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Abstract

HETEROSTRUCTURES OF TOPOLOGICAL INSULATORS AND SUPERCONDUC-
TORS

Mahmoud Lababidi, PhD
George Mason University, 2013

Dissertation Director: Dr. Erhai Zhao

Topological insulators (TI), such as BisSes, are a new class of quantum materials dis-
covered recently. They are insulating in the bulk but can conduct on the surfaces. The
robust surface states of three-dimensional strong TIs form a unique two-dimensional system
of massless electrons, known as a helical metal, with a linear energy-momentum dispersion
and spin-momentum locking. While these surface modes alone have spurred great interest,
their interaction with superconductors (S) in close proximity has opened up opportuni-
ties to engineer topological superconductivity using TI-S heterostructures. This thesis is
a microscopic, self-consistent theoretical investigation of the interplay between TI and su-
perconductors. Three types of TI-based heterostructures with increasing complexity are

studied in detail.

We first present a detailed study of the coupling between a metal and a topological
insulator. We compute the spin-active scattering matrix for electrons coming from the
metal incident on the metal-TT interface. We find that there exists a critical incident angle,
where perfect spin-flip occurs as the incoming electron is reflected. We discuss the origin
of this phenomena and its potential implications in spintronics. We then compute the local

spectrum at the metal-TI interface, and examine its evolution from the tunneling limit



(bad contact) to the strong coupling limit (good contact). The calculations are done using
two complementary approaches; in a continuum model based on a k-p Hamiltonian a wave
function matching approach is taken and the lattice model requires the use of lattice Green’s
functions. The study of metal-T1 interface lays the foundation for our subsequent theory of

S-TT interface.

Next we carry out microscopic, self-consistent calculations of the superconducting order
parameter and pairing correlations near a S-TI interface, where S is an s-wave supercon-
ductor. We discuss the suppression of the order parameter by the topological insulator and
show that triplet pairing correlations are induced by spin-flip scattering at the interface.
We verify that the interface spectrum at sub-gap energies is well described by the Fu-Kane
model even for strongly coupled S and TI. These sub-gap modes are interface states with
spectral weight penetrating well into the superconductor. We extract the phenomenological
parameters of the phenomenological Fu-Kane model from our microscopic calculations, and
find they are strongly renormalized from the bulk material parameters.

Building upon such understanding of single TI-S interface, we move on to examine a T1
surface in contact with two superconductors with a phase bias, namely a Josephson junction
patterned on the TI surface and mediated by the helical metal. A short Josephson junction
of this kind at a phase bias of 7 is known to give rise to exotic quasiparticle excitations
known as Majorana fermions with a linear dispersion, E ~ k. Our self-consistent calculation
of the Andreev bound states spectrum reveals, for the first time, a new regime with very
different physics in these devices. We show that the subgap spectrum becomes nearly flat at
zero energy when the chemical potential is sufficiently away from the Dirac point. The flat
dispersion is well approximated by E ~ kv, where N scales with the chemical potential.
We find a similar linear-to-flat dispersion evolution also occurs for the subgap spectrum
of a periodic superconducting proximity structure, such as a TI surface in contact with a
striped superconductor.

The systematic microscopic study of TI-S heterostructures helps interpret the data from
ongoing experiments on these structures. The formalism developed also forms the basis

for subsequent investigation of more complicated layered materials such as the periodic



array of magnetically doped TI and S which is argued to give rise to an exotic topological

superconductor known as Weyl superconductor.



Chapter 1: Introduction

This thesis presents a systematic theoretical study of the interaction and interplay between a
new class of materials named Topological Insulators (TIs) and superconductors. It consists
of five chapters. The first chapter contains a brief introduction to TIs and superconductors.
In addition, it describes basic concepts and notations used later in the bulk of the thesis.
These include the topological surface states of a TI, the spin texture of the TI surface,
phenomenological description of a superconductor coupled to a TI, exotic superconductors,
and a Josephson junction structure on a TI surface. The second chapter presents a study
of the interaction between metal and TI, and electron scattering at the M-TI interface.
This chapter provides insight into understanding the effect of spin-orbit interactions on
incoming arbitrarily spin-polarized electrons. The third chapter is a microscopic study of a
heterostructure of a superconductor with a TI. The motivation is to understand the effect
of a TI on an s—wave superconductor. The fourth chapter examines Josephson junctions
on a TI surface and delves into new aspects of the energy spectra in regimes not studied
before. Each chapter beyond Chapter 1 represents an original work published in Physical

Review B.

1.1 Topological Insulators

The field of condensed matter physics has a history of understanding phases of matter
that have been condensed. Where the early focus was on solids and liquids, the field has
transitioned into studying a rich variety of novel phases that are much more complex. A
result of the exploration of many of these novel phases, the concept of order arose, allowing,
not only the ability to categorize these phases by recognizing the type of order the system

had but the order is usually associated with symmetries of the system. This idea is clearly
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seen in the phase transition of liquid atoms with rotational and translational symmetry
into a crystal with discrete symmetries (e.g. translational, discrete rotational, inversion,
etc.). An extension to this would be a paramagnet transitioning into a ferromagnet, thus
breaking time-reversal symmetry. While this study of symmetry breaking is at the heart of
condensed matter and allows for a deeper understanding, it is not the full story.

In 1980 Klaus von Klitzing et al performed an experiment measuring the Hall conduc-
tance of semiconductor heterostructures in a strong magnetic field[3]. What they found in
the experiment was that the measured Hall conductance came in exact quantized funda-

mental units of e2/h,

=v— 1.1
o=vo, (1.1)

where v is an integer value. The significance of this result was not only in the quantized
nature of the Hall conductance, but something a bit deeper. This integer quantum Hall
effect was special because this result could not be described through the usual symmetry
breaking language. In the heterostructure used in the experiment, the internal “bulk” of
the system is effectively a two dimensional electron gas exposed to a strong magnetic field.
The strong magnetic field puts the electrons in a cyclotron orbit and forces the electrons
into discrete energy levels, the Landau levels. This effect is rather similar to a harmonic
oscillator where an electron is in a spatially quadratic electric potential well (V (z) x z?).
These separated energy levels allows for the system to be an insulator when the Fermi
energy is placed within the gap between two separate energy levels. While this system is
in an insulating state,the edge is still a host to electronic states that propagate in a chiral
manner. This discrepancy between the ability to describe bulk of the material and its edge
is the issue at hand.

The quantum Hall effect (QHE) is actually a topological phase of matter, with its energy
bands described by topological invariants known as Chern numbers. An integer QH phase
protected from being deformed into a phase with different topology in the same way a

donut (torus) is protected from being deformed into a sphere. The only time such a change
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Figure 1.1: (a) Energy spectrum of a trivial band insulator where two bands, conduction
and valence, are separated by an energy gap. (b) Energy spectrum of a quantum Hall state.
The gap now has one chiral edge state connecting the valence band to the conduction band.
(c¢) Energy spectrum of a 2D TI (QSH). The gap now has one pair of chiral edge states
connecting the valence band to the conduction band. One line is for the spin up state and
the other is for the spin down state. This essentially mimics two copies of the quantum Hall
state for each spin.

is possible is through a phase transition where the gap in the energy spectrum closes in a
critical fashion. More discussions on topological phases of matter can be found in literature.

We use the QHE as a lead-in for the topological insulator. By taking the QHE, we can
extend it in the following way. The QHE is a gapped system with chiral edge states that
depend on the applied magnetic field (see Fig. 1.1). The chirality of the edge states depend
on the direction of the magnetic field, i.e. positive (negative) chiral motion of the electrons
for positive (negative) out of plane magnetic field. If a system were to have both positive
and negative magnetic fields simultaneously for two different species of electrons, we would
see the electrons follow the two chiral motions simultaneously depending on their species.
The two different species of electrons are, of course, spin-up and spin-down electrons which
couple to the two magnetic fields. This system is a prototype of the quantum spin Hall
effect. Kane and Mele first proposed the QSH to exist in graphene with spin-orbit coupling
[4]. Shortly afterwards, Bernevig, Hughes, and Zhang proposed a realistic experimental

setup to host the QSH effect [5]. Their proposal, which was verified successfully in an



experiment by Koenig’s group [6], exploited the spin-orbit coupling and band inversion in a
HgTe-CdTe-HgTe heterostructure to create pairs of counter-propogating edge states, which
are related to each other by time reversal symmetry. The QSH insulator is a 2D topological

insulator. An effective Hamiltonian for the edge state can be written as
H = hwpoky, (1.2)

where the basis is for spin up and spin down and the resulting eigen energies are £ =
+hvrky. vp is the Fermi velocity. This is a massless Dirac Hamiltonian and the spectrum
forms a Dirac crossing.

The existence of a surface state can be seen in the following manner. If a topological
insulator has a parameter that can be tuned to transition from topologically non-trivial to
trivial, the gap of the insulator must close. When a T1T is interfaced with a trivial insulator,
such as the vacuum, the parameter effectively causes the gap to close at the interface, which
gives rise to the gapless surface state.

In principle, by stacking sheets of the 2D TIs and forming a 3D structure, this would be
a “weak” topological insulator. The other extension of the TI from 2D to 3D is a “strong”
topological insulator. Here, there is also an insulating 3D bulk and the 2D surfaces interfac-

ing the vacuum are similar to the edge state of the 2D TT in their linear dispersing behavior,

but they allow momentum to be in any in-plane direction, & = (ks, ky) = (kcos(#), ksin(h)).

The effective low-energy Hamiltonian for these surface states is
H = hop(ogky — oyks). (1.3)

The energies and their respective eigenvectors

E = +hwplkl ) = —= (£ie ™ 1) + | 1) (1.4)

1
V2



where |k| = | /k2 + k2 and | 1)(] 1)) is the spin up (down) state.

We plot the energy dispersion as a function of k£, and k, to find a Dirac cone in Fig.
1.2. Any cut taken for some value of E # 0 produces a circle of states. The eigenstates are
always equal superpositions of spin up and down, meaning the spinor is pointing in the x-y
plane. The exact direction is dictated by the phase (ie??). The spin is pointing at a 7/2

angle from the momentum direction at angle 6, due to the extra i.

Avpk, -1

Figure 1.2: Dirac cone dispersion. Energy as a function of momentum, k, and k.



If we look closely at the spin-momentum relationship we see that it is not possible to
have arbitrary spin and momentum for an electron on the TI surface. Every direction of
momentum is locked to one direction of spin and vice versa. This surface is very different
from a normal metal where spin is arbitrary for any momentum and also different from a
ferromagnet where the spin of an electron is fixed but can have arbitrary momentum. This
coupling along with the relativistic energy dispersion is unique and provides a playground for
many exotic properties. These include Majorana fermions[7, 8, 9, 10], barrier transmission
[11], spin-currents [12, 13], Aharanov-Bohm oscillations [14], Shubnikov-de Haas oscillations
[15], Landau level quantization [16], massive relativistic Dirac fermions [17, 18], and exciton
condensation [19].

In 2008, Hassan’s group found a 3D TI in the form of BigSb; by way of ARPES
measurements|[20]. They found a linear dispersion, Dirac crossing, on the surface and while
the bulk has a gapped energy spectrum. This experiment was motivated by several theo-
retical predictions[21, 22] to find topological insulators in such a 3D binary compound due
to the spin-orbit coupling in the material. This led to the discovery of other Tls; BisSes,
BiyTes, SbeTes; as well as finding topological properties of pure Sb[23, 24, 25, 26, 11]. Since
the discovery in 2008, there has been an explosion in research on topological insulators in
ArXiv.org, where in years 2009, 2010, 2011, 2012 there were 100, 235, 362, 421 papers on
topological insulators, respectively.

This concludes our basic description of the TI. We showed how a 2D TI was produced
using two copies of a QH system with opposite simultaneous magnetic fields. We then
extended the idea of a 2D TI to 3D “weak” and “strong” TIs. We then examined the
surface states to understand the relationship between the spin and momentum as well as

potential implications and applications.



1.2 Superconductivity

1.2.1 Measurement

Superconductivity was discovered by Heike Kamerlingh Onnes in 1911. He found that the
resistance of mercury drops to zero as the temperature is lowered below 4.2K, a signature
of perfect conduction. An immediate question arises, if using a typical voltmeter, as used
in physics labs, and Ohm’s law, V = I R, how can resistance or voltage be measured if they
should both be zero? The answer is by using a four point probe. As seen in the diagram in
Fig. 1.3, the probe has four point of contact on the material. Two of the connections (1,4)
have a constant, controllable current flowing through them. The other two connections
(2,3), then probe the sample and measure the voltage drop. The voltage measurement
device has a high impedance to minimize any flow from the sample into it. The resulting
voltage drop, V, and driving current, I, then give the resistance, R = V/I, which along with
temperature results in a temperature dependent resistance. An example measurement of
Cu9BisSes, a new superconducting material based on the topological insulator BisSes, is
shown in Fig. 1.3. The plot shows a clear resistance drop at 3.5 Kelvin, the signature of

superconductivity.
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Figure 1.3: (left) Four probe measurement device. Probes 1 and 4 are used to flow a
current across a sample while probes 2 and 3 measure the voltage drop across the sample
where the current is flowing. (right) Resistance (€2) vs Temperature (Kelvin) experiment on
Cu 9BisSes from arXiv:1111.5805. The drop in resistance is a signature of superconductivity.



1.2.2 BCS and Bogoliubov Theory

Bardeen, Cooper, and Schreiffer (BCS) came up with a theory to explain the mechanism
behind superconductivity. We start with the Hamiltonian that represents a free electron

system with two-body electron interactions,

H = Z(Ek — ILL)CLa,Cka— + Z Vk,k/ CLTCT—k\LC—k/TCk/l (15)
k,o kI’

where CLU (cko) is the electron creation (annihilation) operator, the summations are over
spin (0)and momentum (k, k'), ex is the free electron energy, Vi i is the electron-electron

interaction potential. The commutation relations for the fermion creation and annihilation

operators are

{CLﬂ Ck’U’}—l— = 6k,k’5ao" (16>

{CLU’CL’J’}+ = {Ck0'7ck’o"}+ == O (17)

In usual electron systems, the Coulomb interaction between electrons is repulsive, but
the effective interaction can become attractive. As an electron passes through a lattice
of low-mobility nuclei, they actually cause the nuclei to shift causing a phonon interaction
with electron. This phonon interaction can be strong enough to effectively attract, Vi < 0,
two electrons with opposite momenta(k, —k). From the Pauli exclusion principle, we seek
a bound pair of electrons with zero total momentum and antisymmetric wave functions
known as a Cooper pair. When the electrons pair, they form a condensate of the bosons,
which supports superflow that is responsible for the lack of resistance. The electrons near
the Fermi energy are most susceptible to pairing, usually when they are within some Debye
energy cutoff, Aiwp. One way to describe the superconductor is through a condensate wave

function or more precisely the superconducting order parameter, A(x), or Ax. This function



is found by a mean field approach to the pairing potential, Vi, through the gap equation

Ak = Z kal C—k’Tck/¢ (18)
K’

reducing the Hamiltonian down to

H = Z(ek — ,u)clrmckg + Z Ay CLTCT_M + h.c. (1.9)
k,o k

To diagonalize this Hamiltonian we change the basis, where rather than restricting our-
selves to operators of electrons, we use the Bogoliubov-de Gennes (BdG) transformation
to introduce the operators on quasiparticle excitations of particles and holes. This is done

through

Cko = Z UnkoYnk + v;kaf)/);k7 CLU = Z u;kcrfy;rzk T UnkoTnk (1.10)
n

n

where the quasiparticle operators fulfill the anti-commutation relations,

{Vlto‘? 'Yk’o"} = 5kk/50'o'/7 {7k07 'Vk/a’} = {’7110-7 711/(;/} =0 (111)

and allow us to diagonalize the Hamiltonian as

H=FEy+Y By (1.12)
k,o

The quasiparticle (quasihole) wave function is uy, (vk,). Each electron creation/annihilation
operator is a superposition of a quasiparticle creation and annihilation operator. The inverse

of this transformation,

_ § ' S| T § : * o F
Yko = UnkoCnk — UnkoCnks Tko — UnkoCpnk — UnkoCnk (113>
n n

10



leads to each quasiparticle operator being a superposition of the electron creation operator
and the hole creation operator. This physical interpretation allow us to see that there is
more to the story than just electrons and holes, but electron-like and hole-like quasiparticle
excitations.

