r) by Maxwell’s equation

V x(VxA) = 4—”JQ. 6.17)
C

It should be pointed out that the two-fold spin degeneracy has been included
explicitly. At a first glance, the current are not conserved. However, if we take
into account the self-consistency condition about the pair potential, we can check
that the source term Sy is zero. For this reason, in non-self-consistent theory the
current is evaluated in the normal region (where the current is conserved since
the pair potential is zero) and the current in the superconducting region is inferred
indirectly. Obviously, the source term Sp can never become zero, which is allowed
by the mother nature itself in the superconductivity. We refer to [2—4] for more
discussion of these definitions. The present current expression has been used to
study the transport properties through a superconducting point contact [5].

The BTK transport theory is based on the assumption that the electrons are
ballistically accelerated without scattering before they hit the NS interface. In
addition, one assumes that the distribution functions of all incoming particles are
given by equilibrium Fermi-Dirac functions, apart from the energy shift due to the
voltage bias. It is convenient to choose the electrochemical potential of the electrons
in the superconductor as the reference since it remains a well-defined quantity even
when the quasiparticle populations are far from equilibrium. With this convention,
all incoming electrons from the superconductor side have the distribution function
frp(E), while those coming in from the normal-metal side have the distribution
function frp (E — V). Since the current must be conserved, we can evaluate it in any
plane for an actual two-dimensional or three-dimensional geometry. For a planar
junction, we can always first calculate the current for a given incident direction of
electron beams, with angle 6, as shown in Fig. 6.1, from which the total current can
be obtained by integrating over the transverse momentum. Assuming the current
flow along the x-direction, which is perpendicular the NS junction, we can write the
current as

1(0,V) = 2N(0)evp o /_ ” [£=(E) — f(E)]dE . (6.18)
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Here o7 is the cross-sectional area of the interface, N(0) is the one-spin density of
states at the Fermi energy at €, and vp, = vr cos 6. With the assumption about the
incoming populations, it follows that

f>(E) = frp(E—eV) , (6.19)

while
f(E) = A(E)[1 —f(E)] + B(E)-(E) + [C(E) + D(E)]frp(E) - (6.20)

Here the probabilities A(E), B(E), C(E), and D(E) are for normal reflection,
Andreev reflection, transmission through the interface with a wave vector on the
same side of the Fermi surface and that crossing the Fermi surface. We have
represented the current incident from the superconducting side in terms of the
summation of C(E) and D(E). Substituting Egs. (6.19) and (6.20) into Eq. (6.18),
we arrive at

16, V) = IN(O)ev o7 / fr(E—eV)~frp (B[ +A(E)—B(E)AE . (6.21)

Here we have used the symmetry that the probabilities A(E), B(E), C(E), and D(E)
are even functions of E, and fpp(—E) = 1 — frp(E). The quantity 1 + A(E) — B(E)
can be referred as the transmission coefficient for electrical current. It shows that
while the ordinary reflection (described by B(E)) reduces the current, the Andreev
reflection (described by A(E)) increases the current by giving one electron to form a
Cooper pair together with the incident electron. From Eq. (6.21), we can also obtain
the differential conductance for a given incident direction of electrons as:

0 —
Gys(0,V) = @ = ON(0)evp . / [—W}[l + A(E) — B(E)|dE .
- (6.22)
At zero temperature, we have
dfrp(E—eV)
which leads to
Gns(0,V) = 2N(0)e*vp.o/[1 + A(eV) — B(eV)] . (6.24)

Equations (6.22) and (6.24) represent the BTK scattering formalization for the
transport across the NS junction, while the BdG equations provide a framework
to evaluate the reflection probability quantitatively. Interestingly, the BTK formula
can also be considered as the revised version of the Landauer-Biittiker formula [6, 7]
for an NS junction. The latter has been extensively used to describe the quantum
coherent transport in mesoscopic normal conductors. We first point out that the
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original BTK theory is applicable to a junction with translational invariance along
the NS interface. A more general Landauer-Biittiker-like theory has been devel-
oped [8-12] to describe the quantum phase-coherence transport through normal-
metal superconductor hybrid structures. With this generalized theory, the zero-bias
conductance anomaly observed in the differential conductance of a semiconductor
in contact with a conventional s-wave superconductor [13—15] has been interpreted
as a combined consequence of multiple impurity scattering inside the semiconductor
and the Andreev reflection at the interface [11, 16]. The generalized scattering
formalism can also be cast into the random matrix theory [17] to study the excess
conductance of semiconductor-superconductor junctions, where the elastic impurity
scattering in the normal region is important.

In this chapter, we consider no impurity scattering at the NS interface and
instead focus on the consequence of superconducting pairing symmetry on the
conductance. Part of the motivation comes from the observation of zero-bias
conductance peak (ZBCP) when electrons are tunneling into the ab-oriented thin
films of high-temperature superconductors [18—21]. This ZBCP cannot be explained
by conventional tunneling theories. Although the feature was originally analyzed
based on the conventional s-wave tunneling model by introducing the spin-flip
scattering of the tunnel electrons from magnetic impurities speculated to exist in the
insulating barrier, the mechanism is inconsistent with the experimentally observed
nonlinear splitting of the ZBCP with the magnetic field and the absence of the
ZBCP in the tunneling conductance of c-axis-oriented YBaCuO/Pb junctions. Now
it has become clear [22-25] that the ZBCP observed in high-temperature cuprates
originates instead from the d-wave pairing symmetry.

6.2 Tunneling Conductance Through
a Normal-Metal/Superconductor Junction

Without loss of generality, we consider a two-dimensional normal-metal
/superconductor junction. The setup is relevant to the high-temperature cuprates,
where the superconductivity emerges mainly in the two-dimensional copper-oxide
plane. As we have derived in Chap. 1, the motion of quasiparticles in a normal-metal
superconductor junction can be described by the BAG equation (1.60)

() u(r) + /dr’A(r, r)v(r') = Eu(r) , (6.252)
— I (r)v(r) + /dr’A*(r’,r)u(r’) = Ev(r) . (6.25Db)

Here (u(r), v(r)) is the quasiparticle wave function of the BdG equations. 7, (r) =
—h2V2/2m, + V(r) — EF is the single-particle Hamiltonian, where V(r) is the usual
static potential, and Er is the Fermi energy. Therefore, the excitation energy is



6.2 Tunneling Conductance Through a Normal-Metal/Superconductor Junction 147

measured with respect to the Fermi energy Er. Again we have dropped the spin
indices to the quasiparticle wave function for the case without spin-polarization and
spin-flip scattering. A(r, r’) is the pair potential, the dependence of which on r and
r’ cannot be reduced to a dependence on the difference of the two coordinates, that
is, r—r’, for an inhomogeneous case. By introducing the center-of-mass coordinates
R = (r+r’)/2 and the relative coordinates s = r—r’, we can write the pair potential
in terms of R and r

AR,s) = A(r, 1) . (6.26)

By performing the Fourier transform with respect to the relative coordinate s, we
can write the pair potential in the mixed representation

AR, k) = /dsA (R + %,R — %)e—i‘“ . (6.27)

This shows clearly that for an unconventional superconductor like that with d-
wave pairing symmetry, the pair potential depends not only on the center-of-mass
coordinate R but also on the relative wave vector k, which in the weak-coupling
theory is fixed on the Fermi surface such that only its direction kr = kr /kr is a
variable, where kr is the magnitude of the Fermi wave vector.

