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1. Introduction

This thesis concerns the transport properties of the simplest one-dimensional configuration
of Josephson junctions, a linear array of superconducting islands separated by tunnelling
junctions with the Josephson coupling energy E;. One can regard the one-dimensional
arrays as a many-island extension of the superconducting single electron transistor (SSET)
2]. The one-dimensional arrays show a great wealth of physical phenomena that war-
rants ongoing experimental studies 6], 9] . Although the arrays contain
only well known superconducting circuit elements, the Josephson junctions [10], provid-
ing a theoretical description of the experimentally observed phenomena has proven to be
non-trivial. The development of theoretical model is ongoing 12].

A theoretical model of a one-dimensional Josephson junction array has at least three
free parameters, the Josephson coupling energy FE;, the capacitance C; of the Josephson
junctions in the array and the capacitance Cy between the superconducting islands and
the ground. Due to the large parameter space the Josephson junction array can show very
different conductance behaviour. A reduction of the Josephson coupling energy E; for
example can lead to a superconductor-insulator phase transition in the array [13]. In the
insulating regime Coulomb blockade prevents electrical currents through the array when
small bias voltages are applied.

In this work we will focus on Josephson junction arrays in the Coulomb blockade regime. A
Josephson junction array in the insulating regime shows a zero-current response to applied
voltages V lower than the switching voltage Vi,. Applied voltages above Vi, drive the
array into the conducting regime [3] [13]. In the conducting regime the current increases
linearly with the applied voltage I = G(V —V}). At the transition point the current jumps
from zero to the value I = G(Vy, — Vj). Once in the conducting regime, the Josephson
junction array is stable even for voltages lower than the original switching voltage. The
array reverts back to the insulating behaviour once the applied voltage is decreased below
the retrapping voltage V.. < Vgy. The IV-curve of a Josephson junction in the insulator
phase shows a pronounced hysteresis [3] [13].

Early attempts at obtaining the switching voltage from an effective sine-Gordon model
of the array failed to reproduce the experimentally observed linear dependence of the
switching voltage on the array length N [3]. The origin of the hysteresis is still an open
question. It has been proposed that it is brought about by large effective inductances in
the array [4]. Another possibility is overheating, the raising of the effective quasi-particle
temperature of the islands by the energy that is dissipated in the transport process. The
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higher temperature could lower the activation threshold of the charge carriers that provide
the electrical current. At the time of writing, such a model is under active theoretical
investigation.

The switching voltage Vs, and the differential conductance in the conducting regime both
depend on the Josephson coupling energy E ;. The differential conductance is proportional
to E?, which suggests, that Cooper pair tunnelling is essential for the electrical transport
process [14]. The E%—dependence was also found in kinetic Monte-Carlo simulations of
the array [15]. These simulations neglect coherent tunnelling processes and obtain the
incoherent tunnelling rates form P-of-E theory.

At large voltages the array enters a second transport regime where the differential con-
ductance is independent of the Josephson coupling energy E; and larger than in the first
transport regime. The voltage drop per junction is large enough to break Cooper pairs
into quasi-particles. The current is carried by incoherent quasi-particle tunnelling [14].

About this thesis

The aim of this thesis is to contribute to the theoretical understanding of Josephson
junction arrays in the Coulomb blockade regime. Following the IV-curve in the direction
of increasing voltage, we provide a description of the insulating array based on the well
known depinning theory of elastic media [16], compare the switching voltage obtained from
this description with numerical and experimental data and finally study the respective
importance of coherent and incoherent Cooper pair tunnelling in the transport regime.

We also shortly discuss one-dimensional quantum phase slip ladders and show that they
are described by a model that is mathematically equivalent to the Josephson junction
array model.

We set A = 1 throughout this thesis.

The thesis is devided into the following chapters:

Chapter 2:

Here we introduce the reader to the effective quasi-charge description of the Josephson
junction arrays that has been widely used in the literature [12]. We go through
the derivation introducing our notation and including charge disorder in the model. The
quasi-charge model has the form of a sine-Gordon-like model, a discrete version of the
sine-Gordon model with disorder and a periodic potential term that deviates from the
exact cosine shape of the original sine-Gordon model.