The form of the BdAG Hamiltonian is

€x — —Ayio
Hy—= | 1 77X (1.14)

AJ{( oy QU — €k

in the basis of

W = (uier, el Vit Vie)) (1.15)

The Ay can come in a variety of forms, strictly depending on the pairing symmetry of the
superconductor. Generally it can be written as Ax = Ag(k) + d(k) - o, while in the BCS
case, we focus on Ax = Ay, a constant value, representing s-wave orbital pairing[27]. This

allows us to find the eigen values of the system,

By = +y/(a — 02 + AP (L.16)

where the spectrum can be seen in the Fig. 1.4. There is now a finite gap of size 2/ seen
centered about 0. The gap is a result of the pairing that occurs in the superconductor.
These paired states form the condensate and no low energy excitations can exist within
the energy gap in the spectrum. In order to have an excitation out of the condensate, you
would need 2Ag energy to break the pair.

This concludes the introduction to superconductivity. Here, we reviewed the BCS theory
on superconductivity to describe the mechanism behind the Cooper pairing, and diagonaliz-
ing the BCS Hamiltonian using a mean field approximation and the Bogoliubov-de Gennes
Transformation to obtain the energy spectrum. These are the building blocks for under-
standing the discussions on superconductivity in this thesis.

11



Figure 1.4: Energy spectrum for a BCS superconductor with a gap of 2Ag and p/Ay = 10.

1.3 Topological Superconductors and Superconductor-Topological

Insulator Heterostructures

This section presents two related condensed matter systems that have exotic properties
and the motivation for studying them. These are p,-+ip, superconductors and topological
insulator-superconductor heterostructures that host Majorana Fermions. These systems
have implications in understanding the role of topology in superconducting systems as well
as the possibility of topological quantum computation through the Majorana Fermion. This

thesis can be viewed as a systematic deeper study of the latter systems beyond phenomenol-

ogy.

12



1.3.1 p,+ip, superconductors

One kind of a superconductor that has exotic topological behavior is the p,+ip, super-
conductor. The symmetry of this paired spin-triplet state is of the form Ay = Ag(ky +
iky)(0oy +i0y). If we apply this form of the pairing into (1.14), we can diagonalize the BdG

Hamiltonian and find eigenvalues of the form

B = £V/(ex — 1)? + (Ag K])2, (1.17)

This differs from the conventional s-wave eigen energies because the gap term now depends
on k. For values of p >> 0, this doesn’t effect the spectrum by any more then a negligible
change. The noticeable difference, as described Read and Green[28], is when the Fermi
energy is reduced to a small value so that (ex —pu) — —p. The spectrum then evolves into a
spectrum for a relativistic Dirac fermion with mass p and speed of light Ag. We also write

the BAG equations in the form of

Eu = —pu+ A*i(0y + i0y)v (1.18)

Ev = pv + Ai(0y — i0y)u. (1.19)

This is a form of the Dirac equation, and the BdG equations allow for u = v* through
charge conjugation symmetry, where at each k there is only one excitation mode. This
shows that the particles, u, are their own anti-particles, v. When a Dirac fermion has
this property, it is a Majorana Fermion. Now consider a setup for this system where the
mass term varies spatially through a a domain wall (u(z) o sign(x — xg)), by tuning the
Fermi energy spatially. The requirement for the domain wall is due to the parameter (x)
dependent transition from a trivial state superconductor, i < 0 to a non trivial topological
superconductor, g > 0. One simple model to do this is by u(z) = psin(27rz/L). We find
a spectrum with linear modes in Fig. 1.5. The linear Majorana modes are found to have

chiral propagation and reside at the centers of the domain walls. Another way to host a

13



Majorana in a p-wave superconductor is by imposing a vortex through a magnetic field,

where at the core of the vortex reside the Majorana modes.

Figure 1.5: Energy spectrum for a p, £ip, superconductor with a chemical potential domain
wall, ensuring linearly dispersing Majorana modes.

1.3.2 Fu-Kane Superconductor/Topological Insulator Model

Fu and Kane were the first to describe the effect of a superconductor in close proximity to

the surface of a TI[29]. The TT has the Hamiltonian in the form of H = vp(o,ky —oyks) — 1,

14



where k; are the momenta, o; are the Pauli spin matrices, and vp is the Fermi velocity. If
an s—wave superconductor is brought to the surface of the TI, Fu-Kane argued that pairing
interaction between electrons will be induced on the surface.

This interplay between a TT and S presents many possibilities of various physical effects.
This system can be seen to mimic a spin-less p, £ ip, superconductor. Also, under certain
conditions where there is a domain wall through the superconductor order parameter, A or
a magnetic domain wall, it is expected to find a Majorana mode.

Fu-Kane argued that the form of the pairing term is consistent from the S side to the

TT side producing the following BAG Hamiltonian

H(k ioy, A
H(k) = (k) Y = vp(ogky — Tooyky) — Top + Tyo Al (1.20)
—ig,A* —H*(~k)

The spectrum for this system is

E = /IAP + (vp[k| £ p)2. (1.21)

This system is very analogous to the p-wave superconductor. If we take the limit y — 0
this dispersion is also relativistic where the mass term is A and the speed of light is vp.
The p, £ip, term is responsible for the resulting Majorana mode. In the superconductor-TI
heterostructure, this term is also, as we shall see soon, responsible for producing Majorana
modes. Since the mass term is parameter, it can be tuned to close the gap at one (or
an odd number of points) in the spectrum. The mass term in the S-TI system is the
gap parameter, A. If we allow A to flip sign spatially from a positive value, |Ag|, to a
negative value, —|4Ay|, for example through A(x) = Agtanh(x/L), we find a Majorana
mode localized at the point where A(z) = 0 (z = 0) with a linear dispersion that resembles
the spectrum of the p-wave superconductor edge-state in Fig. 1.5. One difference is the

TT version is four-fold degenerate (particle/hole) of the £ = 0 mode while the p-wave is
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two-fold degenerate (particle/hole). Both systems’ linear dispersing states are localized at
the domain wall, x = 0. This domain wall can be seen as a Majorana wire in the y-direction.

We’ve now shown some superconductors with exotic properties. We looked at the p-wave
superconductor and how it can be tuned to host Majorana modes along with its relativistic
Dirac-like energy dispersion. We also looked at the TI-S heterostructure proposed by Fu
and Kane which can be tuned to host Majorana modes. These systems are very analogous
to each other and show the potential of engineering topological superconductivity using the
hybrid structures of TI and s—wave superconductors. The Fu-Kane will be the starting

point for latter two thirds of the thesis where we study TI-S structures in greater detail.

16



Chapter 2: Metal to Topological Insulator Scattering

As described in Chapter 1, the topological insulator (TT) has a unique surface where the
spin and momentum of an electron are coupled such that the direction of the spin is equal
to the direction of the momentum plus 7/2. That is to say, the electron’s wave function,

k), is presented as

i) = Fie | 1) + | 1) (2.1)

where § = arctan (k,/k;) and | 7)(| 1)) is the spin up (down) state. It’s clear that the

phase ie~% dictates the direction of the spin in the  — y plane. This special surface is the
motivation for the following chapter.

Since we understand the spin-momentum behavior of the electrons that reside on the
surface of the TI, a natural extension would be to understanding electrons that scatter off
the surface of a TI. Any incoming electron has an interaction with the spin-orbit coupling
of the TI. This interaction dictates the resulting spin of the reflected electron.

We find that for a certain critical angle, the electron’s spin will always flip, regardless
of its state before reflection (i.e. «| 1) + 5| }) — «a| ) + 8] 1)). This is very different from
reflection from a ferromagnetic insulator, where the spin directions of incoming polarized
electrons are rotated by the exchange field [30]. This clear difference is unique and allows for
an ability to control electrons arbitrarily and perform NOT-gate like operations in binary
logic devices, (i.e. TRUE—-FALSE and FALSE—TRUE).

To understand this spin dependent interaction we theoretically study a metal-T1I inter-
face. The left half, spatially, is a metal and the right half is the TI. An incoming electron
comes from the metal side and travels to the TI surface. Since the TI is an insulator,

incoming electrons do not propagate through but rather reflect back to the metal side.

17



We calculate the spin dependent reflection coefficients of the reflected electron. This spin-
resolved reflection has implications in using TIs for spintronics because of the ability to
invert the spin direction, hence negate the information stored on there.

In addition to the scattering approach, we seek to understand what the combined effect
is when a metal and TT are in contact with each other in a different perspective. We do this
by using a lattice Green’s function method to find the resulting spatially resolved energy
spectrum and to calculate the scattering coefficients, also. We find that the local spectrum
has two limits depending on the strength of the tunneling between the metal and TI. For
good tunneling we find that the metal has a stronger influence on the spectrum near the
surface whereas for weak contacts the Dirac cone is clear and well-defined.

Lastly, we discuss the complex energy spectrum of the TI (E(KReal, Kimag), k2 — KkReal +
iKkimag). It gives us insight into understanding the behavior of the surface localized wave

function of the Dirac electrons.

2.1 Introduction

Recently discovered three dimensional topological band insulators [31, 32, 33|, such as
Bij_;Sb, [34] and BisSes [35, 36, 37|, are spin-orbit coupled crystal solids with a bulk
gap but protected gapless surface states. The low energy excitations at the surface are
helical Dirac fermions, i.e., their spin and momentum are entangled (locked) [38]. The
charge and spin transport on the surface of a topological insulator are intrinsically coupled
[39]. This makes these materials a promising new platform for spintronics. In addition,
heterostructures involving topological insulator, superconductor, and/or ferromagnet have
been predicted to show a remarkable array of spectral and transport properties (for review
see Ref. [40, 41, 42]).

Electronic or spintronic devices based on topological insulators will almost inevitably
involve metal as measurement probes or functioning components [43]. This motivates us to

study the local spectrum near the interface between a metal (M) and a topological insulator
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(TI). For a metal-ordinary semiconductor junction with good contact, it is well known that
the metallic Bloch states penetrate into the semiconductor as evanescent waves localized at
the interface (for energies within the band gap). Such interface states are known as metal
induced gap states (MIGS) [44, 45]. They play an important role in controlling the junction
properties, e.g., by pinning the semiconductor Fermi level to determine the Schottky barrier
height [46], a key parameter of the junction.

The local spectrum at the M-TT junction is intimately related to the spin-active scatter-
ing of electrons at the M-TT interface. In this chapter, we systematically study the evolution
of the scattering matrix and the interface spectra with the junction transparency and metal
Fermi surface parameters. The scattering matrix [47] we obtain here also forms the basis to
investigate the details of the superconducting proximity effect near the superconductor-TI
interface [48], which was shown by Fu and Kane to host Majorana fermions [29].

The scattering at the M-TI interface differs significantly from its two dimensional ana-
log, the interface between a metal and a quantum spin Hall (QSH) insulator studied by
Tokoyama et al [43]. They predicted a giant spin rotation angle a ~ 7 and interpreted the
enhancement as resonance with the one-dimensional helical edge modes. By contrast, for
M-TT interface we predict a critical incident angle at which complete spin flipping occurs
and the spin rotation angle jumps by 7. We will explain its origin, in particular its relation
to the surface helical Dirac spectrum, and discuss its spintronic implications.

This chapter is organized as follows. We will first compute the scattering matrix using a
k - p continuum model by matching the envelope wave functions at the M-TT interface. This
simple calculation is easy to understand, and it brings out the main physics of our problem.
Along the way, we will discuss the complex band structure of BiaSes, which describes the
decaying (rather than propagating Bloch wave) solutions of the crystal Hamiltonian. The
various caveats of this calculation are then remedied by considering a much more general
lattice model. Most importantly, it enables us to track how the scattering matrix and
interface spectrum change with interface transparency. It also sheds light on the origin of

perfect spin-flip scattering at the critical angle. We will show that the results obtained from
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these two complementary methods are consistent with each.

2.2 Model Hamiltonian and Complex Band Structure

We consider BisSes as a prime example of 3D strong topological insulators. Its low energy

k - p Hamiltonian was obtained by Zhang et al [36],

Here dg(k) =M — Blkz — Bg(ka% + kz), dl(k) = AQkx, Clg(k) = Agky, dg(k) = Alkz, and
eo(k) = C + D1kZ + Do(kZ + k;). The numerical values of M, A, B, C, D are given in
Ref. [36]. We choose the basis (|+ 1), [+ 1), |— 1),]— })), where £ labels the hybridized

p. orbital with even (odd) parity [36]. The Gamma matrices are defined as Iy =Hel,

I'; = 71 ® 65, with 7; (6;) being the Pauli matrices in the orbital (spin) space. The chemical
potential of as-grown BisSes crystal actually lies in the conduction band [38]. By hole
doping [38] or applying a gate voltage [49], the chemical potential can be tuned inside the
gap. The system is well described by Hp; (note that energy zero is set as in the middle of
the band gap).

In this section, we first adopt a rather artificial model for metals with negligible spin-
orbit coupling. It is obtained by turning off the spin-orbit interaction (setting d, = 0
for ©=1,2,3) in Hp; and shifting the Fermi level into the conduction band. The result is

spin-degenerate two-band Hamiltonian

A~

Hyr(k) = [eo(k) — Ep]1 + do(k)To.

Its band structure, schematically shown in Fig. 1(b), consists of two oppositely dispersing

bands (the solid and dash line). Ef is tuned to be much higher than the band crossing point,
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Figure 2.1: (a) Scattering geometry at a metal (M)-topological insulator (TI) interface. (b)
Schematic band structure of the metal (modeled by Hj;) and topological insulator.

so the scattering properties of low energy electrons near the Fermi surface are insensitive
to the band crossing at high energies. This claim will be verified later using a more generic
model for the metal. A similar model was used in the study of metal-QSH interface [43].
Matching the wave functions of two dissimilar materials (such as Au and BisSes) at
interface is in general complicated within the k - p formalism, because the envelope wave
functions on either side are defined using different basis (see Ref. [50] and reference therein).
For the particular model Hj;, however, such complication is circumvented. Then, then
wave functions at the metal-TT interface (z = 0) satisfy the Ben-Daniel and Duke boundary

condition [51],

SOy = Prr, 0Py = 071 Py

Here ®; is the four-component wave function, and the velocity matrix o; = OH; JOk,, i €
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Figure 2.2: The complex band structure of topological insulator described by ﬁTI(k) for
ky =0, k; = 0.02 (left) and 0.04 (right). F is measured in eV, and k in A~!. Subgap states
with complex k, represent evanescent waves. The topology of real lines [1] changes as k, is
increased.

{M,T1I}. Such boundary condition assumes good atomic contact between two materials.

We are interested in energies below the band gap of TI, so dry is evanescent in nature
and only penetrates into T for a finite length. Such localized (surface or interface) states
inside topological insulator can be treated within the k - p formalism using the theory of
complex band structures, pioneered by Kohn [52], Blount [53], and Heine [1] et al. The main
idea is to allow the crystal momentum to be complex and analytically continue Hry(k) to
the complex k plane. While the extended Bloch waves are the eigen states of Hpy(k) for
real k, eigen functions of Hpj(k) for complex k describe localized states. Together they
form a complete basis to describe crystals of finite dimension.