An investigation of the BdG equations shows that u(r) and v(r) oscillate on the
scale of the superconducting coherence length & = Avp/2 Ay, which is much larger
than the inverse Fermi wave vector k;l. Here vr is the Fermi velocity and Ay is
the maximum value of the pair potential in the bulk region of the superconductor.
Therefore, we can introduce a new set of wave functions

GO\ s [ (D)
(a(r))_e (v(r))’ (6:28)

to divide out the fast oscillation. The substitution of Eq. (6.28) into Eq. (6.25) leads
to the Andreev equations [1, 26]:

Eiu(r) = —i(h*/mo)kr - Vi(r) + A(r,kp)o(r) , (6.29a)
Ei(r) = i(h*/mo)kp - Vi (r) + A*(r,kp)u(r) . (6.29b)

when we retain only terms of the lowest order in (kr&;)~!. We show this by looking
at

/ dr' A(r, )5 (r')e ) = / dsA(r —s/2,s)o(r —s)e” 5 . (6.30)
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Assuming that #(r) is a slowly varying function as is A(R, s) in the first argument

A(r—s/2,8) ~ A(r,s) —s- V. A(r,s)/2 ,

v(r—s) ~ v(r) —s- V,o(r) ,
we have
fdsj(r—s/z,s)ﬁ(r—s)e—fk's = /ds[j(r, s) —s- Vi A(r,s)/2][0(r) — s - V5 (r)]
~ /dsg(r, s)i(r)e ks
S A —ik's
—/dsz-VrA(r, s)e

- / dsA(r,s)s - V,o(r)e *s

v(r)

= A(r,K) — i[V,0(r) + TV'] Vi A(r,K) . (6.31)

Here we have used the identities
/dsvrg - A(r,s)i(r)e s = @Vr . / dsA(r, s)se**

0(r)
20
2

V; - Vk A(r,K) |

and similarly
/ dsA(r,s)s - Veo(r)e ® = V,o(r) - / dsA(r,s)se s

= iV,o(r) - / dsiVie ®S A(r, s)

= iV, 0(r) - VKA(r, K) .
Therefore, it is clear that the second term of the sum in Eq.(6.31) is down by a
factor of (kr£y) ™' as compared with the first term. If we restrict ourselves to the
terms in lowest order of the small parameters, we are left with Eq. (6.29), a first-
order differential equation in which k is treated as a parameter. Since A(r, k) is

defined only for k around the Fermi wave vector, we can replace the k-dependence
of A(r, k) by one on the direction k.
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From now on we assume that the edge interface is specular, runs along the y-
direction, and the transport direction is normal to the interface (i.e., along the x-axis)
(see Fig. 6.1 for the setup). In this case, &, ¥, and A spatially depend only on the
variable x since the system is translational invariant along the interface. The Andreev
equations then reduce to the form:

dii(x)

Ei(x) = —i(h?/mo)kpy =+ A(kp, x)0(x) , (6.322)
Ei(x) = i(h2/me)kdeZix) + Ak, 0)(x) . (6.32b)

Here we have assumed the superconducting pair potential to be real. We further
choose the interface at x = 0. The region x < 0 is occupied by the normal conductor
while the region x > 0 is occupied by the superconductor. At the NS interface,
quasiparticles (e.g., electron like excitations) are partially reflected as electron-like
and hole-like excitations due to the non-zero pair potential in the superconductor.
When the wave vectors of electron-like and hole-like excitations are different, the
pair potentials experienced by electron-like and hole-like excitations should be
different for an unconventional superconductor. We denote the incident and reflected
wave vectors by ky = (ky, k) and k_ = (—k,, k,), respectively. The pair potential
then takes the form

~ 0, x<0
AKg,x) = ’ .
(k+,x) {A0,05x (6.33)
for the s-wave superconductor, while
~ 0 x<0
Aky,x) = ’ 6.34
(et x) % Apcos(20+) ,0 <x (6.34)

for the d,>_>-wave superconductor. Here 61 = 6 F o with ¢ the incident angle of
electron excitations injected from the normal conductor and « the disorientation
angle of the crystalline axis along which the d,>_,»-wave superconducting pair
potential reaches the maximum. Both 6 and o are measured relative to the positive
x-axis. In addition, to capture the essential interfacial scattering at the interface, we
include a §-function potential

V(x) = HS(x) . (6.35)

The metallic contact and the tunnel junction correspond to the two limiting cases of
the barrier strength H = 0 and H — oo.

In the condition of an electron beam incident from the normal conductor at an
angle 6, the solution to the Andreev equations (6.29),

o= (4)



150 6 Transport Across Normal-Metal/Superconductor Junctions

is given by

W(x) = ((1)) ¢4 + a (?) ¢ 4 b ((1)) e (6.36)

forx < 0, and

i+ ) i¢— .
Yn(x) = ¢ (“+v" ) eket* 4 d (”‘e ) ¢ kn—x (6.37)
+

u—

for x > 0. Here the wave vectors are determined from the energy dispersion:

m.E
eh = ke £ 5— 6.38
Qe P hszx ( )
k =kp £ ‘ - ~( s 6.39
e(h),+ X s .
(h), F. lzLFx ( )
k, =k | ~( i 6.40
e — = kpy £ .
®). E hzkpx ( )

For a given pair potential, these wave vectors are schematically described in Fig. 6.2.
The coherence factors in the superconducting regions are

VE = |Aks)|?
1= 1(1+—| () ) (6.41)

"5 E
s _ (N E2 —|Aks)? 6.42)
Vi = 2 5 ) , .

respectively. The characteristic phases are given by

__yf cos2(0 F )
¢ = cos (lcos 2(0 F a)l) ’ (6.43)

Imposing the boundary conditions at the interface

lI/H(O) = WI(O) s (6443)

2mHY
Un(0) — ¥ (0) = (m—) ¥(0) . (6.44b)
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Fig. 6.2 Schematic diagram of energy versus momentum at the normal-metal/superconductor
interface

and carrying out the algebraic reduction, we obtain

ks (6.45)
a= : ___ )
(1 + Z2)uyu_e*+ — Z2vv_ed—
and
(GZ + Z*)(uyu_e?+ —viv_e-) (6.46)

- (1 +Z)usu_et+ — Z2v v_e¢- '

where Z = m H /h*kp cos 0 = Zy/ cos 0 with Zy = m.H /h*kr. The corresponding
normal and Andreev reflection probabilities are then given by B(E, ) = |b(E, 0)|,
and A(E, 0) = |a(E, 0)|?, respectively. Therefore, the differential conductance can
be determined upon the substitution of Egs. (6.45) and (6.46) into Eq.(6.24). For
the normal-metal/normal-metal junction, that is, the superconductor in the region
x > 0 replaced by the normal metal, the Andreev and normal reflection amplitudes
are given by

a=0, (6.47)

and

Z(1 +iZ)

PEO) =77

, (6.48)
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which leads to the differential conductance

X

UF,
14227

G (E, 0) = 2N(0)e*o/ (6.49)

For the 2D model we are considering, we shall take an average over the incident
angle
/2

- 1
Gns(E) = ;/ . dOGns(E, 0)

IN ZJZ{ /2
_ M/ dfcosO[l +A(E.0) —B(E.0)], (6.50)
/4 —r/2

for the NS junction, and

_ 1 /2
G (E) = — dOGnn(E, 0)
T J—n/2
_ 2N(0)e* .o/ v /”/2 40 cos 6
N 4 —/2 1+ 72
2
_ 2N(0)e2.o vp 72 VI+Z5+1

- 2 In } 6.51)
m [ \/1+Z§ \/1+Z§—1

for the NN junction. Therefore, we can define a normalized differential conductance

Gns(E)
E = =
gns(E) G (E)