We show the reader that a voltage biased Josephson junction coupled to a large induc-
tance in the low frequency regime is approximately equivalent to a quantum phase slip
element [18]. The discussion is based on the duality of superconducting elements under
the exchange of charge and phase as well as capacitance and inductance [19]. The notion
of approximate equivalence is used to discuss the relation of four types of one-dimensional
superconducting arrays, Josephson junction arrays [3], Josephson junction ladders [20],
quantum phase slip ladders and quantum phase slip chains. At the end of the chapter we
discuss the zero-dimensional limit of a quantum phase slip ladder.

Chapter 3:

In this chapter we map the effective quasi-charge model of the Josephson junction array
to the well known problem of the depinning of elastic media [16]. The connection between
Josephson junction arrays in the insulating regime and pinned charge density waves was
first pointed out in Ref.[17]. We develop this mapping further to obtain analytic expressions



for the switching voltage in the two regimes of long and short Josephson junction arrays.
We compare the analytic results with numerical simulations of the arrays and use them to
fit experimental data provided by R. Schéfer, H. Rotzinger, W. Cui, A. Fiebig and A.V.
Ustinov (all Karlsruhe Institut of Technology, KIT, Germany).

Chapter 4:

When studying the influence of coherent Cooper pair tunnelling on the electrical transport
in Josephson junction arrays we need to solve the equation of motion of the density matrix
of very large open quantum systems. We extend the quantum jump approach, a numerical
method that stochastically unravels the Lindblad master equation [21], to the stochastic
Bloch-Redfield algorithm. The stochastic Bloch-Redfield algorithm can find a stochastic
unravelling directly from a Bloch-Redfield type model of an open quantum system. Com-
pared to a standard numerical solver for differential equations, it allows us to solve the
master equation of much larger open quantum systems.

Chapter 5:

We test the stochastic Bloch-Redfield algorithm with the help of the well known example of
a superconducting single electron transistor (SSET) [1]. We simulate two different modes
of electrical transport through the SSET, transport by incoherent Cooper pair tunnelling
and transport via the Josephson quasi-particle cycle [2].

Chapter 6:

We start by giving a short review of the incoherent transport model used in Ref.[15]
to simulate the transport through Josephson junction arrays. In these simulations the
incoherent tunnelling rates of the charge carriers were obtained from P-of-E theory. In this
thesis we introduce a simplified model, a Josephson junction array segment whose charge
states are restricted to a single excess Cooper pair that can be dressed by surrounding
Cooper pair dipoles. We use the simplified model to determine in which parameter regimes
it is sufficient to use incoherent tunneling rates obtained from P-of-E theory. In the
simulations of the simplified model we make use of the stochastic Bloch-Redfield algorithm.

Chapter 7:

In the last chapter we summarize the key results of the thesis and conclude with an outlook
on possible extensions of this work.






2. Array models and the
zero-dimensional limit

In this chapter we present the fundamental model of the Josephson junction array that
we use for most of this work. Other one-dimensional arrays containing quantum phase
slip (QPS) elements and Josephson junctions are introduced and it is shown that they
are closely related to Josephson junction arrays. We discuss the derivation of an effective
sine-Gordon-like model as it has been used to study clean Josephson junction arrays in
Refs.[22] [12]. At the end of the chapter we take a look at the limit of large
interaction lengths A, where the arrays are effectively zero-dimensional systems.

2.1 Duality of array elements

Before introducing the full array models we want to discuss the building blocks of the
arrays, Josephson junctions and quantum phase slip elements. We will show that in the
low frequency regime a Josephson junction coupled to a large inductance is approximately
equivalent to a quantum phase slip element. The same is true for a QPS-element parallel
to a large capacitance in the low frequency regime. It is approximately equivalent to a
Josephson junction.

In a Josephson junction (Fig[2.1) a current can flow without dissipation due to the coherent
tunnelling of Cooper pairs [L0]. The Hamiltonian of a single Josephson junction includes
the charging energy of the charge ¢ on the capacitance of the junction and the Josephson
tunnelling term. The tunnelling term allows Cooper pairs to tunnel coherently from one
side of the Josephson junction to the other. Its amplitude is known as the Josephson
coupling energy E; and it takes the form of the cosine of the phase difference ¢ over the
junction. The Hamiltonian of a current-biased Josephson junction is given by,

1 2
Hjj=—q¢ - E e 2.1
JJ 2C'Jq Jcos(q)0¢) o, (2.1)
h 7h
D= — = — 2.2
07 2 e’ (2.2)

where @ is the magnetic flux quantum. In the special case of the external current being
fixed to zero, I°** = 0, the Hamiltonian simplifies to,

1 2
Hy;=—¢q¢—E =) . 2.3
JJ 2CJq JCOS(% ®) (2.3)
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Figure 2.1: Upper circuit: sketch of a current-biased Josephson junction with capacitance
Cj and Josephson coupling energy E;.The phase-difference over the Josephson
junction is given by ¢, the charge on the Josephson junction capacitance by q.
Lower circuit: The special case of I¢** = 0, an open Josephson junction ele-
ment.