In our scattering problem, we have to find all eigen states of Hpy(k) with energy F and
wave vector k = (ky, ky,lzrz), where k, and k, are given and real, but k, is complex and

unknown. For a general k - p Hamiltonian such as Hpy, we follow Chang and Schulman
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[54] to rewrite it as

ﬁTI - BO(kzv ky) + ill];z + 32%37

where hy = Ail's, and ho = —BiIy. Then the eigen equation (I:[TI — Ei)qg = 0 can be

reorganized into an eigen value problem for k.,

~ ~

0 1 b
—hyY(hg — E1) —hy'hy o &

Then all possible values of k, can be obtained for given incident parameter E, k., and
ky. For the anisotropic Dirac Hamiltonian Hrr(k), the energy eigenvalues can be obtained
analytically [55], which allows for an analytical solution of the complex band structure.
For E within the gap, there are in general 4 pairs of complex solution of k,, for if k,
is a solution so is k*. We label those with positive imaginary parts with {k”}, and the
corresponding wave function {qg” }, v =1,2,3,4. They are decaying solutions in the half

space z > 0. In our model, k, turns out to be doubly degenerate, as shown in Fig. 2. The

wave function inside TI (z > 0) then has the form
bpy = Z te= 4,
12

2.3 Scattering Matrix from Wave-Function Matching

To set the stage for discussing scattering off a topological insulator, it is instructive to
recall the generic features of elastic scattering of electrons by a heavy ion with spin-orbit

interaction. This classical problem was solved by Mott, and known as Mott scattering. The
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scattering matrix has the general form [56]

S’Mott = ui + wo - (ki X ko),

where k; and k, are the incident and outgoing momentum respectively, & is the Pauli matrix,
and u,w depend on the scattering angle. It is customary to define the spin-flip amplitude
f = Sa1, and spin-conserving amplitude g = S71. Both f and g are complex numbers, their

relative phase defines the spin rotation angle o = Arg(g*f). One immediately sees that for

back scattering, Shiot = w1, so there is no spin flip, f = 0. As we will show below, this also
holds true for scattering off TT.

Now consider an electron coming from the metal with momentum k incident on the M-
TT interface located at z = 0, as schematically shown in Fig. 1(a). We assume the interface
is translationally invariant, so the transverse momentum k| = (k,k,) is conserved, and
the energy E of the electron lies within the band gap of TI. Then, only total reflection
is possible, but the spin-orbit coupling inside TI acting like a k-dependent magnetic field

rotates the spin of the incident particle. The scattering (reflection) matrix has the form

where |g|? + | f|*> = 1. Our goal is to find the dependence of the scattering amplitudes f, g
on k, or equivalently, on energy F and incident angle 6. From time-reversal symmetry,
f(E,0) = f(E,—0) and g(E,0) = g(E,—6). We shall show that f(k) = —f(-k), g(k) =
g(=kj). So f is an odd function of #, while g is even in . Since our problem can be viewed
as coherent multiple scattering from a lattice array of Mott scatters occupying half the
space, we will refer to spin-active scattering at the metal-T1 interface as Mott scattering.
Consider a spin up electron from the conduction band of the metal with momentum k
and energy E = ¢y(k) — Er — do(k) lying within the band gap of TI. The wave function
24



inside the metal (z < 0) has the form

Y . .
(I)M — (Tle ikl z iklz _ikyz

77’267 =, e 71’6227

+ rse T4671kzz)T,

keztkyy) and renormalization factor. Here k., = % -k, and {r;} are the

up to the trivial el
reflection amplitudes. We identify the spin flip amplitude f = r4 and the spin-conserving
amplitude g = r3. Note that there is no propagating mode at energy E available in the

valence band for the reflected electron. So k. has an imaginary component. At such

energy, there is no propagating mode available in TI. We have discussed the evanescent

wave function <T>T1 in the previous section. With P M and <T>T1, we solve the boundary
condition at z = 0 to obtain 7,,t, and the scattering matrix S.

Fig. 3 shows the magnitude and phase of f and g versus the incident angle 6 for
E = 0.1eV, with Er set to be 0.28eV. At normal incidence, § = 0, spin flip scattering is
forbidden as in the single-ion Mott scattering. With increasing 6 the magnitude of g drops
continuously. At a critical angle 6., |g| drops to zero and we have perfect (100%) spin flip
reflection. At the same time, the spin rotation angle a (the relative phase between f and
g) jumps by .

It is tantalizing to think of what happens at 6. as resonant scattering with the helical
surface mode of the TI. This however is problematic. We are considering good contacts at
which the wave functions of the two materials hybridize strongly. Surface mode is preempted
by MIGS. Indeed, we checked that the corresponding critical transverse momentum Fkj
depends only weakly on E. This is at odds with the linear dispersion of the TI surface
mode, E/ = Agk) [36]. To gain better understanding, we now switch to a lattice model to
systematically study the role of interface transparency and metal Fermi surface parameter

(Ef,kf,vs) on the scattering matrix.
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Figure 2.3: The magnitudes (upper panel) and the phases (lower panel) of the spin-flip

amplitude f and spin-conserving amplitude g versus the incident angle §. E = 0.1eV,
Er=0.28¢V. |g|> + |f|?> = 1. Arg(g) and Arg(f) are shifted upward by 7 for clarity.
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2.4 Interface Spectrum and Scattering Matrix from Lattice

Green Function

We consider a simple lattice model for the M-TI junction. The topological insulator is

modeled by a tight binding Hamiltonian on cubic lattice,

%R = Zk+7n {@2]];+7n(b1f0 — i%f‘g)l/;k+’n+1 + h.c.

+ 12);24”71 [d(k.,.)f‘o + ag(fl sin k; + fg sin ky)} 1[};@””} .

Here 1[1 = (Y1, %11, ¥Y—4,%_1)T is the annihilation operator, d(k) = M —2by +2ba(cos ky +
cosk, — 2) with k£ measured in 1/a. The cubic lattice consists of layers of square lattice
stacked in the z direction, n is the layer index, and k is the momentum in the xy plane. The
isotropic version of J#g, with a; = ag, by = b, was studied by Qi et al as a minimal model
for 3D topological insulators [55]. To mimic BiaSes, we set the lattice spacing a = 5.2A,
which gives the correct unit cell volume, and a; = A;/a, b; = B;/a® for i = 1,2. Although a
crude caricature of the real material, % yields the correct gap size and surface dispersion,
it also reduces to the continuum k - p Hamiltonian fITI in the small k limit, aside from the
topologically trivial €y(k) term.

As a generic model for metal, we consider a single band tight binding Hamiltonian on

cubic lattice,

jﬁ/ = Z [h(k+)nk+,n,o - tM¢J]L+7n7O.¢k+7n+1,g + hC]

ki, n,o

where h(k;) = —2tp(cos kg +cosky) — par. The Fermi surface parameters of the metal can
be varied by tuning ¢3; and pps. The metal occupies the left half space, n < 0, and the TI

occupies the right half space n > 1. The interface domain consists of layer n = 0,1. The
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Figure 2.4: The spectral function N(E, k;, k, = 0) at the interface of metal and topological
insulator. Left: good contact, J = t3, showing the continuum of metal induced gap states.
Right: poor contact with low transparency, J = 0.2t);, showing well defined Dirac spectrum
as on the TI surface. ty; = 0.18eV, upr = —4tyy, a is lattice spacing.

coupling between metal and TI is described by hopping,

A== Y Tl o1 40Pk, m=00 + hec.

ki,l,o

Jy is the overlap integral between the p-orbital £ = £ of TI and the s-like orbital of metal.
For simplicity, we assume Jy is independent of spin. Then, J, = —J_ = J. J can be tuned
from weak to strong. Small J mimics a large tunneling barrier between M and T1, and large
J (comparable to tjs or Bg) describes a good contact.

The lattice Green function of the composite system is computed via standard procedure
by introducing the inter-layer transfer matrix and the method of interface Green function

matching [57]. Fig. 4 shows two examples of the local spectral function (momentum-resolved
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Figure 2.5: The spin-conserving reflection amplitude |g| and spin rotation angle « versus

the incident angle 6 for increasing contact transparency, J/tyr = 0.25,1,1.5,2 (from left to
right). tar = 0.18eV, upr = —4tyr, E=0.05eV, ky, = 0. |f]> =1—|g|>.

density of states) at the interface,

N(E k) =— > ImTrG(E, ki)np,
n=0,1

where ¢ (E,ky)npn is the local Green function at the interface with n,n’ = 0,1, and the
trace is over the spin and orbital space. In the tunneling (weak coupling, small J) limit,
the interface spectrum includes a sharply defined Dirac cone as on the surface of TI. As J
is increased, the linearly dispersing mode becomes ill defined and eventually replaced by a
continuum of metal induced gap states.

Once the lattice Green function is known for given incident £ and kj, the scattering
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(reflection) matrix can be constructed from ¢ by [57],

S(E,ky) =9 (E, ks )oogy (B, ky) — 1

where gj; is the spin-degenerate bulk Green function of metal. Fig. 5 shows the evolution of
|g(0)| and a(#) for increasing J, where a level broadening of F/10 is used. Most importantly,
we observe that the existence of a critical angel 0., where complete spin-flip occurs and «
jumps by 7, is a robust phenomenon. It is independent of the details of the contact, the
metal Fermi surface, or other high energy features in the band structure.

To understand the perfect spin flip, we first focus on the tunneling limit, J < tj7. In this
limit, the local spectrum at layer n = 1 as shown in the right panel of Fig. 4 approaches the
TI surface spectrum, namely the helical Dirac cone. An incident up spin tunneling across
the barrier will develop resonance with the helical mode, which is a quasi-stationary state
with long life time, if its momentum and energy satisfy k| = E/Az. Moreover, it has to
flip its spin, since only down spin can propagate in the k, direction (suppose k, = 0). The
7w jump in the phase shift is also characteristic of the resonance. Indeed, we have checked
that precisely at 6. the resonance criterion, kfsinf, = E/A, is met. We also varied pps for
fixed J and t;;, bigger uys yields a bigger Fermi surface and a smaller 6.. This is consistent
with the resonance criterion above.

As J is increased, the width of the resonance grows and eventually it is replaced by
a broad peak (dip) in |f| (|g|), but the vanishing of |g| and 7 shift in « at 6. persist to
good contacts, even though in this limit the interface is flooded by MIGS (left panel of
Fig. 4) and bears little resemblance to the Dirac spectrum. With all other parameters held
fixed, 6. increases with J. Qualitatively, coupling to TI renormalizes the metal spectrum
near the interface, producing a smaller effective k; (hence a larger 6.) compared to its bulk
value. It is remarkable that perfect spin flip at the critical angle persists all the way from
poor to good contacts. Indeed, the main features observed here for for good contacts using

the lattice model agree well with the results obtained in previous section by wave function
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matching.

2.5 Discussions

We now discuss the experimental implications of our results. The M-TT interface spectrum
can be measured by ARPES (or scanning tunneling microscope) experiments on metal film
coated on a topological insulator. Our results also suggest that a topological insulator can
serve as a perfect mirror to flip the electron spin in metal. Such spin-active scattering
at the M-TT interface may be exploited to make novel spintronic devices. The magnitude
of g or f can be measured by attaching two ferromagnetic leads to a piece of metal in
contact with TI, forming a multi-terminal device. One of the ferromagnetic leads produces
spin-polarized electrons incident on the M-TT interface at some angle, while the other lead
detects the polarization of reflected electron, as in a giant magneto-resistance junction.
The spin rotation angle a can be measured indirectly by comparing the predicted current-
voltage characteristics of M-TI-M or Superconductor-TI-Superconductor junctions, which
are sensitive the phase shift «.. It can also be inferred from the spin transport in a TI-M-T1I
sandwich, as discussed for QSH insulator in Ref. [43]. Detailed calculations of the transport
properties of these structured, using the scattering matrix obtained here, will be subjects

of future work.
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Chapter 3: Superconducting Proximity Effect

In the first chapter we described the topological insulator and it’s novel features. We also
described the exotic p—wave superconductor and along with the topological insulator in
proximity to an s—wave superconductor. We showed that these systems are topological
in the sense that there exist with gap-less modes localized near certain boundaries. These
edge states have linear dispersions.

In this chapter we focus on the superconductor-topological insulator heterostructure.
This structure is predicted by Fu and Kane to be a host to a Majorana fermion under
certain conditions. Our focus is not on the phenomenological properties of the Majorana
regime, but rather to understand the behavior of the system in a more realistic fashion.
We set up the Bogoliubov-de Gennes model for a TT and a superconductor to calculate the
eigensystem in a recursive, self-consistent manner. The eigen energies and wave functions
provide the framework we need to calculate several quantitative properties. These include
order parameter, A(z), spatially resolved spectral function, A(z, k, €), local density of states,
N(z,€). In addition we also find singlet (F4(k, z)) and triplet (F(k,2) F| (k, 2)) pairing
correlations. We show that the energy spectrum does indeed host sub-gap states as predicted
by Fu-Kane with renormalized parameters. We also find triplet correlations, exhibiting

pz + ipy behavior, consistent with previous studies of a similar system.

3.1 Introduction

Fu and Kane showed that at the interface between a three-dimensional topological band
insulator (TI) and an s-wave superconductor (S) forms a remarkable two-dimensional non-
Abelian superconductor [58]. It hosts Majorana zero modes at vortex cores, as in a p, +ip,

superconductor [59], but respects time-reversal symmetry. As argued in Ref. [58], the
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presence of superconductor induces a pairing interaction between the helical Dirac fermions
at the surface of the topological insulator, and gaps out the surface spectrum. Then, the
interface can be modeled elegantly by a simple matrix Hamiltonian in Nambu space (we

follow the convention of Ref. [60]),

hs(k) ioyAsg
Hri (k) = , (3.1)
—ioy AT —hi(—K)

where k = (k;, k) is the two-dimensional momentum in the interface plane, o; are the
Pauli matrices, hs(k) is the surface Hamiltonian for the topological insulator describing the

helical Dirac fermions [60, 41],

he(k) = —ps + vs(02ky — oyky). (3.2)

Fu and Kane also proposed to use S-TI proximity structures to generate and manipulate
Majorana fermions which obey non-Abelian statistics and are potentially useful for fault
tolerant quantum computation [58]. This proposal and a few others that followed based
on superconductor-semiconductor heterostructures [61, 62, 63, 64, 65] have revived the
interest in superconducting proximity effect involving insulating/semiconducting materials
with spin-orbit coupling. More complex S-T1I proximity structures with ferromagnets [66, 67|
or unconventional superconductors [68] have been investigated.

Experiments are beginning to realize various S-TI proximity structures [69, 70, 71]. In
light of these developments, it is desirable to understand to what extent the effective model
Hrg holds, and what are the values of (As, us,vs) for given materials. Answering these
questions is crucial for future experiments designed to probe and manipulate Majorana
fermions. As a first step in this direction, Stanescu et al considered a microscopic lattice
model for the TI-S interface [48]. In this model, TT and S are described by a tight binding

Hamiltonian defined on the diamond and hexagonal lattice respectively. The two materials
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are coupled by tunneling term in the Hamiltonian. These authors found that for small
k, Hpg (k) is valid but its parameters are significantly renormalized by the presence of
the superconductor. This is supported by leading order perturbation theory in the weak
coupling (tunneling) limit. They also discussed the induced p-wave correlation within the
framework of perturbation theory. The p-wave correlation has also been noted in an anal-
ogous proximity structure in two dimension between a quantum spin Hall insulator and a
superconductor [72].

In this work, we consider S-TI proximity structures where S and TI are strongly cou-
pled to each other, rather than being separated by a tunneling barrier. This is the desired,
presumably the optimal, configuration to realize the Fu-Kane proposal, e.g. to achieve
maximum value of A, in Hpg for given superconductor. In the strong coupling limit, the
modification of superconductivity by the TI becomes important. This includes the sup-
pression of the superconducting order parameter, the induction of triplet pair correlations
by spin-active scattering at the interface, and the formation of interface states below the
bulk superconducting gap. In order to accurately answer questions raised in the preceding
paragraph for strongly coupled S-TI structures, one has to self-consistently determine the
spatial profile of the order parameter near the interface.