1 /2

- d6 cos O[1 + A(E, 6) — B(E, 0)] , (6.52)
N —/2

where

72 J1+2Z2+1
= 0 0 (6.53)

2— In .
J1+2 147 -1

This normalized conductance is useful to the comparison with the standard transport
measurement across the NS junction. For the orifice model of the point contact
spectroscopy, we can set a specific incident angle and do not perform an average. In
this case, we can still define a normalized conductance but now for a given incident
angle 6.

gnspes(E,0) = (1 +Z2)[1 + A(E.0) — B(E, 0)] . (6.54)



6.2 Tunneling Conductance Through a Normal-Metal/Superconductor Junction 153

In the following, we discuss a few representative cases of the transport across the
NS junction.

s-Wave NS Junction For the s-wave NS junction, the superconducting pair
potential has no momentum dependence and as such is independent of the incident
angle. Therefore, we have

1 VE:— 4o
=ul=-(1+ 21—, (6.55)
2 E
and
, o, 1 VE = 4o
U:I: == UO == E 1— T 5 (656)

In addition, ¢+ = 0. The Andreev reflection and normal reflection amplitudes are
given by

UpVo

= 6.57
ul + (ud — v3)Z? ©7
and

—(Z2 +iZ)(u3 — v
b= (2 2)( L o) (6.58)

ug + (ug — vg)Z?
respectively. These expressions suggest that, for the contact case Zy = 0, when
the energy E is smaller than the superconducting gap Ay, A(E) = |a|> = 1 and
B(E) = |b|> = 0, explaining the double of the conductance as compared with

that for the NN junction. In the tunneling limit Z, — oo, we have A(E) = 0 and
B(E) = 1 so that the conductance is zero for £ < Ao. The numerical results of
the differential conductance for the NS junction with s-wave pairing symmetry are
shown in Fig. 6.3. The Andreev reflection is suppressed with increased interface
barrier strength in the s-wave NS junction and the resulting differential conductance
has the profile of the s-wave density of states in the tunneling limit.

d-Wave NS Junction As we have mentioned before, for the NS junction with
an unconventional pairing symmetry, the energy experienced by electronic-like and
hole-like excitations are sensitive to both the relative crystalline orientation between
the normal metal and the superconductor and the incident angle. To demonstrate
this, we consider the d,>_>-wave pairing symmetry of the superconductor, choosing
« = m/4 and & = m/4.' This angle of the relative crystalline orientation

I'The results for @ = 6 = 0 are very similar to the s-wave NS junction.
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Fig. 6.3 Differential conductance for a normal-metal/s-wave superconductor junction for various
values of interface barrier strength. The energy is measured in units of the superconducting pair
potential. The incident angle is chosen to be 8§ = 0

corresponds to the square lattice of copper-oxide plane of high-temperature cuprates
interfaced with the normal metal along the [110] direction.These angles determine
A~(k+) = A~0 while A~(k_) = —A~0. The BAG wave function amplitudes u4 and v4
are still given by the formula similar to the s-wave case presented above. However,
we have now the characteristic phase ¢ = 0 while ¢_ = 7 due to the sign change
of the pair potential experienced by electron-like and hole-like excitations. In this
case, the Andreev and normal-state reflection amplitudes are found as

tobo (6.59)
a=——-, .
uy + 22
and
. iZ + 77 6.60)
o+ '

These expressions suggest that for the perfect contact Zy = 0, the Andreev reflection
is still complete with A(E) = 1 and B(E) = 0 for E < Ay. Even more interestingly,
for the tunneling limit Zy — oo, as E — 0, A(E) — 1 while B(E) — 0, indicating a
conductance anomaly. The numerical results on the differential conductance for the
d-wave NS junction are shown in Fig. 6.4 for « = 6 = m/4. It shows clearly that
the zero-energy conductance peak appears in the limiting case of tunneling barrier.
This anomaly is solely due to the sign change of d,>_,»-wave superconducting order
parameter under the above condition. This existence of the zero-bias conductance
peak has been used to identify the d,»_»-wave pairing symmetry in the high-
temperature cuprates.
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Fig. 6.4 Differential conductance for a normal-metal/d-wave superconductor junction for various
values of interface barrier strength. The energy is measured in units of the superconducting pair
potential. The crystalline orientation between the normal metal and the d-wave superconductor and
the incident angle is chosen to be @ = /4 and 8 = /4, respectively

6.3 Suppression of Andreev Reflection
in a Ferromagnet/s-Wave Superconductor Junction

In the Andreev reflection process, the incoming electron and the Andreev reflected
hole occupy energy bands with opposite spins. For the case of normal metals,
due to the spin degeneracy of the energy levels, no spin effects occur with
the Andreev reflection. However, in a metallic ferromagnet, the energy band is
split. The interplay of superconductivity and ferromagnetism in hybrid struc-
tures has been a very interesting topic. A lot of works have focused on the
changes of the critical temperature of the superconductor in s-wave superconduc-
tor/ferromagnet multilayers [27-34], the Josephson critical current in superconduc-
tor/ferromagnet/superconductor junctions [35-38], and the magnetic coupling in
ferromagnet/superconductor/ferromagnet multilayers [39, 40]. In tunneling regime,
the Andreev reflection is unimportant [41]. However, in the contact regime, the spin
splitting effect on the Andreev reflection in ferromagnet/superconductor cannot be
ignored [42-44]. To model the spin splitting effect on the Andreev reflection in
a ferromagnet/s-wave superconductor junction, we consider the Stoner model, in
which the motion of conduction electrons inside the ferromagnet can be described
by an effective single-particle Hamiltonian with an exchange interaction while
the influence of the magnetization of the ferromagnet on the orbital motion of
conduction electrons is neglected. As we have discussed in previous chapters, in the
absence of spin-flip scattering, the spin-dependent (four-component) BdG equations
are decoupled into two sets of (two-component) equations, one for the spin-up
electron and spin-down hole quasiparticle wave functions (u4, v;)7, while the other
for spin-down electron and spin-up hole quasiparticle wave functions (u, v4)”. The
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set of BAG equations for (u4,v})” can be written as:
[ (x) — h(r)]us(r) + /dr’A(r, vy (r') = Eup(r),  (6.61a)
—[A" (r) + h(r)]vy (r) + /dr’A*(r’,r)uT(r’) =Ev,(r). (6.61b)

Compared with the case of a NS junction considered in the previous section
[cf. Eq.(6.25)], an exchange field A(r) = ho®(—x) in the ferromagnet is now
introduced. The set of BdG equations for (u, UT)T is obtained by simply changing
the sign before A(r) in Eq.(6.61). Following the same procedure as given in the
previous section, we have the solution to the Andreev equations as:

Yi(x) = ((1)) € 4y ((1)) €+ rpgp ((1)) el (6.62)
for x < 0, and
ip+ . ip— .
wngozzc(”+e )e%+l+-(”‘e )eﬂ“fx (6.63)
V4 u_

for x > 0. Here the wave vectors are determined from the energy dispersion:

_ o 2me
detnl = kFx + ?(E =+ ho) s (6.64)
me\J E2 — | Aky)?
ke =kp £ , 6.65
.+ = kr. T (6.65)
E? — | A
keny.— = kpy £ 6.66
(h). F YT (6.60)

Since the Andreev reflection for the s-wave NS junction is most pronounced in
the contact case, we consider the barrier strength H = 0. Therefore, the boundary
conditions now become:

Yn(0) = ¥ (0) , (6.67a)
W/ (0) = ¥ (0) . (6.67b)