It is well known that the equation of motion of the phase-difference ¢ of the current-biased
Josephson junction is given by 25],

d? . (27 "
CJW¢ + I.sin <%¢> =1 (2.4)
where I, is the critical current of the Josephson junction,
I.=FE;— . (2.5)

The typical frequency scale of the Josephson junction is given by the plasma frequency,

wy =+/2EcEy (2.6)
(2¢)?

E~ =
=56,

(2.7)

where E¢ is the charging energy of the Josephson junction capacitance C;j with respect
to one Cooper pair.

A quantum phase slip element is the dual superconducting circuit-element to a Josephson
junction. In a quantum phase slip element it is the superconducting phase difference over
the QPS-element that can change by 27 in a coherent tunnelling event. The Hamiltonian of
a voltage-biased QPS-element (Fig consists of an inductive term, the phase tunnelling
term with the phase slip energy F and the voltage bias [18],

1

_ 2 _ ™ __ ysext
Hps_2LpS¢ Escos(eQ> veatq (2.8)
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Figure 2.2: Upper circuit: sketch of a voltage-biased quantum phase slip element with
inductance Ly and a quantum phase slip energy E,.The total charge that has
flown through the QPS-element is given by @, the phase-difference over the
inductance Lys by ¢.

Lower circuit: The special case of V¢! = 0, a quantum phase slip element in
a superconducting loop.

where ¢ is the phase difference over the inductance L,s and @ is the total charge that
has flown through the QPS-element. The special case of zero external voltage V¢* corre-
sponds to the case of vanishing external current for Josephson junctions. The Hamiltonian
simplifies to,
1
H.. —
PP 2L,

¢ — E, cos (gQ) . (2.9)

The equation of motion of the biased QPS-element is,

d? . (T o
Lpst + ‘/CSH]. (EQ) =V t 5 (210)

where V. is the critical voltage of the QPS-element,
V.= E,~ . (2.11)
e

The plasma frequency of the QPS-element in a closed superconducting ring is,

WS = \/2ELE, , (2.12)
_ %
2L,

Ey, (2.13)
The inductive energy Er, plays the role of the charging energy F¢ in the Josephson junction
case.

The two Hamiltonians H,s and H; are dual under the exchange of charge and phase, if
we identify capacitance with inductance and E; with Ej. A detailed discussion of this
duality between quantum phase slip elements and Josephson junctions can be found in

Ref.[26] and Ref.[18].

In superconducting circuits the quantum phase slip elements are implemented as long thin
wires of superconducting material, for example Molybdenum-Germanium compounds [27],
Niobium or Aluminum [28].
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2.1.1 Josephson junction with enforced slow quasi-charge dynamics

We will now discuss the approximate equivalence of QPS-elements and Josephson junc-
tions coupled to a large inductance in the low frequency regime. This problem has been
studied in Ref. for circuits that were coupled to a dissipative environment. Here we will
discuss the approximate equivalence without considering complications due to a dissipative
environment.

yert CD o RE; 9" Cy

oL o _j__ Cr,
L

Figure 2.3: The schematics of a Josephson junction in series with a large inductance L
in a voltage-biased circuit (CJL-model). The phase ® is dropping over the
inductance and the phase ®° is dropping over the measurement capacitance
Cr. The charge on the capacitance of the Josephson junction is given by gq.
The phase ¢ dropping over the Josephson junction is conjugate to the number
of Cooper pairs n that have tunnelled through the Josephson junction. The
large measurement capacitance C, decouples the degrees of freedom ¢ and ®L.