Our work is also motivated by recent experimental discovery that Copper-doped topo-
logical insulator Cu,BiaSes becomes superconducting at a few Kelvins [73, 74, 75]. It seems
possible then to combine such superconductors with topological insulator BisSes to achieve
strong proximity coupling. We set up microscopic, continuum models for the S-TT structures
and solve the result Bogoliubov-de Gennes (BdG) equation numerically. We first compute
the superconducting order parameter as a function of the distance away from the interface.
We then verify the validity of the Fu-Kane effective model and extract its parameters from
the low energy sector of the energy spectrum. The emergence of Hpp will be viewed as the
result of the “inverse proximity effect”, namely strong modification of superconductivity by
the presence of TI. This is in contrast to the previous viewpoint of pairing between surface

Dirac fermions, which is a more proper description in the tunneling limit. The spectral
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weight of these low energy modes (with energy below the bulk superconducting gap) are
shown explicitly to peak near the interface but penetrate well into the superconductor. We
will also show analytically that the induced triplet pair correlations are of p, £ ip, orbital
symmetry, and systematically study their spatial and momentum dependence. Our results
connect the phenomenological theory of Fu and Kane [58] to real materials. Our results
for continuum models and strong coupling limit are also complementary to the results of
Stanescu et al [48] for lattice models and tunneling limit.

In what follows, we first outline the formulation of the problem and then present the
main results. Technical details on numerically solving the BdG equation are relegated to

the appendix.

3.2 Model and Basic Equations

The band gaps of topological insulators are much larger than the superconducting gap of
all weak coupling s-wave superconductors. For the purpose of studying the proximity effect
between such superconductors and topological insulators, it is sufficient to describe the
topological insulator using the low energy effective k - p Hamiltonian. Following Zhang et

al [76], we model BisSes by

M&) 0 Ak Ak
0 MK Ak, —Ak. )
Hri(k) = — pl. (3.3)
Ak, Ask-  —M(K) 0

Ask, —Ak, 0 —M(K)

Here ki = ky £ iky, M(k) = M — B1k? — Bo(k2 + k:g), and I is 4 x 4 unit matrix. The
numerical values of the parameters are obtained from first principle calculations [76, 77],
M =0.28 eV, A] = 2.2 eVA, Ay = 4.1 eVA, B; = 10 eVA%, By, = 56.6 eVA2. We work

in basis {|11),[14),]21),]2 |)}, where 1 (2) labels the P1} (P2}) orbital [76]. Note that
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we have neglected the unimportant diagonal term €p(k) in Ref. [76] which only slightly
modifies the overall curvature of the band dispersion. We also keep the chemical potential
[ as a tuning parameter.

We consider a simple model of superconductor derived from a metallic state obtained
by turning off the spin-orbit coupling (A; = As = 0) in Hpy and tuning the Fermi level

well into the conduction band [78]. The metal Hamiltonian

Hy (k) = diag[M (k), M (k), —M (k), —M (k)] — Eff, (3.4)
with Ey > M. This mimics electron-doping the topological insulator [74] or equivalently
electrochemically shifting its chemical potential by applying a gate voltage [49]. As shown in
Fig. 3.1, the valence band (band 1 with dispersion M (k) — E) is well below the Fermi level
and remains inert as far as superconductivity is concerned. Next, within the framework of
Bardeen-Cooper-Schrieffer theory, we assume attractive interaction between the electrons in

the conduction band (band 2) near the Fermi surface described by the reduced Hamiltonian,

Hipy = Z%T Yih, (k) A + h.c. (3.5)

Here A is the superconducting order parameter, 1/1;[0 is the electron creation operator for

orbital [ = 1,2 and spin ¢ =7, ]. The superconductor is then described by

Hg = Z %, la 107/)10( ) + Hint. (3'6)

k,l,o

Note that Hg and Hpy are in the same basis.
This model can serve as a generic model for s-wave superconductors with negligible
spin-orbital coupling. Whether it can actually describe the superconductor Cu,BisSes has

to be settled by future experiments. The transition temperature of Cu,BisSes at optimal
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Figure 3.1: Schematic (not to scale) band diagrams in a superconductor-topological insu-
lator (S-TI) proximity structure. Ej is the Fermi energy of the metal described by Hs
measured from the band crossing point. pu is the chemical potential of TT measured from
the band gap center. The superconducting gap is much smaller than the band gap of TI.

doping ¢ = 0.12 is T, = 3.8K, which corresponds to a zero temperature superconducting
gap A ~0.6meV [73, 74, 75]. The Fermi level is 0.25eV above the bottom of the conduction
band, and the Fermi wave vector ky ~ 0.12A-1. The pairing symmetry of Cu,BisSes is to
our best knowledge is unknown at present (it appears to be fully gapped from the specific
heat measurement [75] and might be a topological superconductor [74]). If it turns out to
be a conventional s-wave superconductor, its mains features will be captured by Hg above
with suitable choice of Ey and A.

Now consider a proximity structure consisting of a superconductor at z < d and a
topological insulator at z > d (Fig. 3.1). The interface at z = d is assumed to be specular,

so the momentum k| = (kg, ky) parallel to the interface is conserved. The Hamiltonian for
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the whole system
n= [ i d={ 3 vl 2o = (211l 0.2

- Z Wy (k) 2) [ho + p(2) 0], (k)

+ A(2)Yh (ky, 2)9b (<K, 2) + hec.

+ AL (2) [ (=02 )tor + ] (102) by + hec]

+ Ao (2) [l ko) + Ol kypay + h.c.]}. (3.7)
Here ho(k),8:) = M — B10? — BQkﬁ, p(z) and A;(z) are piece-wise constant,

(z) = Eff(d — 2) + pb(z — d), (3.8)

Ai(2) = Aif(z — d), i=1,2 (3.9)

in terms of the step function #. The order parameter obeys the gap equation

Az) = g(2) / dky (o (ki 2)6ay (~ K 2)). (3.10)

We assume g(z) = gf(d — z), the coupling constant g determines the bulk gap.

To self-consistently solve Eq. (3.7) and (3.10), we introduce Bogoliubov transformation
Yio (K 2) = > tn o (Kjs 2)¥nie + Vi 1o (K Z)’Yl,ku (3.11)
n

to diagonalize H as
H=FE;+ /dk Z En(k?||)’}/l7k“’7n,k”, (3.12)
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where Ej is the ground state energy, and 'yl ki is the creation operator of Bogoliubov quasi-

particles with energy €, (k). The wave function u and v satisfy the following Bogoliubov-de

Gennes (BdG) equation,

Here, the BAG Hamiltonian
Hp = , (3.14)

and the wave function (dropping the arguments)
Sn = (Un, 11, Un 1) Un 21 Un 20 Vn 115 Un, 14 Un 2ty Un,2)) - (3.15)
The vector d(k|, z) is defined as
dy = A1(2)ky, dy = A1(2)ky, d. = As(2)(—1i0,). (3.16)

Other quantities such as ho(k|, 2), 1(2), and A(z) are defined above. In terms of the wave

functions, the zero temperature gap equation becomes

A(z) = g(2) / k| Y up oy (k) 2)vh o (<K, 2), (3.17)

where the summation denoted by prime is restricted to 0 < ¢, < wp with wp being the
Debye frequency.
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We will exploit a particular symmetry of the BAG Hamiltonian to simplify calculations.

Define the polar angle ¢y, for the in-plane wave vector k|,
ko + iky = k", (3.18)

Then the BAG Hamiltonian for arbitrary (K, k) is related to that for (k, = k|, k, = 0) by

unitary transformation
Ul (k) Hp ks, ky)U (k) = Hp(ky), 0). (3.19)

Here U is a block diagonal matrix,

Pk Yr . Pk

U(k”) — diag[e*iaz%k, e*i0277 ei0277 esz]. (320)

Thus, the eigen energy €, only depends on the magnitude of k. Once the wave function
for ¢ = 0 is known, the wave function for ¢ € (0,27) can be obtained by simple unitary
transformation.

We solve the matrix differential equation (3.13) by conserving it into an algebraic equa-
tion, following the treatment of superconductor-ferromagnet structure by Halterman and
Valls [79]. The whole S-TT proximity structure is assumed to have finite dimension L in
the z direction. The superconductor occupies the region 0 < z < d, while the topological
insulator occupies d < z < L. Hard wall boundary conditions are enforced at the end
points, z = 0 and z = L. The exact boundary conditions at the end points only affect the

local physics there, provided that the boundaries are sufficiently far away from the S-TI
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interface. We expand the wave function and order parameter in Fourier series [79],

un,la(z) = Z uizam ¢m(z)v (3.21)
Unio(2) = Y Uy Dm(2), (3.22)
A(Z) = Z A Qbm(z)’ (323)

bm(z) = /2/Lsin(kpy,z). (3.24)

The integer m = 1,2,..., N labels the quantized longitudinal (along z) momentum k,, =

mm /L. The cutoff N is chosen as [80]
Bik% = M + Ef + wp. (3.25)

By expansion Eq. (3.21)-(3.23), the BAG equation becomes an 8 N x 8 N matrix equation.
With a reasonable guess of the order parameter profile, the eigen energies and eigen wave
functions are obtained by solving the matrix eigen value problem. Then a new order param-
eter profile is computed from the gap equation. The procedure is iterated until convergence
is achieved. Relevant technical details can be found in the Fourier calculations section.

To analyze the spectrum of the system, it is convenient to define the retarded Green’s

function

Glli(kﬂ’ Zs t) = _ie(t) <{wlo(k||7 Zs t)a ¢;g(k\|7 2, O)}> (326)

where the time-dependent field operators are in Heisenberg picture. For given k| and z,

the spectral functions are defined as
Nig(k|, z,w) = —ImG{X (k| 2, w), (3.27)
Nk, z,w) = Y Nig(ky, z,w). (3.28)
lo
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In terms of the wave functions and eigen energies,

ng(k”,z, w > 0) = Z ‘umlg(k”, z)]25(w — En). (329)

n

We also introduce the equal-time pair correlation functions for the conduction electrons
Fop(k; 2) = (Yaa(k), 2)as(— K|, 2))- (3.30)

For example, at zero temperature we have

Fyy(ky, 2) Zunm Kk, z)vy, 91 (=K, 2), (3.31)

Fli k”, Zungi kH’ n2¢( kH’Z) (332)

Triplet components of F' will be induced near the S-TT interface by spin-active scattering

78)].

3.3 Fourier Expansion

We follow the numerical scheme of Halterman and Valls to solve the matrix BdG equation
[79]. The wave functions and the order parameter are expanded in the orthonormal basis

{¢m(2)}, with m =1,..., N. For example, function u, 11(z) is represented by N numbers,

(u].T ulT ulT 11 )

1,15 U, 25 Ui -eey Uy )
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Accordingly, each term in Hp is represented by a N x N matrix with the matrix elements

given by
ho(kj,8z) = S (M — Biky, — Bak)
U(z) = EtEppy + ptE e
Ao (2)0; = AsG oy
A1(2)ks — ALk Fpy
A = Dot = Tt Do
where

d
L

Fomt = [ 60(2) b (2102
L

Grm' :/d gbm(z)angm’(z)dz

d
Jm,m’,m” —/ (Z)m(z) ¢m’(z) d)m”(z)dz
0

These integrals can be evaluated analytically. Then the BAG equation becomes an 8 N x 8N

matrix equation. The gap equation can be rewritten as

!/
2 2 *
B =9 / Ay DDt i (6107 ()

n m',m'
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Figure 3.2: The superconducting order parameter A(z) near an S-TI interface at z =
d = 0.95L. The superconductor occupies 0 < z < d, and topological insulator occupies
d < z< L. L=2300nm, u=0, the bulk gap Ay =0.6meV.

The integral over k| is first simplified to an integral over kj by the symmetry Eq. (3.19)

and then evaluated numerically with high momentum cutoff \/(Er + wp + M)/Ba.

3.4 The Order Parameter

First we present the spatial profile of the superconducting order parameter A(z) after the
convergence is achieved. In all following calculations, E is fixed at 0.4eV, which is modeled
after optimally doped Cu,BisSes [74]. And the Debye frequency is set as wp = 0.1E [79].
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Fig. 3.2 shows an example with 4 = 0, L = 300nm, d = 0.95L, and a bulk gap of 0.6meV
as found in Cu,BisSes. Going from the superconductor into the topological insulator,
A first gets suppressed as the interface is approached before it drops to zero inside TI.
The suppression is roughly 20% at the interface. Note that the fine wiggles of A in the
simulation results are due to the finite momentum cutoff of the longitudinal momentum k,,.
As previously discussed by Stojkovic and Valls [80], the number of oscillations is ~ N/2,
and the oscillation amplitude vanishes in the bulk as N is increased. In this case, IV is
chosen to be 258 according to Eq. (3.25). So the matrix to be diagonalized is 2064 by 2064.

Fig. 3.3 show the result for 4 = 0, d = 0.9L, and a superconductor with bulk gap Ag ~
2.4meV. Since the coherence length is much smaller than the previous example, it is sufficient
to consider L = 160nm, and correspondingly N = 138. The order parameter profile depends
weakly on p, as shown in Fig. 3.4 for a superconductor with bulk gap ~ 5.2meV. From these
examples, one observes that the length scale over which A is significantly suppressed does
not scale with &y, the zero temperature coherence length of the superconductor. Rather it
stays roughly the same, on the order of 30nm, as & is varied over one decade from Fig.
3.2 to Fig. 3.4 (note the horizontal axis is z/L). This is not very surprising since & is
not the only length scale at play here. The interface represents a strong (as compared to
Ag) perturbation that significantly distorts the bulk wave functions. The self-consistent
microscopic BdG approach provides a reliable way to capture the details of A(z) near the
interface.

It is illuminating to compare the proximity effect in S-TT structure with that in S-F
structure [30], where F stands for a ferromagnetic insulator. The presence of F breaks
time-reversal and spin rotation symmetry and significantly suppresses the order parameter.
The suppression is sensitive to the spin mixing angle which is related to the band gap and
exchange field of F [30]. In contrast, despite the spin-active scattering of electrons by TI
which introduces spin-flips and spin-dependent phase shifts [78], spin-orbit coupling is not
pair breaking. The suppression of A near the interface is to a large extent due to the

reorganization of local wave functions enforced by the boundary conditions at z = d for
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Figure 3.3: The order parameter A(z) near an S-TI interface at z = d = 0.9L. L = 160
nm, u=0, Ag ~ 2.4meV.
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Figure 3.4: The order parameter profile for two different chemical potentials of the topo-
logical insulator, 4 = —0.1eV and p = 0.2eV. L = 160nm, Ag ~ 5.2meV.
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piece-wise potentials u(z), A;(z), g(z). It depends on for example how the wave functions
decay inside the TT for given E; and pu, and involves “high-energy” physics beyond the scale
of A but below the scale of the band gap. To test this, we have investigated the proximity
effect between the same superconductor and a hypothetical ordinary insulator modeled by
Hrpy; with Ay = Ay = 0 and the same band gap. The suppression of A by such an ordinary

insulator turns out to be very similar.

3.5 The Interface Mode and the Fu-Kane Model

Next we analyze the energy spectrum of the system, ¢, (kj), obtained from the BAG calcu-
lation. Take the case of y = 0, L. = 160nm, d = 0.9L, Ag ~ 5.2meV as an example. Fig.
3.5 shows the first several energy levels of the composite system versus the transverse mo-
mentum k. There are many continuously dispersing modes at energies above the bulk gap.
They are the usual Bogoliubov quasiparticles for different quantized longitudinal momenta.
One also sees a series of avoided level crossings. At small k| emerges a well-defined mode
below Ag. We will identify it as the interface mode first discussed by Fu and Kane [58].