The important difference between the NS and FS junctions are now revealed by the
momentum difference in the ferromagnet. To show this, we expand the boundary
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conditions:
i ip—
uyetc+v_e'?d _ 1+ rpp ’ (6.682)
vyc+u_d ri4
and
upettc—v_e¥-d (,iﬁ(l — 1)
( ) =| " , (6.68b)
V4C — u_d KUIT
which gives
4M_U+éeT
ry4 = - - - - - — (6.69)
M7 W 2o+ 2o u—e® — (1= gen) (1= Gap)v v_eit-
and
—(1=g.0)(1+g _eit+ 14+ g.4)(1—g _ e
ry = (I = gep)(d + gnuyu—e?t + (1 4 gep)(1 — gpy)vv—e 6.70)

(1 + gep)(A + gpyuru—e®+ — (1 = Gep) (1 — gp)vv—e-

Here the normalized wave vectors in the ferromagnet are given by

deranyy = V1£h, 6.71)

with h = 2m,ho/h2kp, = ho/ cos 6.
We can follow the similar discussion on the NS junction and write down the
differential conductance for the FS junction, for a given incident angle, as:

1 _ _
grspes = 5 Toll + (@15/3e)| 156> = 75017 (6.72)

which has been normalized to the conductance for the NN junction. The pre-
factor g5 /q.s before the Andreev reflection amplitude takes care of the fact that
the electron and hole have different velocity in the ferromagnet. In Fig. 6.5, the
differential conductance is shown for a ferromagnet/s-wave superconductor junction
for various values of the exchange interaction strength in the ferromagnet. The
suppression of subgap conductance is seen clearly with the increase of exchange
coupling strength. Experimental study has also been extended to ferromagnet/high-
T, superconductor junctions [45]. The corresponding theory with a d,»_,»-wave
pairing symmetry has also been developed along the same line discussed above
but with an emphasis on the zero-bias conductance [46] and the Fermi wave vector
mismatch between the ferromagnet and superconductor [47].
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Fig. 6.5 Differential conductance for a ferromagnet/s-wave superconductor junction for various
values of exchange interaction strength in the ferromagnet. The energy is measured in units of
the superconducting pair potential. The crystalline orientation between the normal metal and the
s-wave superconductor and the incident angle is chosen to be @ = 0 and 6 = 0, respectively

6.4 Transport Properties Through
a Topological-Insulator/Superconductor Junction

So far, we have discussed the transport properties across the junctions involving
conventional metals and ferromagnets. There is another class of quantum materials,
so-called topological insulators (TI). They are insulating in bulk but host a gapless
surface states with a Dirac-like linear dispersion [48, 49]. Like in graphene,
the Dirac-like linear dispersion has a fundamental implication to various new
phenomena. In TI, the surface states are topologically protected by time-reversal
symmetry, and are robust against nonmagnetic disorder and perturbations. More
interestingly, topological superconductivity can be induced in TIs through chemical
doping [50] or proximately induced at the TI/superconductor interfaces [51-53].
Therefore, the transport through the topological superconductor junctions should
be very interesting. Especially, the possible existence of Majorana fermions in
the condensed matter systems is of significant implication to the technology like
quantum computers and other electronic devices [54-58]. The property of the anti-
particle of an Majorana fermion being itself holds a key to quantum coherence
protection.

Here we consider a Dirac-normal-metal/ferromagnet insulator/s-wave topologi-
cal superconductor junction. The Dirac-BdG equations can be written as:

Hpp(r) Hpy o 0 A(r) u (r) up (r)
Hy4(r) Hyy (r) A(r) 0 uy(r) | uy(r)
0 aw -#5,o BH,® || vo [T we | ©7

A*(r) 0 HIT(r) —HI¢(r) vy (r) vy (r)
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Here the single-particle Hamiltonian matrix in the spin-space is given by
H = h(r) + M(r) (6.74)
where the Dirac-like Hamiltonian for the topological surface state is
h(r) = vp(poy — pyoy) — E[O(—x) + O(x — d)] (6.75)
with Er is the Fermi energy, the potential for the ferromagnetic insulator is
M=m-cOXx)0O(d-x),

=( m; mx_imy), (6.76)

my +im, —m;

with m being the magnetization vector and the o the Pauli matrices. The pair
potential for the s-wave superconductor is given by

A(r) = AO(x —d) . (6.77)

The quasiparticle energy is measured with respect to the Fermi energy Ep = hvpkp
with vr and kr being the Fermi velocity and wave vector.

When a beam of electrons is incident from the Dirac-like normal metal with an
angle 6, the wave function is given by

1 0 1
-0 | ) i )

Wi(x) = ‘Z & 4 (1) & 4 p ’f) ek (6.78)
0 —jei? 0

forx < 0;

0 0

1 1
lIIH (-x) = Ce+ 1—'6’+ eik;t.x + Ce— Fe’_ eike_.fx
0 0

0
ekt 4 Ch— (1) ekn—=x (6.79)
Tt T
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for 0 < x <d. Here

ke = kpcos@ , (6.80)
ky = krpsinf , (6.81)
_my —m)?
ket = = =ty \/ m? + (hvpky —my)? (6.82)
_m i 2
e i \/mz + (hvpky + my)? | (6.83)
m
Ma=-— : , 6.84
=+ _hUF(ike,:l: + ky) + (mx - imy) ( )
M = M (6.85)

* hvp(ikns — ky) + (m + imy)

For the wave function in the topological superconducting region, we would like
to give a more expanded discussion because the BdG equations become a set of 4 x 4
coupled matrix equations. We first write the wave function in the form

W(x,y) = W)™

MO’T

oy | gia+ity (6.86)
U()’T
U()”L

On substitution of Eq. (6.86) into Eq. (6.73), we arrive at the matrix equations

E + EF —hUF(—iqx — ky) 0 —A Up 4
—hvp(iqx — ky) E —|— EF —A 0 MO'\L _ 0
0 —A E—EF hvp(iqx _kv) Vo, 4 ’
—A 0 h’UF(—qu — kv) E— EF Vo, |
(6.87)

which leads to the eigenvalue equation
[(E+ ||+ Ep)(E~ || - Ep) = A’J(E — || + Ep)(E + |[T| - Er) — A%] = 0.
(6.88)
In the above equation, we have denoted
I = ihvp(qy — iky) = i|[Tle™ (6.89)
with y = tan™'(g,/ky). Equation (6.88) can be decoupled as

(E+ |[T| + Ep)(E— |[1| —Ep) — A*> =0, (6.90)
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and
(E— ||+ Ep)E+ |[T| —Ep)— A2 =0, (6.91)

which gives four eigenvalues

Ei» = £/(—|| — Ep)* + A2, (6.92)

Esq = V(1| —Ep)> + A2, (6.93)

respectively.
We now derive the eigenfunctions corresponding to the above eigenvalues. We
first write Eq. (6.87) in an expanded form

(E + Er)uo4 + Mugy — Avgy =0, (6.94a)
M*ug4 + (E + Ep)ugy, — Avgy =0, (6.94b)
—Aug | + (E — Ep)vop —IT*voy =0, (6.94c¢)
—Augy — vy + (E—Er)voy = 0. (6.94d)

These wavefunctions are also subjected to the normalization condition:
luo 4 1* + luo g 1> + [vor|* + [voy > =2 (6.95)

Here we have used an unusual normalization factor “2” to be consistent with the
intensity of the incident beam. Since there are four unknowns but five equations,
we use only Eqgs. (6.942)—(6.94c) together with the normalization condition. From
Eqgs. (6.94a) and (6.94b), we can express u 4+ and g, in terms of v 4 and vy . A
little algebra yields:

A
B E+E —1Tvoq], 6.96
Up 4 (E + EF)2 — |H|2 [( + F)v0’¢ UO,T] ( a)

A
= B Epr— IR

[(E+ Er)vo s — IT* vy ], (6.96b)