The approximate equivalence can be shown most conveniently when comparing the equa-
tion of motion of a voltage-biased linear circuit containing a Josephson junction and an
inductance L (CJL-model) with the equation of motion of a voltage-biased quantum phase
slip element. The CJL-model is shown in Fig[2.3). The Lagrangian of the model is given
by,

2 1

oL o, (ci)L +é+ Ve:vt) =

5 (<I>L)2 + %CJ ((;5)2 + Ej cos <27ng5> . (2.14)

%)

The phase ®* is the phase dropping over the inductance L, ¢ is the phase dropping over the
Josephson junction and V¢t is the externally applied voltage. Defining the quasi-charge

Q,

o £CJL
oDl
one can find the Hamiltonian of the problem in terms of the quasi-charge and the number

of tunnelled Cooper pairs n,

Q= : (2.15)

. 1 2 i L\ 2 1 o N2 o ext
HCJL_—QCLQ +2L (®") +—2CJ (Q—2en)°—Ej(In+1)(n|+hc)—QV.
(2.16)

The large inductance L prevents fast oscillations of the quasi-charge. Fast oscillations of ()
imply a large current @ through the inductance, incurring a large energy cost %LQQ. The
quasi-charge changes adiabatically compared to the rate of Cooper pair tunnelling when
the inductive energy is much smaller than the Josephson coupling energy,

Er < Ej. (2.17)
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Figure 2.4: The charging energy of Hamiltonian Eq is given by an infinite succession of
parabolas, each corresponding to a different |n)-state. The Josephson coupling
energy Fj lifts the degeneracy between |n)-states. For a large ratio of E;
and charging energy F; 2 E¢ the ground-state band is approximately cosine-
shaped. With decreasing E; the ground-state band approaches as succession
of parabola segments with avoided crossings at the degeneracy points ) =
(e+2e2) z€Z.

In the adiabatic limit, the CJL-model can be solved by applying the Born-Oppenheimer
approximation. The quasi-charge is taken to be a classical parameter of the Josephson
junction contribution, H;;(Q), to the Hamiltonian Her,,

1

= E(Q—ze #)® — Ey(In+1) (n| + h.c.) . (2.18)

Hy(Q)
For each possible value of the quasi-charge @), the Cooper pair Hamiltonian H;;(Q) is
diagonalised. The quasi-charge changes adiabatically and the change in ) does not lead
to Landau-Zener transitions. The system can be approximated to be in the |n)-ground-
state. The ground state energy of H ;s (Q) provides an effective potential energy for every
possible quasi-charge (). Compared to the standard Born-Oppenheimer approximation
used to model ionized atoms and conduction electrons in condensed matter systems [29],
the quasi-charges take the role of the slowly varying positions of the ions. The Cooper
pair number n takes the role of the position of the conduction electrons.

The charging energy as a function of the classical parameter @ is given by an infinite
number of parabolas. Each parabola corresponds to one |n)-state in the Cooper pair
number basis and is shifted from the origin @ = 0 by 2en. At the crossing points of the
parabolas the degeneracy is lifted by the tunnelling term E; (|n + 1) (n| + h.c.), as shown

in Fig[2.4
We refer to the @Q-dependent |n)-ground-state of H;;(Q) by |g.s.). The ground state
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energy as a function of the quasi-charge is given by,

~ 2
Eo(Q) = (g (262@@ — Ey(In+1) (n| +h.c)lgs.) . (2.19)

As the number of Cooper pairs n is unbounded, the Hamiltonian H;;(Q) is invariant
under a shift of the quasi-charge by integer multiples of two electron charges,

Hj;(Q)=Hj;;(Q+2z2) ze€Z. (2.20)

As a consequence, the ground state energy and indeed any eigenenergy of Hj;(Q) is 2e-
periodic in @,

Eq(Q) = Eq(Q +2¢) . (2.21)

For Josephson coupling energies much larger than the charging energy, £y > E¢, the
ground state energy Fg(Q) approaches a cosine-shape. The amplitude Eg‘a‘” of the periodic
function Eq(Q) is exponentially suppressed with growing Josephson coupling energy [17],

EF* = max (FE — min (F , 2.22
Q" = Jmax (Fo(Q)) — min (Eq(Q)) (2.22)
1
max Ec 4 E, E,

In the opposite limit E; < E¢ the degeneracy between |n)-states is barely lifted and sep-
aration between lowest and second energy-band is approximately given by the Josephson
coupling Energy ;. The ground state band is a periodic succession of parabola segments,
as shown in Fig The amplitude of the periodic function is % = %EC.

For intermediate regimes it is easiest to calculate the ground state energy numerically by
diagonalizing H;;(Q) for a finite number of |n)-states in the interval —e < @ < e. For
values of ) outside this interval the function is continued periodically. As long as E; is not
much larger than E¢ a relatively small number of |n)-states is sufficient. In the numerical
calculations used in the rest of this thesis we always use,

N|n)—state =15, (224)

|n)-states.