The Fu-Kane model Eq. (3.1) predicts the dispersion

E(k) = V|A2 + (vsk £ p15)2. (3.33)

We fit the very low energy portion of the spectrum to this prediction to extract the phe-
nomenological parameters in the Fu-Kane model. The result is shown in Fig. 3.5. We
find that, not surprisingly, As = 1.8meV which is much smaller than Ag = 5.2meV, and
vs = 2.7eVA which deviates significantly from Ay = 4.2eVA predicted for the surface dis-
persion of TI. Moreover, us; = 7.5meV despite that the chemical potential of TT is y = 0.
Therefore, our results show that the values of (Ag, vs, p1s) are strongly renormalized by the
presence of the superconductor. This is consistent with the findings of Stanescu et al for

weakly coupled S-TT structures [48].
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Figure 3.5: The lowest few energy levels €, (k). p = 0, L = 160nm, and the bulk super-
conducting gap Ag ~5.2meV. A well-defined interface mode is clearly visible at sub-gap
energies. Solid lines show a fit to the Fu-Kane model, with A, = 1.8meV, v, = 2.7eVA,
and pus = 7.5meV.
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We have checked the validity of the Fu-Kane model for a variety of chemical potentials.
Representative examples are plotted in Fig. 3.6. In each case, the sub-gap mode can be well
accounted by the Fu-Kane model with suitable choice of parameters. While us is always
different from p, numerically we find it scales linearly with pu. At the same time, Ag and v;
show no strong dependence on p for this set of parameters. To make sure that the sub-gap
mode is indeed localized near the interface, we plot in Fig. 3.7 the z dependence of the
spectral function N (k||, z,w). The spectral weight of the sub-gap mode is peaked near the
interface and decays over a length scale ~ & into the superconductor. This result clearly
shows that for strongly coupled S-TI interfaces, the Fu-Kane model actually describe a
rather “fat” interface mode. Note that the spectral weight on the TI side (not shown in the
figure) is finite, but it is much smaller in magnitude and decays very fast inside TI. Finally,
Fig. 3.8 shows the local density of states near the interface. The interface mode leads to
finite density of states below the bulk gap, but the spectral weight is very small.

We have carried out similar analysis for superconductors with larger coherence length.
Fig. 3.9 shows the evolution of the sub-gap mode with u for Ag = 2.4meV. In this case, the
values of (Ag,vs, ) all varies with u. Superconductors with larger £y and smaller A are
thus more sensitive to changes in y and other microscopic details near the interface. The
exact values of the effective parameters in the Fu-Kane model in general depend on such

microscopic details.

3.6 Triplet Pair Correlations

It is well known that in heterostructures of s-wave superconductors, pairing correlations
in other orbital channels, e.g. p-wave correlations, will be induced by scattering at the
interfaces [81, 82]. For example, inversion/reflection symmetry (z <> —z) is lost in an
S-TI proximity structure, and the appearance of p-wave correlations seems natural from
partial wave analysis. Moreover, scattering by a topological insulator is spin-active. The

spin-orbit coupling inside a TT acts like a momentum-dependent magnetic field to flip the
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Figure 3.6: The dispersion of the lowest energy level for different i (in V). Other parameters
are the same as in Fig. 3.5, L. = 160nm and Ag ~5.2meV. Fu-Kane model well describes
the lowest energy mode. As p is increased, Ag and v, stay roughly the same, while s scales
linearly with pu.
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Figure 3.7: The spectral function N (k” ,z,w) of the lowest energy level, w = E,,;y,, shown in

Fig. 3.6. The interface is at z = 0.9L, L=160nm. The spectral function oscillates rapidly
with z, so only its envelope is plotted.

52



2.5 T T T T I/
7z=0.80d — I
7=0.85d / \
\
2 rF ‘\‘ \ i
1.5 .
N
<)
Z.
1+ | i
/
//
0.5 f / _
0 1 = e 1
0 1 2 3 4 5 6

E (meV)
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Figure 3.9: The lowest energy level of an S-TI structure with L = 160nm, d = 0.9L,
Ap = 2.4meV. u is the chemical potential of the TI and measured in eV.
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electron spin and introduce different phase shifts for spin up and down electrons. The
scattering matrix has been worked out by us previously [78]. Thus, a singlet s-wave Cooper
pair can be converted into a pair of electrons in spin-triplet state at the S-TT interface.
However, it is important to recall that by assumption attractive interaction only exists
(or is appreciable) in the s-wave channel. There is no binding force to sustain a triplet
Cooper pair or a triplet superconducting order parameter. Similar (but different) pairing
correlations in superconductor-ferromagnet hybrid structures have been extensively studied
[81]. The appearance of p-wave correlations in S-TI systems has been pointed out previously
by Stanescu et al using a perturbative analysis [48].

We focus on the equal-time pair correlation functions defined in Eq. (3.30). By exploit-
ing the symmetry of the BAG Hamiltonian, Eq. (3.19), we are able to find analytically the
orbital structure of the triplet correlation functions. The unitary transformation Eq. (3.20)

yields
UQT(kJ;, ky) = UQT(k”, 0)67&‘0’“/2,
u2¢(kx, ky) = U2¢(k||, 0)6+i¢k/2,

’UQT(k;E, ky) = UQT(k”, 0)6+i¢k/2,

vy (kz, ky) = UQi(k‘”, 0)€_i<‘0k/2. (3.34)
Using these relations, we find

(k). 2) = Fr(ky, z)e” "%, (3.35)

Fii(kHVz) = Fu(ku,z)eﬂ‘p’“. (336)

Namely Fy (F)y) has p, — ipy (ps + ipy) orbital symmetry. Finally, the remaining triplet
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Figure 3.10: The imaginary part of triplet pair correlation function Fi4(ky,z). The S-TI
interface is at d = 0.9L. p =0, L = 160nm, Ay = 5.2meV.

correlation function

(Yor (K, 2)t2y (<K, 2) + Yoy (K, 2)Y21 (<K, 2)) (3.37)

turns out to be zero. Note that the so-called odd-frequency paring correlations [81, 82, 83],
which vanishes in the equal-time limit, are also interesting in S-T1T structures, but we will

not discuss their behaviors here.

We find that Fy(ky|, 2) is purely imaginary and identical to F| (k| 2). The results for
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p =0, L =160nm, d = 0.9L, Ag = 5.2meV are plotted in Fig. 3.10. Fy vanishes at k =0

as well as for large kj, namely when k| > \/(Er +wp + M)/Bs. This is consistent with
lack of pairing in both limits. The behavior of F for small k| is illustrated in Fig. 3.11 for

=0, L=2300nm, d=0.95L, Ag = 0.6meV. As comparison, we also plotted the singlet

pair correlation function

/
FTi(k\\aZ) = Zun,zr(k”, z)v;u(—k”, 2) (3.38)
which is s-wave and purely real.

3.7 Summary

In summary, we have investigated the proximity effect between an s-wave superconductor
and a topological insulator using a microscopic continuum model. Strong coupling between
the two materials renders the surface state of TI a less useful concept for this problem.
Our focus has been on the various modifications to superconductivity by the presence of
TI. These include the suppression of the order parameter, the formation of interface modes
below the bulk superconducting gap, and the induction of triplet pairing correlations. It is
gratifying to see the Fu-Kane effective model emerges in the low energy sector albeit with
a set of renormalized parameters. Our results are complementary to previous theoretical
work on the proximity effect [58, 48] and confirm the validity of the Fu-Kane model.

We made a few simplifying assumptions in our calculation. The superconductor is
described by a two-band model with the valence band well below the Fermi level. Since
only electrons near the Fermi surface are relevant for weak coupling superconductivity, we
believe our main results are general. As idealizations, the chemical potential, the spin-orbit
coupling, and the attractive interaction are assumed to be step functions with a sudden jump
at the interface. More elaborate and realistic models can be considered within the framework

of BAG equations. For example, one can add a tunneling barrier between S and TI, or
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Figure 3.11: The imaginary part of Fi(k|,z2).

p = 0, L = 300nm, d 0.95L,
Ag = 0.6meV. As comparison, the data points show the singlet pair correlation function
F'N(k”, Z = 0.9L)/3.
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include a Rashba-type spin-orbit coupling term (due to the gradient of chemical potential)
at the interface. We will not pursuit these generalizations here. Finally, the approach
outlined here can be straightforwardly applied to study non-Abelian superconductivity in
other superconductor-semiconductor heterostructures where spin-orbit coupling also plays

a significant role [61, 62, 63, 64, 65].
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Chapter 4: Josephson Junction on TI Surface

So far, we have found that the regions near the interface, between the topological insulator
and a superconductor, is an exotic playground to interesting phenomena, namely a subgap
energy state localized near the interface. This two dimensional interface considered to be

the Fu-Kane superconductor and modeled by a Dirac-like relativistic equation

H = —ihvp(0,0y — T.0y0z) + Topt + Tyoy A (4.1)

is good up to some renormalization of the constants, vp, u, A as found in the previous
chapter. This model was used in the first chapter to illustrate the existence of Majorana
bound states localized where the effective mass term, A, changes sign (A — —A) as in
a Josephson 7 junction. This Majorana mode has a linear dispersion, F o« +k. In this
chapter we explore this 7 junction further, in particular for u # 0, where we find an energy
dispersion that is flat and follows as E o kv, where N scales with . An extension of
the the 7 junction is a periodic 7 junction where alternating (... — A, A, —A, A...) stripes
of superconductors are placed in one direction. We find that this system also hosts the
flat dispersion. We also find that the dispersion has “wiggles” when the spectrum is really

closely analyzed.

4.1 Introduction

Moving at “the speed of light”, vpr, massless Dirac electrons on the surface of a three-
dimensional Zs topological insulator (TI) can not be localized by scattering from nonmag-
netic impurities [8, 10], nor can they be easily confined by electrostatic potentials due to

Klein tunneling [84]. Proximity coupling to ferromagnetic or superconducting order can
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however open up a gap in the spectrum, thus rendering excitations massive [8, 10]. An
intriguing possibility is to engineer new massless excitations by confining and coherently
mixing Dirac electrons and holes using two or more superconductors with definite phase dif-
ference [7]. For example, Fu and Kane showed that a Josephson junction on the surface of a
TI with a phase bias of 7 is a one-dimensional quantum wire for Majorana fermions, which
can be further manipulated by using tri-junctions [7]. Signatures of Majorana fermions in
such structures have been reported in recent experiments [85, 86].

In this Letter, we demonstrate a drastically different regime for the same, albeit slightly
more general, Josephson structures considered by Fu and Kane. This regime features mass-
less zero energy excitations that are almost dispersion-less, i.e. with vanishing group velocity
(OE/0k ~ 0). We elucidate the scattering kinematics behind the nearly flat dispersion at
zero energy using simple models, and verify the results with self-consistent calculations. We
find it striking that in such simple structures, which are now available in experiments, the
low energy excitation can be easily tuned all the way from E ~ k to E ~ k%, where N
is large, by increasing the chemical potential. By extending such junctions into a class of
periodic superconductor-T1 proximity structures, we further show that these states become

a flat band near zero energy.

4.2 Model

The Josephson junction is schematically shown in Fig. 4.1a). Two s-wave superconductors
are patterned on the TI surface. Due to the proximity effect, the S-T1I interface becomes a 2D
superconductor (S). The S-TI-S junction can be well described by the following Bogoliubov-

Dirac Hamiltonian introduced in Ref. [7],

H = hwp(ogky + i1.040,) + T p(x) + Tyo, A). (4.2)

Here 7; (0;) are the Pauli matrices in the particle-hole (spin) space. The system is transla-

tionally invariant in the y direction, and £, is the momentum along y. In the TT region of
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Figure 4.1: (color online) a) Schematic of a Josephson junction on the surface of a topological
insulator (TI). The two superconducting leads (S) have a phase difference 7. A is the
superconducting gap, and w is the junction width (not to scale). b) Specular Andreev
reflection in the regime E > . c¢) Retro-reflection for £ < p. d) Dark lines show the (ky, )
values for the zero energy Andreev bound states for w = 10hvp/A and L — oco. ky is in
unit of A/hvp.

length w, the superconducting order parameter A(z)=0, while it is constant A deep into
the superconductor. The chemical potential p can be tuned by applying a gate voltage.
In general, its value can differ in the TT and S region, but for simplicity, we assume it is
uniform in all regions. Also, we will focus on the case of phase difference of 7 across the
junction.

We first give a heuristic argument for the existence of two regimes. A Dirac electron in
the TI region incident on S will be Andreev reflected into a hole if its energy is below the

superconducting gap (E < A). In the context of graphene [87, 88], Beenakker pointed out
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that in addition to the familiar Andreev retro-reflection where the reflected hole has a group
velocity opposite to the incident electron when E < u, there is also the case of specular
Andreev reflection where the reflected hole’s group velocity is in the specular direction for
E > p. Typical scattering trajectories in these two regimes are contrasted in Fig. 4.1b) and
4.1c). For ;1 = 0 as considered in Ref. [7], the Majorana fermion excitation with linear
dispersion is associated with the specular Andreev reflections in Fig. 4.1b). For large u, as
in the case of as grown BisSes crystals, one expects very different behaviors at low energies.
For the E < u case, it can be shown analytically that the phase of the retro-reflected hole
is equal to the incident angle of an incoming electron at zero energy, 6 = arcsin(hvpky, /).
This is unique to TIs because the wavefunction of a Dirac electron [or hole], (1,4¢%, 0,0)
[(0,0,1,+e?)], is determined by the angle #, or k,. The resultant hole incident on the
opposite S with phase of 7 retro-reflects into an electron. This electron has exactly the
same phase as it started with, thus forming an Andreev bound state.

The remaining key question is whether there will be any states at or near zero energy
when p is finite. We can answer the question by solving Eq. (4.2) for an idealized, step
function profile of A(x),

Ax) = Alf(—z) — 0(z — w)]. (4.3)

The dark lines in Fig. 4.1d) shows the zero energy solution in the (u, k) plane, with fixed A
and the junction length w = 10hvp/A. In general, there exist multiple zero energy bound
states at discrete k, values {k;} for finite p. For increasing p and w, these solutions become
increasingly close-packed. This nontrivial result has important implications for experiments.
The Majorana quantum wire is only ideal in the limit of p,w — 0. As p is tuned away
from the Dirac point, the single zero energy state at k& = 0 will be replaced by multiple zero

energy solutions along the k, axis, and eventually a nearly flat dispersion at zero energy.
To unambiguously establish this claim, we solve the differential equation H(x, ky )1 (x, ky)
Ev(x, ky) numerically for a finite size system, = € [0,L] as shown in Fig. 4.1a), with

open boundary conditions at x = 0,L [89]. Here the quasiparticle wave function ¢ =
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(ug, uy, vy, UJ,)T, with the label (z,k,) omitted. To fully describe the proximity effect in-
cluding the induced superconducting correlations in the TI region and the suppression of
superconductivity near the TI-S boundary, we determine the order parameter profile A(x)

self-consistently through the gap equation

Z/dkumxk)m(xk) (4.4)

€En<wp

Here n labels the eigenstates with energy €,, g is the effective attractive interaction, and
wp is the Debye frequency. We assume ¢ is zero in the TI region and constant inside S.
We expand ¢ (x, k) and A(z) in Fourier series and convert the differential equation into
an algebraic equation [90, 91]. Starting with an initial guess of A(z) which features phase
difference 7, the iterative procedure is repeated until desired convergence is achieved. Note
that the phase difference 7 is self-maintained throughout and not fixed by hand after every

iteration. Then, the local spectral function,

Ap(E, ky,x) = Za — )| tno (0, Ky )|, (4.5)
and the local density of states (LDOS),
N(E, /dk Za — ) |tino (z, ky) |2, (4.6)

can be computed for ¢ =1, |. The calculation is checked to reproduce known results, e.g.,

the linearly dispersing Majorana spectrum at p = 0 predicted in Ref. [7].
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Figure 4.2: (color online) The local spectral function A4+(E, ky, x) (upper panel) and local
density of states N(F,z) (lower panel, red solid line) at the center of the junction, x =
0.5L. One sees “flat” Andreev bound states near zero energy for —kr < k, < kp, and
correspondingly a pronounced peak at zero energy in the LDOS in the lower panel. The
lower panel also shows different LDOS away from the center, for x from 0.52L to 0.58L.
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4.3 Flat Bands in Spectrum

The upper panel of Fig. 4.2 shows the spectral function at the center of the junction,
Ay(E,ky,x = 0.5L) (A, is the same for this value of x), with y=20meV, A = 5.5meV,
w = 0.04L, L = 2576nm, hvp=4.1 AeV, and the Fermi momentum kr = u/(hvp). In
contrast to the E ~ hvpk, mode for 1 = 0, we see Andreev bound states (ABS) near zero
energy within a wide region —kr < k, < kp, where the slope hv, = 0FE/0k,, approaches zero.
The appearance of numerous crossings at exact zero energy for finite k, also agrees with the
model calculation above in Fig. 4.1d). Beyond this range, e.g. for k, > kp, the spectrum is
reminiscent of the particle-hole folded dispersion of the helical metal, E' ~ +hvp(k, — kF).