Substitution of Egs. (6.96a) and (6.96b) into Eq. (6.94c) gives

_ileV[-A + (E + Ep)* — TP
“AXE + Ep) + (E— Ep)(E + Ep)? — T2

UO,T =

ie"vgy , forEsy,
—ievg , for Ey; ,

(6.97)
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which in turn gives

ie"Vuo,T s for E3,4 s

) 6.98
—ie’yuo.’T ,forEj,, ( )

I/l(),i, =

We can then substitute Egs. (6.97) and (6.98) back into Eq. (6.96a) and obtain:

A
. S 6.99
= Ex - (€9
for E3 4, while
A
(6.100)

Upp = —————0p | ,
T ETE) + ™

for E; 5. Substituting these relations into the normalization condition Eq. (6.95), we
are able to arrive at

(ug?;”)z = %(1 + WJY%EF) , (6.101a)

(vg?f>)2 = %(1 - IHJE%EF) , (6.101b)
and

(ugf))z = %(1 - WE%EF) , (6.101c¢)

(vfjf))z = %(1 + ln}'g%EF) . (6.101d)

Eigenfunctions as given by Eq. (6.101) suggest that for an incident wave from the
normal metal with energy E, the transmitted wave function should have the form

Uuo Vo
. i0 . i0
iupe’ i —ivgpe ik
Ymx) =t.| . 4 |+t e e ™ (6.102)
pe —lupe

Vo Uo
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for x > d, where the coherence factors

/2 _ A2
"o = \/%(1 n E—A) , (6.103)

E

JFE2 A2
v = \/1 (1 — E—A) . (6.103b)

2 E
Here we have used the Andreev approximation to take the x-component of the wave
vector to be the same as that projected from kg, that is, g, = k, = kg cos 6 with
’ Q\"VZ .can now impose the boundary conditions
Ui(x =0) = Yy(x = 0) , (6.104)
atx = 0, and

lI/H(x = d) = llfm(x = d) 5 (6105)

at x = d. A straightforward but tedious algebra yields the reflection amplitudes

L+ (6.106a)
a= : — , .
(M1 — ie7 0 M\2) — (i€ Moy + M)
M —i —if i20 - if M
b (A1 le‘ {0//12)9 +,(,l: Mo + M) ’ (6.106b)
(A1 — ie70 M) — (i€ Moy + M)
where
A = D e bt e (| 4 [ ) (Dyy + Dy — T y)
+(up — vp)eCrt TR (1 Ty ) (Doy + Do = L)
+(uf — v})eH ebn—Fhet) (1 4 )Ty + Dy — T y)
+ie b=tk (| 4 1 Yy + T — 1o, (6.107a)

My = 97 ie” e D1 4 1 )1+ Ty)

—(ug — vg)eCr A 4 1) (14 T o)

— (i — wg)e?? BT (1 1+ 1 )(1 + Ty

—ie =tk (1 L 0 Y1+ T,_), (6.107b)
Moy = D =i et 4 + T, T )(Dhy + Dh-Tet)

+(ug — v MR, 4+ T, Ty ) (Dhg + D= Te )
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+(uy — vp)e b=t DU, 4 T, I )(Dhg + Th-Tet)

+ie =D, L+ T, D )iy + Dh-T.0)] . (6.107c)
My = D Vie et The (D, 4 T, )1+ Ty)

—(uf — vyt thedd(r, L 4 T, I )+ To)

—(u} — v}tttk L L, )14 Toy)

—ie =TT, 4 Lo D) (14 1] (6.107d)

with
2iu0voei0 ei(ke.Jr +ke—)d

- ey — L)y —Iho)

(6.108)

With these coefficients, the differential conductance can be calculated as
Gs(0) = 1 + |a|]®> — |b|*. Also we can evaluate the differential conductance when
the superconductor is set into the normal state, which has the expression

1
Gn(0) = , 6.109
w(®) cosh?(k.d) + tan? 6 sinh® (k.d) (k, — my/hvE)? /K2 ( )
where
K, = \/mg + (hvpky — my)2/hvg . (6.110)
The normalized differential conductance can be calculated according to
722, Gs(8) cos 06
=—n . (6.111)
f_”/z Gy (0) cos 6dO
When m, = 0, the differential conductance is reduced to [55]:
Gy[l + Gn|T')> = (1 = GV)IT[Y]
Gs(0) = - , 6.112
50 |1+ (1 — Gy)e T2 (6.112)
where
o = M cos 6 +.iEp s'in9 ’ ©6.113)
m; cos 8 — iEF sin 0]
and
A
r=——— (6.114)
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In the insulating limit, Gy — O, the pole of Eq.(6.112) leads to the bound state
energy

_ AEp sin Osgn(m;)
\/EI% sin® @ + m2 cos? 6

Ep (6.115)

These states are the manifestation of chiral Majorana mode (CMM) [51], which
has a dispersion along the interface between the ferromagnetic insulator and
conventional s-wave superconductor. However, these states are localized in the
direction perpendicular to the interface.

Equation (6.115) suggests that the conductance is contributed mainly by these
bound states in the tunneling limit. The representative results of the conductance
are reported by Tanaka and co-workers [55]. As shown in Fig. 6.6, the bound
state energy is dispersive as a function of the incident angle. In addition, the
slope in the energy near the vertical incident angle 6 = 0 becomes more flat
when the ferromagnetic exchange interaction increases (see Fig. 6.6a). The flatted
band of bound states near § = 0 will then make dominant contribution to the
integrated conductance. Therefore, the zero-bias conductance peak is enhanced with
increased m, (see Fig. 6.6b). These results are remarkable in view of the fact that
the ferromagnetic exchange interaction in ferromagnet/conventional superconductor
junctions suppresses the zero-bias differential conductance. Interesting results from
the topological nature of the superconductor have also been found in thermal
transport properties [59].

a 1 b 3 Normalized Conductance
J
we O g o
\9
—1 L \ 0 1 1 M
-0.5 0 0.5 -1 1
o/n eV/A

Fig. 6.6 Chiral Majorana mode energy dispersion E}, as a function of the incident angle 6 (a) and
integrated tunneling conductance ¢ in N/FI/S junctions (b). The parameter (m./Er)kpd = 1 is
fixed and m, = my, = 0. The other variation parameter m./Er = 1, 0.5, 2 for curves a, b, and c,
respectively. From [55]
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Chapter 7
Topological and Quantum Size Effects
in Superconductors at Reduced Length Scale

Abstract The periodicity of persistent currents in multiply connected geometries
arising from the Aharonov and Bohm effect is studied for both s-wave supercon-
ducting ring and d-wave superconducting cylinder. The loop geometry of a d-wave
superconductor is also considered. The solutions of the BdG equations suggest
that the hc/e-periodicity is a generic property in s-wave superconductor ring at the
mesoscale and in unconventional superconductors. Finally, the theoretical approach
to solving the BAG equations is also provided for nanoscale superconductors. The
quantum size effects are showcased with the oscillation of transition temperature.