As an approximate ansatz to describe the almost flat dispersion, we introduce the fol-

lowing phenomenological model for the ABS for large > A,

E/A = c(k/kp)N, (4.7)

where ¢ is a constant and N is a large number. To fix N, we demand that the slope of the
dispersion at energy E ~ A coincides with that of the bare dispersion, i.e., 0E/0ky|p=a =
hvg. This gives an estimate of NV,

N ~ pu/A. (4.8)

Note that we are only concerned with the ABS dispersion near zero energy and its continu-
ation beyond k. For wider junctions, additional subgap ABS appear at finite energies, and
they are not described by Eq. (4.7). Our ansatz is inspired by the mathematical theory of
Dirac points with multiple topological charge N as found in multi-layered system discussed
in Ref. [92].

The flat dispersion implies a peak at zero energy in the local density of states. The lower
panel of Fig. 4.2 shows the LDOS at the center of the junction, at the S-TI boundary, and
slightly into the superconductor for the same junction parameters given above. While the

zero energy peak becomes less pronounced when away from the junction center, it remains
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clearly visible and persists even into the superconductor. Thus, the predicted flat ABS has
a clear experimental signature in the tunneling conductance measurements.

The existence of two regimes including the flat Andreev bound states near zero energy is
a general feature. We have carried out systematic, self-consistent simulations for the general
case of an inhomogeneous chemical potential, e.g., p(z) = pp; within the TT region and
w(x) = ps # prr inside the superconductors. The movie in the Supplementary Material
shows the evolution of a typical spectrum for fixed ug with pr; gradually being increased
from zero to pug [93]. We see the linear Majorana mode changing into the flat ABS. Select
frames from a similar movie are layed out in figures 4.4 and ??7. These frames show the
evolution from Majorana to flat band as the chemical potential goest from g = 0eV to

p = .014eV in the spectral function, A(z = .5L, k,, E) and DOS, N(z = .5L, E).

4.4 Periodic © Junction

Having established the existence of nearly flat ABS around zero energy, now we systemat-
ically trace the evolution from the infinitesimal p, linear dispersing (Majorana) regime to
the large u flat ABS regime. Also we would like to understand the details of ABS within its
narrow “band width”. To this end, we will consider a simple model which generalizes the
7 Josephson junction to periodic systems. Namely, in Eq. (4.2), the order parameter mod-
ulates sinusoidally in the z-direction with period 2a as schematically shown in the upper
panel of Fig. 4.3,

A(z) = Asin(rz/a). (4.9)

The sign of the order parameter alternates. Thus the structure is effectively a periodic
array of the 7 junctions discussed above in the limit w — 0. One also recognizes that A(z)
describes a stripe or Larkin-Ovchinnikov superconductor [94]. While such superconduc-
tors are hard to find, one may imagine bringing them in contact with a TI to realize the
model consider here. Now the Hamiltonian A has discrete translational symmetry in the

x-direction, H(z) = H(x + 2a). We can apply the Bloch-Floquet theorem and introduce
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quasi-momentum k; living in the Brillouin zone of (—m/2a,m/2a). For the prescribed A(x),
the energy spectrum E(k;, k,) can be obtained by diagonalizing H in k-space. Note that
the TT (non-superconducting) region is shrunk to a point, only the homogeneous p is left
as tuning parameter.

The lower panel of Fig. 4.3 shows the spectrum E(k, = 0,k,) for a = 24hvp/A,
1= 4A. These flat ABS at zero energy do not show significant variation with k,. We have
checked that the wave function of these zero energy states are localized at the domain wall
boundaries of the order parameter field, i.e., at x = ma (red curve in the upper panel of

Fig. 4.3). For example, the wave function of the k, = 0,k, = 0, F ~ 0 mode can be fit

well with periodic Gaussian functions |u(x)| o exp(—1.85(7z/v/2a)?). Since a is large in
this case, these results agree well with the single junction result before. The dispersion, for
example, can be fit well using the ansatz in Eq. (4.7). The vanishing band width is, of
course, only valid on coarse scales. Closer inspection, by blowing up the spectrum near zero
as illustrated in Fig. 4.5, reveals the busy life of the ABS with N, crossings at zero energy,
where N, scales linearly with p, in agreement with Fig. 4.1d). Remarkably, all these fine
details are compressed within a small energy range.

Fig. 4.5 illustrates the evolution of the ABS at low energies for the periodic structure
as p is increased from zero. For small value of u = 0.83A, the linear Majorana dispersion
splits into two, each developing a curvature, as the zero energy crossings move to finite k,
values. Further increasing p, these two crossings are stretched further outward, while the
dispersion within k, € (—kp, kp) begin being bent and stretched to form the precursor of
the flat band. At the same time, addition of new crossings introduces more twists. The
number of crossing scales with N, ~ p/A. The spaghetti now becomes a rope, and looking

from afar, it appears as a thin thread.
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4.5 Summary

Flat bands are more novelties than the norm in condensed matter [95]. Recently, several
authors have demonstrated that surface Andreev bound states with flat dispersion arise in
certain topological superconductors, for example Cu,BisSes [96] and non-centrosymmetric
superconductors [97, 98]. Their existence can be traced back to the nontrivial topology
associated with the gapped bulk, and thus are topologically protected. This mechanism
giving rise to flat bands, via the bulk-boundary correspondence, differs from what is con-
sidered here. For example, in Ref. [96], a robust crossing at k = 0 is a crucial point in the
argument, and the total number of zero energy crossings is guaranteed an odd number. In
our case, states at k, = 0 are gapped for finite size systems (or finite period 2a). Despite
these differences, the zero modes share the common trait that they are associated with the
sign change of the order parameter when electrons are reflected at the surface or interface.
Several groups have successfully fabricated Josephson structures on BisSes of various
length using a variety of superconducting materials including Al, Al/Ti, W, Nb, and Pb
etc. [99, 100, 101, 102, 103]. Gate tunable supercurrent has been observed and argued to
be due to the TT surface state [99]. Superconducting quantum interference devices based on
such junctions have also been demonstrated [104, 102]. Thus the flat Andreev bound states
at zero energy, and the zero bias conductance peak in the local density of states, predicted
here should be experimentally accessible. Future work will explore control of these slowly
dispersing Andreev levels working as qubits [105] when confinement in the y direction is
also introduced. Our work also suggests the ac dynamics of the S-TI-S junctions will likely
to be very complex featuring different regimes. The flat ABS at zero energy predicted for
periodic junction arrays may potentially find technological applications. For example, a
diverging density of states at the midgap may be used to generate microwave resonances.
We would like to thank Noah Bray-Ali, Liang Fu, and Takuya Kitagawa for helpful

discussions.
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Figure 4.3: (color online) Upper panel: Schematic of the periodic proximity structure with
A(x) = Asin(nz/a). The wave function |u(z)| for the zero energy states are peaked at the
domain wall boundaries, = ma. Lower panel: Energy spectrum for a = 24hvp/A and
1 = 4A is flat at zero energy, which has fine structures upon closer inspection.
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Figure 4.4: (color online) Spectral density function, A(z = .5L, ky, E), for values of u from
0 eV to .14 eV. This images are used in a movie found online[2].
(E ~ k) transitions to a flat band (E ~ k") as u increases. This flat band is responsible

for the peak in DOS in figure 4.2.
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Figure 4.5: Fine structures in the energy spectrum of the periodic proximity structure
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u = 0 splits and develops curvature to eventually become nearly flat within (—kp, kr). The
number of zero energy crossings increases with pu.
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Chapter 5: Summary and Outlook

Thus far, we have delved into the physics of heterostructures of superconductors and topo-
logical insulators, starting with the TT’s interaction with a metal and ending with a Joseph-
son junction on the surface of the TI.

We found that electrons traveling from the metal to the surface of the TT can have
a perfect spin flip under certain conditions. In addition we found that there occurs a
hybridization between the metal and the surface of the TI, where the spectrum near the
surface of the TI resembles that of the metal when the metal is strongly in contact with
the TI. One possibility to extend the spin-flip mechanism found would be to have two
surfaces of TIs sandwiching a metal. This flat 2D quantum device could have implications
in spintronics applications.

In the study of the heterostructure of a superconductor and TI, we found that there
does exist a subgap mode that penetrates deep into the superconductor. The parameters
that describe this mode are renormalized from the respective bulk values of the individual
materials due to the interplay between the TI and superconductor. A serious possibility
on continuing this focus of microscopic simulation of a S-TT heterostructure is by simulat-
ing, more realistically, a Weyl superconductor, a periodic array of S-TI heterostructures
with magnetic doping on the TI segments. The Weyl superconductor is an exotic gap-
less superconductor[106]. This prospective direction has experimental implications due to
experimental realizations in magnetically doped TIs[17, 107, 108].

The Josephson junction on the surface of the TI gives rise to some very unique phe-
nomena. The energy spectrum shows that when the junction’s phase is 7, the linear energy
dispersion morphs into a flat, zero-slope dispersion as the chemical potential is tuned away
from zero. This dispersion also presents a strong peak in the density of states. The progres-

sion from this study has a few directions. The flat band, illustrates that the quasiparticle
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excitations have “low” kinetic energy and therefore secondary interactions, if they can be
induced, can lead to new phases. And lastly, the ground state of the junction can be de-
termined by comparing the free energy for different phase biases. This realistic study could

precipitate further experiments to find the zero-energy Majorana mode.
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Anomalous edge states and topological phases of a kicked quantum Hall system

Mahmoud Lababidi, Indubala I. Satija, and Erhai Zhao
School of Physics, Astronomy, and Computational Sciences, George Mason University, Fairfax, VA 22030

Periodically driven quantum Hall system at a fixed flux is found to exhibit a series of phases fea-
turing anomalous edge modes with the “wrong” chirality. This leads to pairs of counter-propagating
chiral edge modes at each edge, in sharp contrast to stationary quantum Hall systems. We show that
these anomalous edge modes are robust against weak disorder. They are essential in distinguishing
phases with the same Chern and winding numbers. Their existence thus challenges the existing
framework describing the topological properties of driven systems. We explore their origin using a
simplified model and discuss their experimental signatures.

PACS numbers:

Cyclic time-evolutions of quantum systems are known
to have interesting topological properties [1, 2]. Several
groups recently showed that periodic driving can turn
an ordinary band insulator (superconductor) into a Flo-
quet topological insulator (superconductor) [3-10]. This
provides a powerful way to engineer effective Hamilto-
nians that stroboscopically mimic stationary topological
insulators [4, 5]. Moreover, a large class of topological
phenomena in periodically driven many-body systems are
unique and have no stationary counterparts. An early ex-
ample is Thouless’s one-dimensional charge pump, where
he showed that the charge transport is quantized and re-
lated to a topological invariant [11]. Other topological in-
variants for the time evolution operator in two and three
dimensions have been constructed recently [3, 5, 10]. Yet
a systematic classification of these invariants analogous
to the periodic table of symmetry protected topological
phases [12, 13] is still to be achieved.

In this paper, we identify new topological phenom-
ena in a lattice integer quantum Hall (QH) system un-
der cyclic driving with period T. For fixed magnetic
flux, variations of the driving parameter induce topolog-
ical phase transitions where the Chern numbers of the
quasienergy bands change. We find multiple phases of
the driven QH system featuring counter-propagating chi-
ral edge modes at the each edge, and show they are robust
against disorder. In particular, there appear “m-modes”,
pairs of edge modes with opposite chirality at quasienergy
7/T. These anomalous edge modes differ from those
found previously in other driven two-dimensional (2D)
lattice models, where the edge modes at quasienergy
7 /T all propagate in the same direction and subsequently
their number can be inferred either from the Chern num-
ber or the winding number [5, 10]. Here, these known
topological invariants can not predict the number of edge
modes of each chirality, but only their difference. For ex-
ample, we find two phases (phase B and D below) having
the same set of Chern and winding numbers but very dif-
ferent edge state spectra. New theoretical framework is
needed to fully characterize and understand the the topo-
logical properties of such deceivingly simple systems.

Our work is motivated by recent experimental achieve-
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ments of artificial magnetic field for ultracold atoms
(14, 15] and temporal modulation of optical lattices
(16, 17]. We consider a model consisting of (spinless)
fermionic atoms loaded onto a square optical lattice.
Fach site is labeled by vector r = nZ + mg, where n,
m are integers, & (¢) is the unit vector in the z (y) di-
rection, and the lattice spacing a is set to be the length
unit. The tight binding Hamiltonian has the form

H= 1,3 [r4 ) (x|~ 7, 3 e+ a)e®™ x| 4 he. (1)

Here, |r) is the Wannier state localized at site r. J, (J,)
is the nearest neighbor hopping along the x (y) direction.
We assume a uniform synthetic magnetic field B is ap-
plied in the —z direction, and work in the Landau gauge,
A, =0, A, = —Bx. The flux per plaquette, in units
of the flux quantum ®, is a = —Ba?/®. Field B gives
rise to the Peierls phase factor €2 in the hopping. For
static J, Jy, H is the well known Hofstadter model [20].

We investigate a class of periodically driven quantum
Hall systems described by H above, but with J, and J,,
being periodic functions of time ¢. We will focusing on
the following driving protocol

Jo(t) = Jyz, Jy(t) =0. 0<mod(t,T) <7
J(t) =0, J,t)=Jy. T<mod(t,T)<T (2)
Namely, within one period T', the hopping along z is
turned on during the interval (0,7), while the hopping
along y is turned on during the interval (7,7).We then
have two independent driving parameters,
0y = Jo7/R, 0y =J,(T —71)/h.

While it is hard to achieve in solid state systems, tem-
poral modulation of .J, or J, is straightforward to im-
plement for cold atoms in optical lattices, e.g., by simply
tuning the intensity of the laser. In the limit 7 — 7" and
(T — 7)Jy —const, the driving protocol becomes

To(t) = Joy Jy(8) = J,TY 6t —4T),  (3)
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i.e., the y hopping is only turned on when ¢t = j7T', with j
any integer. In this limit, 0, = J,T/h, 0, = J,T/h. We
will simplify refer to systems described by (2) or (3) as
kicked quantum Hall systems, because (3) resembles the
well studied kicked rotors.

The time evolution operator of the system, defined
by |1 (t)) = U(t)]1(0)), has the formal solution U(t) =
T exp[—i fo H(t')dt'], where T denotes time-ordering and
we set h =1 throughout. The discrete translation sym-
metry H(t) = H(t+T) leads to a convenient basis {|¢¢)},
defined as the eigenmodes of Floquet operator U(T),

U(T)|¢e) = e |by).