7.1 Persistent Current in a Mesoscopic s-Wave
Superconducting Ring

In classical electrodynamics, the Maxwell equations determine directly the behavior
of electromagnetic fields E and B, while the scalar and vector potentials merely play
an auxiliary role through the relation

E=-Vp(), B() =VxA(),

in the static case. Therefore, the equation of motion of an electron is determined

through the Lorentz force
F:—e(E—i-XxB) :
C

where v is the electron velocity. However, in quantum mechanics, the scalar
and vector potentials enter the Schrodinger equation explicitly and have a direct
consequence. In 1959, Aharonov and Bohm (AB) [1] showed that a charged particle
can be deflected even when the classical force is absent. This AB effect has now
been very well demonstrated by a persistent equilibrium current circulating in an
isolated mesoscopic normal-metal ring pierced by an AB flux @ = ¢ A-1[2, 3]. This
current always has a periodicity of @, = hc/e, where @ is the single electron flux
quantum. In a superconductor, electrons form Cooper pairs from an effective pairing
interaction near the Fermi surface. The flux quantization with @y/2 has been used
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Fig. 7.1 Schematic drawing
of a one-dimensional CD
superconducting ring of

circumference L threaded by
. I —
a magnetic flux @

as a powerful proof for the formation of electron pairs in a macroscopic multiply
connected geometries [4-8]. However, we must keep in mind that the Cooper pairs
are well defined in momentum space rather than in real space, which makes them
distinct from particles with a charge —2e. Therefore, there is no reason for one to
expect that the persistent current in a superconducting ring should have a periodicity
of @; = &y/2, in particular, when the system is at a mesoscale.

We study this problem by considering a one-dimensional mesoscopic s-wave
superconductor ring pierced by a magnetic flux, as shown in Fig. 7.1. Since the flux
is restricted to the central hollow region, no magnetic field is experienced by the
electrons. The BAG equations are still given by Eq. (5.19) but with no spin Zeeman
term and V x A = 0 on the ring arm. That is, the single-particle Hamiltonian in 1D
has the form

2
) = — (hi+eA(x)) —Ep. 7.1)

2m, i dx c

Here we have used the spatial coordinate x = 2w 6/L, where 6 is the azimuthal
angle, varying between 0 and L. In general, the detailed shape of the ring does
not matter. Before we discuss the BAG equations, we first take a look at the wave
function to the single-particle Hamiltonian with the Schrédinger equation

h(0)§(x) = €4 (x) . (7.2)
The eigenfunction ¢ (x) satisfies a periodic boundary condition

P+ L) =o() . (7.3)
We introduce a singular gauge transformation

G(x) = e xD ey (x) (7.4)
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Using the identity

(34 + 2 Yo = eerenie( T2 4 £ = Yot

i dx c id
and
hd EA(X) 2~ —iey(x)/hc hd e / g
-+ px) =e ——+ (A - () ) e,
idx idx ¢
we obtain
hd e 2
(34 + Saw-2o) o = oo
idx ¢
The choice of the gauge
1) =A®) .
leads to
K2 d*p(x) )
— =€p(x).
2m, dx? ¢

Solving Eq. (7.8) yields

r(x) = / A(X)dx .
0
Therefore, the boundary condition for the new wave function becomes

QD(X—FL) — eie)((x+L)/hc¢(x+L)

de (xtL N de [X N
— ehec J:t A(x)dx ehe -/0 A(x')dx QO(X)

elZﬂ /Dy

P(x) .

Here we have used the identity

x+L
/ AXdx = @ .
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(7.5)

(7.6)

(1.7)

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)
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This obervation enables us to apply a singular gauge transformation also to the
BdG equations and obtain

h(x)  Ax) u(x) u(x)
=FE , 7.13
(2% o) (oo e 7
with the periodic boundary condition
u(x + L) = 27/ Poy(x) | (7.14a)
v(x + L) = e 27/ Poy(x) | (7.14b)
A(x + L) = P/ A(x) . (7.14c)
Here the single-particle Hamiltonian is
K d?
h(x) =——— —Er. 7.15
(%) o, a2 Er (7.15)

If the electron wave vector is k and the wave vector for the collective drift
motion (superfluid motion) of the paired electrons is g, the initial Cooper pairing
(k 1, —k |) will occur between electron states (k + g 1, —k + ¢ |). This allows us
to write the wave function and pair potential as

Ax) = AP~ (7.16a)
u(x) = up et (7.16b)
v(x) = vy gt (7.16¢)

A little algebra yields the solution to the BdG equation (7.13) [9]:

EE, = (hk)—:t\/Ez—i—Az (hk) iE,ﬁ‘);, (7.17)

with the corresponding eigenfunctions (u,'('jq, v q) = (”LO; v q) while (u; . v ) =

0
(v,((;, —uy q) Here

Ef) = \[EX + A2, (7.18)

%) —Ep, (7.19)

2
Ey, =
A ) .
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and
= - . (7.20)

The order parameter is then determined by

(0) 2 (0) 2
A E,) + h*kq/m, E,, —h°kq/m,
sz;§§:__F[mnh(_ﬂL___Jﬂ;_)_+mnh(_ﬁi___fl__)}, (1.21)
420 2ksT 2kT

Here the energy cutoff |E4| < hwp is implied in the summation. The boundary
condition (7.14) on the wave functions gives

k:%m, (7.22)

and

T D
q= Z(nq + 5) , (7.23)

subject to the constraint that n; + n, is an even integer and the superconducting
flux quantum @; = @/2. In addition, from Eq. (6.15), the charge current is now
given by

2he

me

S+ LA EU + FEDWOT, (7.24)
k

Ip =

where f(E) is the Fermi-Dirac distribution function.

The drift momentum ¢ defines a superfluid velocity v, = fig/m,. Equation (7.17)
suggests that when the superfluid velocity v, = v, with v; = A/Avr being
the Landau depairing velocity, the gap in the excitation spectrum is closed. The
quantity also defines a depairing flux @,/ ®, = (kpL/2m)(A/EF). This tells us that
even if the superconducting gap is not depressed, a gapless quasiparticle state can
be induced by the magnetic flux. The numerical results do confirm this intuitive
analysis. As shown in Fig. 7.2 (left panel), for a fixed value of ring circumference,
when the ration of A/EF is tuned such that @;/®, < 1, the supercurrent is only
a function of magnetic flux with a normal-state period @y. In addition, the self-
consistency solution also shows that the order parameter can be suppressed by an
application of the magnetic flux (see Fig. 7.2 (right panel)).

Before we turn to the discussion on the case with a d-wave pairing symmetry, we
show a derivation of flux-modified boundary condition for electrons in the 1D ring
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Fig. 7.2 Supercurrent at a fixed amplitude of s-wave order parameter (left panel) and the self-
consistently obtained order parameter as a function of magnetic flux @ /@, in a mesoscopic ring at
T = 0 K. For the left panel, the values of Ag/Er = 3.0 X 1073 (a); 4.0 X 1073 (b); 6 X 1073 (¢).
For the right panel, the pairing interaction strength is first tuned to give the zero-flux gap value as
used for the left panel before it is used for the self-consistent calculations for the flux dependence.
The other parameters used are L = 1000 nm, and kr = 4007 /L, hwp = 300 K. Adapted from [9]

1 N

N-1

Fig. 7.3 Schematic drawing of a one-dimensional superconducting ring of circumference L
threaded by a magnetic flux @ in a tight-binding model

within a tight-binding model, as shown in Fig. 7.3. The single-particle Hamiltonian
is given by:

H=- tecle,+ Y ecler, (7.25)
i i
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fjiA(x)dx and € is the on-site energy level. Here we have dropped

7.1
(7.26)

)

where 0 = — 2
the spin degrees of freedom. Introducing a canonical transformation
Ci = Z @ln VYn »
n

with y, being the quasiparticle operator, and within the nearest-neighbor hopping
(7.27)

approximation, the Hamiltonian can be diagonalized as

—telPN

Hy =Egp,
where
€1 —te'# 0 o ... 0 —te~ioN
—te7 e —te7%2 0 ... 0 0
H = 0 —te ™ e —th .. 0 0 , (7.28)
0 0 0 ...—t7v—1 ¢y
= (@1, 92, @3, . .. @n). Here the accumulated phase

Transpose
for electrons hopping from site j to i has been abbreviated as 6; ;11 = ¢; and Oy ;

and the eigenvectors ¢
¢n. By performing a uniform transformation
ei Z{V:_ll ¢i
ol LI i
U= . , (7.29)
elPN—1
1
the eigenequation equation becomes
Hy =Ep . (7.30)
where
€6 —t 0 0..0 —feiXi=d
—t e —t 0 ...0 0
0 —te —t... 0 0 , (7.31)
9%

—t

[
|
|

—teXimi% 0 0 0
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and
p=U'yp. (7.32)

Note that the total phase accumulated across the entire ring is va ¢ =21 d/P.
Equation (7.31) suggests that the phase factors appearing in the Hamiltonian can be
removed by using a modified periodic boundary condition:

Pnr1 = P1 = Py = €7Vl (7.33)

For the BAG equations in the tight-binding model, we can perform the unitary

transformation
U
U*

to get the modified periodic boundary conditions for the eigenfunctions. The same
procedure can also be applied to the cylindrical geometry, which can be regarded as
a stacked array of rings of same radius).