Here the quasienergy wy, by definition, is equivalent
to we + 2pm/T for any integer p and lives within the
quasienergy Brillouin zone (QBZ), w € [—n/T,7/T). For
rational flux @ = 1/¢, U is a ¢ X ¢ matrix in momentum
space and there are ¢ quasienergy bands. For conve-
nience, we label the lowest band within the QBZ with
¢ =1, and the subsequent bands at increasingly higher
quasienergies with ¢ = 2 3,...,¢q. Correspondingly, we
call the gap below the ¢-th band the ¢-th gap. For ex-
ample, the gap around 47 /T is the first gap. The Chern
number for the ¢-th quasienergy band can be defined
analogous to the stationary case [21]

cp = % /dkzdky [3ku,¢2‘(k)8ky¢g(k) — c.c.] ,

where the integration is over the magnetic Brillouin zone,
and ¢¢(k) is the /-th eigenwavefunction of U(k,T).

Figure 1 displays four representative quasienergy spec-
tra of a finite slab of length L in the x direction under
periodic driving (2). As in static QH systems, we observe
edge states forming within the quasienergy gaps. Con-
sider the left edge (z = 0) and let us denote the number
of chiral edge modes propagating in the ¢ (—¢) direction
by n? (ng ). For driven 2D systems, the Chern numbers
are generally insufficient to predict (n;,n; ). Instead, as
shown by Rudner et al [10], the net chirality of the edge
modes inside the /-th quasienergy gap, wy = n? —ny,,is
given by the following winding number

/ ey dk,dt
Wy = e —

2472
Here p,v,p = 1,2,3 corresponds to k;, ky,t respectively,
and u(k,t) is a smooth extrapolation of U(k,t) [10]

u(k,t) =

eMP Ty [(u_lauu) (u™'0,u) (u_lapu)] .

U(k, 26)0(T/2 — t) + e~ (2T g

t— T/ 2)7
where (k) = —(i/T)1logU(T) is the effective Hamil-
tonian with the branch cut of the logarithm chosen at
quasienergies within the /-th gap. In fact, as shown in
Ref. [10], the Chern numbers can be inferred from the
winding numbers by the relation ¢, = we41 — wy.
Applying the theoretical analysis outlined above, we
obtain Fig. 2, the zero temperature “phase diagram”
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FIG. 1: (color online) Quasienergy spectra of a finite (in the
z-direction) slab of periodically driven quantum Hall system
at flux —1/3 and fixed 0, = 7/3. The four panels, 6, =
0.57, 7, 1.2, and 1.5, correspond to phase A, B, C, and D,
respectively, shown in Fig. 2. Edge states localized on the
left (right) edge are shown in blue (red).
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FIG. 2: (color online) Phase diagram of a periodically driven
quantum Hall system in the plane spanned by driving param-
eter 6, and 0, at flux o = —1/3. Each phase (A, B, C, and D)
is characterized by {(n},n; )}, the number of modes within
the ¢-th gap and propagating along +¢ at the left edge. The
winding number of the ¢-th gap w, = nZ’ —n, , and the Chern
number of the ¢-th band ¢; = w1 — we (see main text).



of the kicked quantum Hall system in terms of two in-
dependent driving parameters, 6, and 6,. It show-
cases four representative phases, labelled by A to D, for
flux o = —1/3. All of them feature three well defined
quasienergy bands and three gaps, while the spectrum in
the rest of the phase diagram is largely gapless. The cor-
responding spectrum of each phase in the slab geometry
can be found in Figure 1. The table in Fig. 2 summa-
rizes what we know about each phase: the number of
edge modes on the left edge propagating in the +g direc-
tion, (n}L7 n, ), inside the /-th gap; the winding number
wy of the /-th gap; and the Chern number ¢, of the ¢-th
band. Note that w, and ¢, are calculated independently
from the bulk spectrum. We also note that at the phase
transition points where the gap closes, the Chern num-
bers always change by a multiple of 3, consistent with the
Diophantine equation [18]. In what follows, we discuss
in turn each of these phases.

(A). The main features of phase A can be understood
by considering the fast driving limit, 6;, 6> < 1. The ef-
fective Hamiltonian .77, takes the same form of H in Eq.
(1), only with the bare hopping replaced by the effective
hopping J, — J,7/T, J, — Jy(1 — 7/T). The driven
system in phase A stroboscopically mimics a static QH
system with the same flux but renormalized hopping. In
particular, there is no edge state crossing the gap cen-
tered round +m/T.

(B). Phase B highlights a remarkable consequence of
periodic driving: there are now two chiral edge modes in-
side the second and third gap. This is in sharp contrast
to phase A, not only in the number of edge modes, but
also in their chirality. Thus, simple periodic modulations
of hopping proposed here is sufficient to change both the
number and the chirality of edge states. More impor-
tantly, phase B contains a pair of counter-propagating
edge modes, dubbed “m-modes”, inside the first gap at
the QBZ boundary +7/T. Note that the net chirality is
zero, w1 = nf —nj = 0. Previous work on driven 2D
systems [5, 10] also found chiral edge modes at +m/T.
However, there the m-modes all have the same chirality,
and the nearby bands are trivial with zero Chern number.
Then the following two questions naturally arise. What
is the origin of such pairs of m-modes? Are they robust
against perturbations? Counter-propagating chiral edge
modes at the same edge are usually argued to be un-
stable, because backscattering may couple them leading
to the opening of a gap. However, a closer inspection re-
veals that the two m-modes of opposite chirality (shown in
blue for the left edge) cross the QBZ boundary at k;; and
kz = ky + respectively, where the precise value of kj de-
pends on 6, ,. Thus backscattering, k, — —k,, does not
directly hybridize them. We have verified the stability
of the m-modes against disorder by numerically solving
for the spectra of finite systems of dimension L, x L, in
the presence of static on-site disorder potential, du(r) €
(=A,A). To resolve the number of edge states within
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FIG. 3: (color online) Left: Robust edge states in the presence
of disorder A = 0.3J,. The two peaks in the spectral function
for w = 0.957/T (circle) and 0.857/T (filled square) suggest
two m-modes at the left edge, consistent with Fig. 1B. Right:
Winding of the quasienergy spectrum of a two-leg ladder. Red
(blue) indicates the eigenstate is predominantly on the right
(left) leg. o = —1/3, 6. =7/3, 0, = 7.

the first gap, we define spectral function p(k,,w) =
S ner 2 80— Ea)| X, ol y)e—s¥ /L, 2, where the
sum over x is restricted to the left half of the slab, E,
and 1, are the n-th quasienergy and the correspond-
ing eigenwavefunction, respectively. As shown in Fig. 3,
p(ky,w) for A = 0.3J, is peaked at two different k, val-
ues, with separated approximately by 7, suggesting two
edge modes near m/T. These evidences indicate that the
m-modes are stable against weak disorder.

(C) Phase C is very similar to phase B. The only dif-
ference is that there are 4 (instead of 2 in phase B) chiral
edge modes propagating in the same direction inside the
second and third gap. This is yet another example that
Chern numbers of the quasi-energy bands can be con-
trolled by periodic driving.

(D) Phase D is qualitatively different from all other
phases. Firstly, near the QBZ boundary, there are two
pairs of counter-propagating m-modes, nf’ =n; = 2.
Secondly, the edge states within the second and third
gap also contain counter-propagating modes: two of the
edge modes propagate in the same direction, but the re-
maining one propagates in the opposite direction. For
example, n; =1, n; = 2. Although phase D has ex-
actly the same set of {w,} and {c/} as phase A, it has
counter-propagating edge modes in all three quasienergy
gaps that are robust against weak disorder. The exis-
tence of phase D thus demonstrates unequivocally that
neither the winding numbers or Chern numbers give a
complete characterization of the driven QH system.

Below we shed more light on the anomalous edge
modes, and the successive phase transitions between the
phases, using a simple model which allows analytical
analysis. Consider a two-leg ladder extending infinitely in
the y direction. The ladder spectrum already contains all
the essential features of edge states found in large systems
as shown in Figure 1. For flux 1/3, the Floquet operator
of the ladder is U(k,,T) = e¥vl—cos ky+ouv/Bsink, ] giboon
where the ¢’s are Pauli matrices in the orbital space. It



follows that the effective Hamiltonian of the ladder
H(ky)T = 0, cosk, + o - h(ky),

with h(k,) = |h| =arccos|cos §, cos(,v/3sin k,)]. Thus,
the quasienergy spectrum has two bands (branches),

w4 (ky)T = 0y cosky + h(ky), (mod 2m).

Figure 3 shows the ladder spectrum for 6, = /3 and
0, = m (phase B). For vanishingly small 6,, the bands
are almost flat, wy ~ £60,/T. As 0, is increased, the
curvature and the width of both bands increase. Be-
yond a critical value 6, ~ 0.577, the top of the wy band
(and the bottom of the w_ band) grows beyond the QBZ,
and re-enters from the opposite side of the QBZ. Conse-
quently, the number of states crossing the QBZ boundary,
ni +ny, jumps from 0 to 4, marking a transition from
phase A to phase B. From this perspective, the pair of
m-modes results from the winding of quasienergy across
the QBZ boundary as driving in the y-direction (6,) is
increased. Similarly, for 6, > 1.33w, both the top and
bottom of wy exceed the QBZ, giving rise to two pairs of
m-modes at each edge in phase D. When folded into the
QBZ, they intrude into the second and third bulk gap,
leading to the anomalous edge mode propagating in the
“wrong” direction. Remarkably, the chirality of the edge
modes in Fig. 1 agrees with the predictions of the ladder
model in Fig. 3. That the m-modes always appear in
pairs is guaranteed by a “hidden” symmetry of U(T),

Ulky+7m,T) =0,U"(ky,T)o..

Accordingly, a quasienergy eigenvalue of U(k,,T) at w/T
implies another eigenvalue at k, + 7 with quasienergy
—7/T which is equivalent to 7/T. Therefore the edge
states can only cross +7/T" even number of times at k,
values differing by 7 [25] Such pairs of m-modes are rem-
iniscent of, and of course fundamentally different from,
the counter-propagating edge modes protected by time-
reversal symmetry in quantum spin Hall effect [22].

The anomalous edge modes unique to periodically
driven QH system can be detected experimentally by
momentum-resolved radio-frequency spectroscopy [23],
which measures the spectral function p(ky,w). Atoms
occupying the m-mode at quasienergy w absorb radio-
frequency photon and undergo a vertical transition to an
empty hyperfine state which can be subsequently imaged.
For example, in phase B, the measured spectral function
will feature peaks at k;vb and energy E,, = (2n+ 1)7/T.
This method can also be used to observe chiral edge
states within the second and third quasienergy gap. Al-
ternatively, the edge currents can be probed by quantum
quenches that convert them into density patterns [24].

The static QH system is home to the Hofstadter butter-
fly, with an intricate band structure whose Chern num-
bers are given by the Diophantine equation. Periodic
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driving gives rise to new effective Hamiltonians and a rich
landscape of phases which not only have new Chern num-
bers but also anomalous edge states and demands new
ways to characterize topology of exotic states of matter.
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Robustness of single-qubit geometric gate against systematic error
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Universal single-qubit gates are constructed from a basic Bloch rotation operator realized through nonadiabatic
Abelian geometric phase. The driving Hamiltonian in a generic two-level model is parameterized using
controllable physical variables. The fidelity of the basic geometric rotation operator is investigated in the presence
of systematic error in control parameters, such as the driving pulse area and frequency detuning. Compared to a
conventional dynamic rotation, the geometric rotation shows improved fidelity.
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I. INTRODUCTION

In the implementation of scalable quantum information
processing, a key challenge is to achieve controlled quantum
state preparation and manipulation with high fidelity in the
presence of imperfections. In the commonly adapted quantum
computing circuit model [1], this requires a set of robust
universal quantum gates. Quantum gates degrade due to both
imperfections in the control Hamiltonian and decoherence in
the physical qubit system during the gate operation. When
the operation time is kept much shorter than the qubit
coherence time, the systematic error and random noise in
the control Hamiltonian become the dominant causes for
the operation error [2]. The quality of a quantum gate is
usually characterized by gate fidelity or error rate per gate. A
scalable computation can be achieved through quantum error
correction [3], provided the error rate is smaller than a certain
threshold, usually 1074, ora fidelity above 99.999% [2,4].

In recent years various all-geometric schemes based on
quantum holonomy have been considered effective ways to
minimize the operation errors caused by random noise. A
control Hamiltonian is designed to drive a qubit along a
specific path so that the resulting state transformation is
affected only by the global geometry of the quantum system,
not by the details of the evolution paths that are usually
fluctuating due to noises in the control Hamiltonian [5-13].
The all-geometric approaches existing so far utilize either
Abelian- or non-Abelian holonomy, which results in the state
transformation expressed as a phase change or a unitary
matrix, respectively. The non-Abelian geometric approach,
usually called holonomic quantum computation [5], has been
considered as a novel quantum computation model and proven
fault tolerant under the adiabatic condition [14]. In the circuit
model, holonomic quantum gates have been investigated for
robustness against random parametric noise, most of them in
adiabatic cases [15], which requires a long operation time.
Breaking the adiabatic limit to shorten the operation time
brings the quantum gates into no pure-geometric regimes [16].
Non-Abelian quantum gates have not been experimentally
demonstrated mainly due to the difficulties in manipulation
and measurement of multiple degenerate quantum states.
On the other hand, the Abelian all-geometric approach is
relatively simple since the gate operations are performed on
nondegenerate two-level qubits through either Berry’s phase
[17] in an adiabatic evolution or Aharonov-Anandan (A-A)
phase [18] in a nonadiabatic process. Abelian geometric gates

1050-2947/2011/84(4)/042335(6)
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have been proposed and demonstrated in almost all viable qubit
systems so far, including [8—13] NMR, cold atoms or ions,
photons, superconducting circuits, quantum dots, cavity QED,
and atomic ensembles in solids. The fault tolerance against
errors in the control Hamiltonian is still under investigation,
and fidelity analysis has been focused on the effect of the
random error [19-22]. The results, however, are still less
conclusive for a general two-level system. In addition, the
effects from seemingly simple systematic errors have not yet
been addressed.

In this paper we focus on the robustness of a type
of nonadiabatic Abelian geometric gates against systematic
errors in the control parameters. Based on A-A phase,
two noncommutable basic Bloch rotations were previously
proposed and experimentally demonstrated, which can be
used to compose any universal single-qubit gate [12]. The
Hamiltonians controlling the rotations are made of a special
type of composite pulses that drive the eigenvectors of the
system through closed paths in the projective Hilbert space
(a Bloch sphere), eliminating the dynamic phase. This paper
generalizes the basic rotations as a rotation operator that
suffices for making any single-qubit gates. Since the two-level
qubit and the driving Hamiltonian are parameterized as a Bloch
vector and a torque vector, respectively, evolving on the Bloch
sphere this scheme is applicable to a generic two-level qubit.
We are able to use the rotation operator to analyze the gate
fidelity, which is independent of the qubit state. The fidelity is
calculated in the presence of systematic errors in the control
parameters, such as pulse area and frequency detuning. The
geometric rotation is compared with conventional dynamic
rotation. The link between the geometricity and high operation
fidelity is discussed.