7.2 Persistent Current in Multiply Connected Mesoscopic
d-Wave Superconducting Geometries

7.2.1 Cylindrical Geometry

For a d,2_,»-wave pairing symmetry as appropriate to high-temperature cuprates,
the pair potential experiences a sign change across the nodal directions and the
gapless nodal quasiparticles exist even at zero magnetic field. The question on the
periodicity of the supercurrent in a multiply connected geometry with the hollow
threaded by a magnetic flux is also intriguing. We first consider the simpler case
of a cylindrical geometry as shown in Fig. 7.4. We define the x-y coordinate system

Fig. 7.4 Schematic drawing of a hollow d-wave superconducting cylinder. A magnetic flux @
threads along the cylinder axis. The vectors a and b denotes the crystalline axes of an essentially
two-dimensional system
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to coincide with the crystalline axes, which are perpendicular and parallel to the
cylinder axis, respectively. By following the same discussion as in the previous
section but now in the tight-binding model, the BdG equations are given as

Hy Dy \(w\_ L (9
Z(A —%”)( “o ) 739

subject to the flux-modified boundary condition

o) 2 (00 (1) a9
n —ILTT n
Vi Noiy 0 e 0 Vi,
Here (u},v!') with i denoting the coordinates (i, i,) are the eigenfunctions corre-
sponding to eigenvalues E,. The single particle Hamiltonian is given by

jﬁj = _tij - /L(Slj s (736)

where #;; and u are the hopping integral and chemical potential, respectively. We take
a next-nearest-neighbor hopping approximation with # and ¢’ representing the nearest
neighbor and next-nearest neighbor hopping integrals, respectively. The BdG wave
function has the form

, i(k+q)-1; 0
U I . “kaq 7.37
()= (70wt ) () @3

Corresponding to the energy eigenvalues

El) = Zug £ E

e - (7.38)

the electron and hole components of the quasiparticle amplitude are given by
0 (0 0
(kg Vkq) = (u( ) vli’()l) and (Uli()y —uy )) with

k.q’
0 Ok, 0 1 Ok,
| = 2(1+ (0?), vyeal? = 5(1 (0;‘) (7.39)
Eyq Eiq

The quantities Qx q = [§k+q + §k—ql/2: Zkq = [§kt-q —Ek—q]/2, and E(O) [Qi,q +
| Ax|?]"/%. In the tight-binding approximation, up to the next-nearest nelghbor, the
conduction electrons have the normal state dispersion,

£k = —2t(cos k, + cosk,) — 4t cosk, cosk, — i . (7.40)
y y
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The d-wave superconducting gap dispersion is given by
Ax = 2449 (k) , (7.41)

where ¢ (k) = cosk, — cos ky, and Ay is determined self-consistently:

2(k) A ED +7 EQ — 7
Ny = L Z¢ W As | ann( Zka T2k o (Ska — ke . (142)
4NL k E(O) 2kBT 2kBT

where Ny = N x N. Rigorously, the bond order parameters along the x and y
directions do not follow the relation A, = —A, in the presence of magnetic
flux. Here we have imposed the restriction of A, = —A, to enforce a rigorous
d-wave symmetry. Notice that A, is now a function of @/®,. From the boundary
condition given by Eq.(7.35), we can find the components of wave vectors k, =
2 (ne —m/2)/Ny, qx = 2m(P /Dy + m/2) /Ny, while k, = 2mn,/N,, and g, = 0,
where ny(,) and m are integers. In particular, m is determined by minimizing |g.| for
a given value of magnetic flux @. The electron filling factor and the single nearest-
neighbor bond current flowing around the cylinder are computed via,

2
ne = 1 DU ED P +FEDIG ] (7.43)
k
dte
1= U ED I + DI
x(l + 21 cosky /1) sin(ky + q.) . (7.44)

respectively. A factor of 2 has been included to account for the spin degeneracy.
These physical quantities can be numerically evaluated and are reported in [10]. It
is found that the order parameter and supercurrent are sensitive to both the system
size and electron filling factor. We expect that the current profile should also be
dependent on the crystalline orientation with respect to the magnetic flux direction.
When the crystalline axes are mis-oriented by 45° away from the cylinder axis, the
supercurrent flows along the quasiparticle nodal direction, the study of which is left
to readers as an exercise.

7.2.2 Square Loop Geometry

For the smooth multiply geometries, the amplitude of the superconducting order
parameter remains homogeneous and the breaking down of the /c/2e-periodicity in
the supercurrent arises mainly from the competition between the linear dimension of
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Fig. 7.5 Schematic drawing
of a square loop carved out of
a two-dimensional
superconductor. A magnetic
flux threads through the hole

the system and the superconducting coherence length, which is a typical mesoscopic
effect. For unconventional superconductors, the sign change of the superconducting
order can have more significant consequence in systems with sharp boundaries like
surfaces and interfaces. Near these boundaries, zero-energy modes can be induced.
Recently, the periodicity of supercurrent in a square loop has been investigated by
solving the BdG equations in real-space within a tight-binding model. The geometry
is schematically shown in Fig.7.5. In this case, it is more convenient to treat
directly the Peierls phase factor from the local hopping of electrons in the geometry.
Specifically, the vector potential entering Peierls phase given by Eq. (5.16)

21 (!
Vi =" A¢)-& (7.45)
0 Jj
can take the form
A(r) = ¢ (v 0) (7.46)
Tt '

which ensures the electrons in the arms of the square loop experience only the AB
effect.

Figure 7.6 display results from a representative study [11] by solving the
BdG equations within a tight-binding model. Energy spectrum is symmetric with
respect to the reversal @ — —@. Due to the low-energy quasiparticles within the
superconducting gap maximum, there are bands inside the gap maximum and they
are dispersive with the varying magnetic flux through the AB effect. In addition, the
small gap open near the Fermi energy comes from the quantum size effect of the
loop. Noticeably, the spectra in the flux region @ € [0, &y /4] are distinct from those
in the region @ € [®y/4, Dy/2], which leads to very different energy parabolas
at ® = 0and @ = @,/2. Consequently, the ®y/2-periodicity is broken down
in the supercurrent. Instead only the ®y-periodicity is generically satisfied, and
should be regarded as a fundamental property of loops formed by unconventional
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Fig. 7.6 Quasiparticle energy spectrum (a) and supercurrent (b) as a function of the magnetic flux
in a square 40 X 40 loop with a hole of 14 X 14 unit cells of the original square lattice, obtained
by solving the BdG equations self-consistently in a tight-binding model with a nearest-neighbor
hopping approximation. The d,>_,2-wave pairing interaction 0.3¢ is chosen, where ¢ is the nearest-
neighbor hopping integral. Adapted from [11]

superconducting materials. This periodicity is also shown to survive against the
impurity scattering and the change in the loop geometry. This example showcases
further the power of the BAG theory when compared with the Ginzburg-Landau
theory at a mesoscale.
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7.3 Quantum Size Effects in Nanoscale Superconductors

Nanoscale metal and semiconductor systems like quantum dots and wires are inter-
esting not only for their unique physical properties but also for their huge potential
of technological applications. In these systems, the energy level discretization due to
the quantize size effects is one of the key properties. For nanoscale superconductors,
the quantum size effects not only set a quantum limit to superconductivity [12, 13],
but also are responsible for many new phenomena such as shell effects [14—
17], which enhance the superconducting energy gap, as well as the oscillation of
superconducting transition temperature [18, 19].