II. UNIVERSAL QUANTUM GATES AND BASIC BLOCH
ROTATION

The quantum state of a qubit [¢¥) = cos %|0) +
e?sin%|1) can be represented by a Bloch vector 7=
(sina cos B, sina sin B, cos ) on the Bloch sphere as shown
in Fig. 1(a). The polar angle « varies from 0 to 7 and the

azimuthal angle 8 from O to 2. A rotation on the Bloch sphere
represents a universal quantum gate that can be expressed as

U;(0) = exp(—ic - 1n0/2) = cos(8/2)] — i sin(0/2)7 - i1,
(1

©2011 American Physical Society



J. T. THOMAS, MAHMOUD LABABIDI, AND MINGZHEN TIAN

(b)

S

FIG. 1. (Color online) (a) Bloch vector 7 rotates around Rabi
vector 2 on the Bloch sphere. (b) Geometric paths A and B for basis
vectors |+), and |—),, respectively, to accomplish rotation U(6,¢)
in Eq. (2), where 7 is the rotation axis and 6 the rotation angle.

where 6 is the angle of rotation around axis 7, and I and 6 =
(0x,0y,0:) are the identity and Pauli matrices, respectively.

Since a rotation around an arbitrary axis can be made
by rotations around two unparallel axes in the x-y plane,
the problem of making a universal set of single-qubit gates
reduces to making rotations around 7 = (cos ¢, sin ¢,0) in the
x-y plane, where ¢ is the angle between the x axis and the
rotation axis 7i. The rotation operator becomes

U(0,p) = cos(0/2)] — i sin(§/2)(cos po, + singay), (2)

where ¢ defines the rotation axis and 6 the rotation angle.
Any single-qubit gate can be made of at most three rotations
characterized by such an operator with controllable ¢ and
0 [23].

In a generic two-level model, the motion gf the Bloch
vector obeys the Bloch equation [24], dF /dt =  x F, where
the Bloch vector represents the quantum state and the
driving Hamiltonian H = (A /2)o, + (h20/2)(cos o, +
sin ¢oy) in the rotating frame is parameterized by the torque
given by the Rabi vector Q. As shown in Fig. 1(a), the
Bloch vector rotates around the driving torque by an angle
of the pulse area 8 = Qt, where t is the duration for a
constant torque acting on the Bloch vector. The evolution
of a two-level system, such as an atom or spin-1/2 particle,
can be modeled as an effective dipole moment driven by an
effective field near the resonance of the transition between
the two energy levels of the qubit [24]. The driving field,
F(t) = Qo cos(wt + ¢), determines the Rabi vector to be
Q = (—Qpcos¢p, — Qysing,A). The field amplitude 2 is
defined as Rabi frequency and takes into account the effective
dipole moment; ¢ is the phase of the field; and A is the
frequency detuning between the driving field and the resonance
of the two-level system. These are the parameters that define
the quantum gate operation and control the motion of the Bloch
vector.

Conventionally, to make the rotation around an axis 71 =
(cos ¢, sin ¢,0) in the x-y plane as in Eq. (2), a pulse of an
on-resonance field with constant amplitude €2, phase (¢ + ),
and duration t is applied. A pulse with such parameters sets
the Rabi vector Q2 = (€29 cos ¢,$2¢ sin ¢,0) along the desired
rotation axis and the pulse area to the rotation angle 6 = Qqt.
The dynamic evolution driven by a simple pulse is ideal with

PHYSICAL REVIEW A 84, 042335 (2011)

100% operation fidelity if the control parameters, including
the Rabi frequency, phase, pulse length, and detuning, are
perfect. However, when there is systematic error or random
noise in the control parameters, this conventional simple
pulse scheme may result in a high error rate and low
fidelity.

III. SYSTEMATIC ERROR AND GATE FIDELITY

In the presence of error in the control parameters, an ideal
operator U, such as in Eq. (2) turns into an imperfect operator
V with erroneous rotation axis, angle, or both. Fidelity, usually
used to evaluate the closeness of the two operators, is defined
as [23,25,26]

F = |Tre(vU")| /2. 3)

This allows us to study the fidelity of any quantum gate
independent of the qubit state.

Systematic errors in the control parameters that affect the
operation in Eq. (2) can be mainly categorized as pulse area
error and frequency detuning error. The error in the pulse area
0 = Qrt is usually caused by inaccuracy in the Rabi frequency
and the pulse duration. These result in an erroneous rotation
angle. The detuning error due to the frequency difference
between the driving pulse and the qubit resonance causes errors
in the rotation axis and angle. Similar to the treatment for the
composite pulse in NMR [27-29], we consider the pulse area
and detuning errors separately.

The pulse area 6, = 0(1 + &) with a percentage error
& corresponds to the operator V(0,¢) = exp(—io - 16, /2).
Using Eq. (3) the fidelity of such an operator is calculated
to be

F,. = cos(0/2), “4)

in which the fidelity degrades with the pulse area error and the
rotation angle in the range of [—m,7]. The error affects a large
rotation angle more than a small angle. The fidelity is uniform
for all rotation axes at a given error level and rotation angle.
In most of the cases the percentage error in pulse area is
expected to be small, where |¢| < 1 holds and the fidelity

approximates to
1760\’
Feml—3 (§> &% ®)

In the presence of the frequency detuning A, the Rabi
frequency is generalized as = v/Q2 + A? = Qoy/1 + f2,
where € is on-resonance Rabi frequency and f = A/Q
is the relative detuning with respect to €. The detuning
affects both the rotation angle and the direction of the
rotation axis. The ideal rotation angle 6 turns into 6+/1 + f2
and the rotation axis 7 = (cosg,sing,0) shifts to 7, =

1 L / ; i
( N cos ¢, N sin ¢, m) The rotation operator be

comes

V(@,p) = cos G-y

(©)

(S ()
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The corresponding fidelity is calculated to be

0J1+ 2 0 1 01+ 2 .

0
Fy¢ = cos 3 cos > + N sin 3 sin .
)
Under the small error approximation | f| < 1,
1 0
st ~1-— E Sin2 (E) f2. (8)

Equations (7) and (8) show that the detuning degrades the
fidelity with a large effect at large rotation angle. The fidelity
does not depend on ¢, which means uniformity for all rotation
axes in the x-y plane.

IV. GEOMETRIC ROTATION

In this section a geometric rotation is designed using A-A
phase [18]. The rotation defined in Eq. (2) can be rewritten
using a pair of orthogonal states |+),, as

U®,9)|4), =77 |1),, ©

where |+), = %( il,v,) are the eigenstates of operator o - 71

represented by a pair of basis vectors parallel to the rotation
axis 71 defined by angle ¢ in the x-y plane as shown in
Fig. 1(b). An all-geometric scheme realizes the operation
in Eq. (9) by making the two basis vectors go through
closed loops to acquire the required phase terms. In order
to ensure the phases are purely geometric in this process
where the dynamic phase vanishes, the evolution loop for each
of the basis vectors has to consist of segments of great circles on
the Bloch sphere [20,30]. There are infinite options to design
the loops to perform a given rotation, since the number of
segments could be any value from 2 to infinity while making
the solid angle enclosed by the loop to be the rotation angle
6. We focus our study on a three-segment loop, which is the
simplest that an on-resonant field can drive. The loops for
|+), and |—), are marked by the shaded areas A and B,
respectively in Fig. 1(b), where every segment of the loops
is made on a geodesic and the solid angle enclosed by the
loop is the desired rotation angle. The field that drives the
eigenvectors through the loops has three segments as well,
with corresponding parameters denoted as (/2,9 + 7/2),
(m,9p — /2 —0/2), and (7/2,¢ + /2), where the first value
in each parenthesis denotes the pulse area and the second value
the phase. Driven by this field, basis vectors |+),, and |—), go
through their closed loops A and B in Fig. 1(b), respectively.
While state |+),, gains a geometric phase of —6/2 becoming
e~/ |+),, state |—), gains an opposite phase and turns into
€'/2|—),. Under such an operation an arbitrary qubit state

l¥) = () turns into

90 —ie~?sinle
cos 3¢ —ie"'¥sin 3¢
—ie'? sin %cl + cos %co
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This is equivalent to applying a rotation operator in Eq. (2)
to the initial state. On this geometric path the operation is
accomplished by three consecutive rotations as

U@.) =Ur/2,¢ +7/U(~7,¢
+7/24+0/2)U (/2,0 + 7/2). (10)

Throughout the path the Rabi vectors are always perpendicular
to the basis vectors, which nulls the dynamic phase change in
the process.

In the presence of systematic errors in the pulse area and
frequency detuning, the ideal operator in Eq. (10) turns into

V©O.,0) =V(@/2,¢+7/2)V(—7,¢
+7/2+0/2)V (/2,0 + 7/2). (1n

This operator is calculated by plugging in the imperfect pulse
areas and/or axes in each of the segments. Then the fidelity
can be calculated according to Eq. (3).

For the same percentage pulse area error ¢ as for the
simple pulse operator, the fidelity of the geometric operator
is calculated to be

7 L, TE 0+ S TTE 29+ e 50
¢ = SIN” —— COS — COS™ — COS™ — COS — S1In™ —.
¢ 2 2 2 2 2 2

12)

The fidelity is a function of both pulse area error and rotation
angle while the rotation axis is not involved. When the error is
small,|e| < 1, Eq. (12) approximates to

Foe ~ 1 11( )? 0 12 (13)
e N 24715 cos2 .

By comparing Egs. (5) and (13), one can conclude, under
the small error approximation, that the fidelity of the geometric
operator is always equal to or better than the simple pulse
operator. Both operators have 100% fidelity at 6 = 0, and a
minimum fidelity, 1 — %%(ns)Z, at |0| = . Other than those
two points, the geometric operator always yields better fidelity.
Beyond the small error regime, the comparison of the exact
fidelities of the two operators is plotted in Fig. 2. The fidelity
difference Fy,. — Fi, as a function of the percentage error and
the rotation angle is plotted in Fig. 2(a) and the average of
the fidelity over all rotation angles in Fig. 2(b). The results
show that the geometric operator holds equal or higher fidelity
compared to the simple pulse operator for all rotation angles
and all values of pulse area error between 0 and 100%. As a
result, the geometric operator has higher average fidelity than
the simple pulse operator.

Similarly, the fidelity of the geometric operator is calculated
in the presence of the frequency detuning error as

F , 0 . 12 0 N 1 ., 0
= cos” — cos — sin” —.
STy 2 w2 2 Sir e 2
(14)
The small error approximation leads to
R YA
Fgf’\-/l_if cosi—l . (15)
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FIG. 2. (Color online) (a) Fidelity difference between geometric
and simple pulse operators as a function of pulse area error and
rotation angle. (b) Fidelities affected by pulse area error for geometric
and simple pulse operators averaged over rotation angles from
—to —7.

Under the condition |f| << 1, we compare the simple
pulse operator in (8) and geometric operator in (15). For the
rotation angle in the range of 0 < || < 7, Fgt > F holds
true with the maximum fidelity Fyf = Fi¢ = 1 at 0 = 0, and
the minimum fidelity Fyr = Fyf = 1 — %fz at |0] = m. The
comparison of the two operators for large detuning range is
presented in Fig. 3. The fidelity difference Fyr — Fyy is plotted
in Fig. 3(a). Fy from Eq. (14) and F, from Eq. (7) averaged
over all rotation angles are plotted in Fig. 3(b). The results
show that the geometric operator holds equal or higher fidelity
compared to the simple pulse operator against the frequency
detuning for all rotation angles.

The geometric operator, however, is not entirely immune
to the systematic errors in the pulse area and detuning: the
fidelity decreases when an error increases. Two consequences
of a system error are noncyclic paths for the eigenvectors and
nonvanishing dynamic phases. For practical reasons we keep
to the small error regime so that the evolution paths for the
eigenvectors |£), can still be approximated as closed loops.
As a result, the degradation of the operation fidelity caused
by the erroneous Hamiltonian should be attributed to the
dynamic phase. We calculated the dynamic phase according
tooy = —,—; (x(OIH | x()),dt, where | x (1)), represents the
states evolving from the initial state |+), on path A shown in
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FIG. 3. (Color online) (a) Fidelity difference between geometric
and simple pulse operators as a function of frequency detuning
and rotation angle. (b) Fidelities affected by frequency detuning for
geometric and simple pulse operators averaged over rotation angles
from —7 to —m.

Fig. 1(b). Under small pulse area error, |¢| < 1, the dynamic
phase was calculated to be
0 0
(-e3)

T\ 2
oge (=) esin= —Ccos =
de 2

2 2
This adds an extra angle 2 |og.+| to the desired rotation.
Comparing Eqgs. (13) and (16) reveals the relationship between
the fidelity degradation and the dynamic phase as,

16)

)
2 1 —cos3

n? (14cosg)[2

2
Q-
]2

Fyp = (17)

— cos %

The second term shows the fidelity decreases quadratically
with the dynamic phase caused by the pulse area error. A
fidelity of 100% is achieved for a pure geometric operator,
corresponding to a vanishing dynamic phase.

The fidelity degradation caused by the detuning was studied
in a similar way. Under small error approximation, we
calculated the dynamic phase as a function of the detuning

and the rotation angle as
P 2
——1) . 18
<cos 2 ) (18)

ogr ~
2
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Comparing the dynamic phase in (18) and the fidelity in
(15), one can see the fidelity degradation is linked to the
dynamic phase as

2 1 s
2 %afs

_P(cosgfl)

which shows a similar relationship: the fidelity degrades
quadratically with the dynamic phase caused by the frequency
detuning.

While the rotation operator in Eq. (10) is all geometric under
the ideal condition, systematic errors cause the eigenvectors
to evolve on non-purely geometric paths. This is manifested
as a nonvanishing dynamic phase. As a result, the operation
fidelity decreases. This is consistent with the conclusion that
the geometric path yields the highest fidelity.

Fy = (19)

V. CONCLUSION

A Bloch rotation operator based on nonadiabatic Abelian
geometric phase has been designed and analyzed using a
general model for a two-level qubit driven by a parameterized
Hamiltonian. This operator is sufficient to make a set of
universal single-qubit gates by setting the parameters such as
pulse area, frequency, and phase of the effective control field.
The fidelity of the geometric operator was analyzed against
the systematic errors in the pulse area and the frequency
detuning. An operator-based fidelity definition was used so
that the results are independent of the qubit state. The geo-
metric rotation operator was compared with the conventional
simple pulse dynamic rotation. The systematic error degrades
both types of operations with low fidelity at large rotation
angle. The geometric operator shows overall improved fidelity
over the simple pulse rotation. The reason for the degradation
of the geometric operation is that the operator is no longer
purely geometric when the systematic errors in both pulse area
and frequency detuning cause the evolution path to deviate
from the geometric path. As a result, the decrease in the
fidelity is related to a nonvanishing dynamic phase. Further
investigation is needed on the origin of the robustness of the
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geometric rotation against systematic errors compared with
the dynamic operator.

Since our analysis is based on a generic nondegenerate
two-level qubit model, the method and results in this paper
are applicable to a variety of physical qubit systems, such
as: NMR, atoms, ions, photons, superconducting circuits, and
quantum dots. The model is suitable for both single-entity and
ensemble qubits. When the inhomogeniety exists in the pulse
area error or the frequency detuning in an ensemble, the fidelity
calculation should be averaged over the entire ensemble. Geo-
metric two-qubit gates, such as controlled-not and controlled-
phase gates, can be analyzed in a similar way by introducing
a qubit-qubit coupling term to the driving Hamiltonian.

While systematic control errors that can be parameterized
into effective pulse area and frequency detuning errors exist
in realistic systems, stochastic random fluctuation in the
Hamiltonian is equally important. Both the dynamic and
geometric operators discussed in this paper can be studied
through numerical calculation of the fidelity according to
Eq. (3), which is quite straightforward. However, the results
will depend on the noise model, which could be quite different
for the parameterized effective field in different physical
systems and needs further investigation.

Our results on systematic errors are obtained for the
simplest geometric path driven by an on-resonance effective
field. More geometric paths can be designed by including
off-resonance fields. For the practical purpose of achieving
maximal gate fidelity, the path design should be optimized
against both systematic and stochastic errors. The composition
of the set of universal gates could play an important role as
well in the optimization process.
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