Theoretically, the BAG formalism is especially powerful in addressing these
quantum size effects. The key idea is to expand the BdG eigenfunctions in terms
of the complete set of normal-state single-particle eigenfunctions of the nanoscale
systems themselves [20-25]. This approach has also been briefly discussed for the
disorder effect and high-field effects in previous chapters. As examples, we consider
the continuum model of BdG formalism for s-wave superconducting quantum wires
and dots, as shown in Fig. 7.7. For convenience of the discussion, we write the BdG
equations for an s-wave superconductor

h(r) A(r) u(r)\ U (T)
(A*(I‘) —h* (r)) (Un(r)) =E, (vn(r)) , (7.47)

where the single-particle Hamiltonian is given by

h2V?
hr) = == 4 Ve(r) ~ Er . (7.48)
e
and the self-consistency condition is
A(r) =g > u,(r)v(r)tanh L (7.49)
8 A 25T ) ‘
n(E,>0)
Fig. 7.7 Schematic drawing (a)
of a superconducting
quantum wire (a) and a
quantum dot (b). The L
variables L,, Ly, and L, are - Ly
the linear dimension of these L
systems z
(b)
I-z
L
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For nanoscale superconductors, the confinement effect is described by the potential
V.(r). For a superconducting quantum wire, the confinement is two-dimensional
(e.g., in the x-y plane shown in Fig.7.7a); while for a superconducting quantum
dot, it is three-dimensional (i.e., in all three directions shown in Fig.7.7b). In the
hard-wall approximation, V(r) is

<x< < <
V(r):{o’ forO_.x_Lx,0_|y|_Ly, (7.50)
oo , otherwise ,
for the wire; while
V(r) = %O, forOf.fox, 0<|yl]<L,,0<|z|<L,. (751)
00 , otherwise ,

for the dot. The corresponding eigenfunctions and eigenvalues for the single-particle
Hamiltonian are

ek 2 ]2 NTTX nymwy
= — .,/ — [—si in[ — |, 7.52
We (1) VL L sm( L )sm( L ) (7.52)

BT (m\* ()’
« = - = K, 7.53
; 2me|:( L, ) * ( Ly ) * Zi| ( )

with & denoting the quantum numbers (ny, ny, k;) for the quantum wire; while

we(r) = 2 /2 /2 sin(nxnx) sin(nyny) sin(nznz) , (7.54)
L\ L \L L, Ly L;
R [ 2 L (T 2 L (" 2 (7.55)
“= ome |UL, L, L) | '

with « denoting the quantum numbers (7, ny, ;) for the quantum dot. We note that

the eigenfunctions and eigenvalues for a harmonic potential confinement are also
available analytically.

for

for
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The BAG wavefunctions are then expanded as

Mn(l') = Zun,awa (I') 5 (7563)
M”ZZWWNT (7.56b)

Insertion of Eq. (7.56) into Eq. (7.47) leads to

gaun,oé + Z Aaﬂ Ung = E,upq (7.57a)
B
Z Azﬂun,ﬂ —&uVne = EpUng » (7.57b)
B
where
§y = €a — EF, (7.58)
and
Agp = /wz(r)A(r)wﬂ(r)dr. (7.59)

We note that for a generally irregular wire or dot geometry, there are off-diagonal
matrix elements for the single-particle Hamiltonian.

Figure 7.8 displays the numerical results on the superconducting transition
temperature with the linear dimension of a square-cross-sectioned quantum wire of
Pb, Sn, and Al [22]. It shows clearly the oscillation of transition temperature with the
cross-section size. The pronounced resonance feature of the transition temperature is
related to the tuning of the density of states in the confinement system. The relative
T. difference between the neighboring peak and valley values is increased with
decreasing cross-section size. It also shows that the bulk transition temperature is
approached when the linear dimension of the cross-section is several times longer
than the bulk superconducting coherence. These results are qualitatively similar to
those for cylindrical Al and Sn nano wires [26, 27], suggesting a robust nature of
quantum confinement effects. In addition, the same method has also been applied
to calculate the local electronic structure in superconducting quantum wires, from
which the quasiparticle interference due to the order parameter inhomogeneity is
uncovered [25]. Furthermore, the interplay between the quantum confinement and
magnetic field can also be studied in the same framework, which is left for readers
as an exercise.
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Fig. 7.8 The L, dependent superconducting critical temperature for Pb, Sn, and Al square-
cross-section nano wires. Calculations are with the Debye temperature 96, 195, 375K and the
dimensionless coupling strength gN(0) = 0.39, 0.25, 0.18 for Pb, Sn, and Al, respectively. The
wire length L, = 500 nm. From [22]
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The following list includes many references for further reading, which helps shape
the treatment of several topics in the present book. Their individual features are
briefly commented.

M. Tinkham: [Introduction to Superconductivity (McGraw Hill, New York, 1975
(Ist ed.) & 1996 (2nd ed.)). An excellent account of BCS and Ginzburg-Landau
theory for superconductivity phenomenology.

P. G. de Gennes: Superconductivity of Metals and Alloys (W. A. Benjamin,
New York, 1966; Addison-Wesley, New York, 1989). A pioneering work on the
BdG treatment of inhomogeneous superconductivity.

J. R. Schrieffer: Theory of Superconductivity (W. A. Benjamin, New York, 1964).
A good account of the BSC theory.

J. B. Ketterson, S. N. Song: Superconductivity (Cambridge University Press,
Cambridge, 1999). A balanced account of phenomenological and microscopic
theories for uniform and nonuniform superconductors.

G. D. Mahan: Many-Particle Physics (Kluwer Academic/Plenum Publishers,
New York, 1981 (Ist ed.), 1990 (2nd.), 2000 (3rd.)). An exhaustive book on
the Green’s function method, other techniques of many-body theory, and their
applications to solids and liquids. It also contains the Eliashberg theory of super-
conductivity with retardation effects.

A. A. Abrikosov, L. P. Gorkov, . E. Dzyaloshinski: Methods of Quantum Field
Theory in Statistical Physics (Englewood Cliffs, New Jersey, 1963). Introductory
book on the Green’s function method to the theory of superconductivity.

Carlos A. R. Sa de Melo (Ed.): The Superconducting State in Magnetic Fields
(World Scientific, Singapore, 1998). A collection of excellent review articles on the
magnetic field effects on superconductivity.
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R. P. Huebener, N. Schopohl, G. E. Volovik (Eds.): Vortices in Unconventional
Superconductors and Superfluids (Springer, New York, 2002). It contains many
good articles on the special topics of vortices in superconductors and superfluids.

R. D. Parks (Ed.): Superconductivity (Dekker, New York, 1969). The treatise
contains a comprehensive account of superconductivity as it stood in 1968.
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