The ground-state energy Eg obtained from the Born-Oppenheimer approximation provides
an effective potential for the quasi-charge equation of motion [19],

2@ + —Q +-5 0(Q) =Vt (2.25)

Q

We now assume that the measurement capacitance Cp, is so large that the characteristic
frequency of the L-Cp-circuit,

1

— 2.2

wLcL =

is much smaller than all relevant frequency scales at which the system is probed. In this
case we can use the limit,

CL — o0, (2.27)

d2 d

tQQ + dQEQ (Q) = Vet . (2.28)

10
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In this limit, the equations of motion of the CJL-model and of the voltage-biased quantum
phase slip element are approximately equivalent. The equivalence is only approximate as
the lowest Bloch-band energy Eg(Q) is not exactly cosine-shaped. It approaches a cosine
with increasing Josephson coupling energy. The duality between the two models becomes
exact in the limit E?JL < EgJL.

The Hamiltonian of the system in the large C7, limit is given by,

H= % (®5)* + Eo (Q) — V='Q . (2.29)

The characteristic frequency of oscillations given by the equation of motion Eql2.25|is the

new lower plasma frequency,
wy &\ ELERY (2.30)

1
Ep = 7@3 , (2.31)
where Ej, is the inductive energy of L. Due to the large inductance it is much smaller
than the original plasma frequency of the Josephson junction,

Ep < By, (2.32)

wy L wy . (2.33)

Driving the CJL-circuit at large frequencies w comparable to wﬁ forces the quasi-charge to
change on timescales of 1/FE;. The quasi-charge does not change adiabatically compared
to the Cooper pair tunnelling and the Born-Oppenheimer approximation is no longer valid.

The approximate equivalence is linked to the energy scale Ej introduced by the large
inductance. It was shown in Ref.[31] that shunting a Josephson junction with a large
inductance introduces new energy-levels in the spectrum of the Josephson junction. The
scale of the level spacing of the eigenenergies of the bare Josephson junction is given by
the large plasma frequency of the junction wp> . With the introduction of L, the energy
levels of the bare Junction split into new levels with a level spacing of the order of the
small plasma frequency w;y.

2.1.2 QPS-element with enforced slow quasi-phase dynamics

et CD " C Qs Le

Figure 2.5: The schematics of a quantum phase slip element parallel to a large capacitance
C in a current-biased circuit (PSC-model). The charge ¢© is the charge on the
large shunting capacitance C. The total charge that has flown through the
QPS-element is given by ). The large measurement inductance Lo decouples
the degrees of freedom @ and ¢©.

11



12 2. Array models and the zero-dimensional limit

The same type of approximate equivalence can be found between a current-biased QPS-
element and a current-biased Josephson junction. In this case the QPS-element is shunted
by a large capacitance C and is considered in the low frequency regime (PSC-model as

given in Fig,

1 . 2 1
[’PSC — iLC (Q +q-C +Ie:):t> -

2 1 -\ 2 T
5 ()" + 5L (Q) + Eg cos (EQ) L (2.34)
where ¢© is the charge on the shunting capacitance, Q is the charge that has flown through
the QPS-element and I¢*! is the bias current.

The derivation of an effective equation of motion of the PSC-model is mathematically
identical to the derivation of the effective equation of motion of the CJL-model. The
equation of motion is now an equation of the quasi-phase &,

aﬁPSC
P = . 2.35
The effective quasi-phase Hamiltonian of the shunted QPS-element is,
1
Hpsc = o= (4°)" + 57— (@) + B () — I, (2.36)

2C 2L¢c

where Eg(®) is the effective quasi-phase potential. We assume that the measurement
inductance L¢ is large compared to all other scales of the system, Lo — oco. The Hamil-
tonian is dual to the effective Hamiltonian of the CJL-model Eq/2.29]

Hpsc = % (¢°)" + Eqg (®) — ', (2.37)
and corresponds to the Hamiltonian of a current-biased Josephson junction Eql2.1l The
function of a Josephson junction in a superconducting circuit can also be fulfilled by a
QPS-element in a high capacitance environment. In Refs.[32] a Cooper pair box and
a superconducting single electron transistor (SSET) where the Josephson junctions are
replaced by quantum phase slip elements were proposed. The new devices were called the
phase slip box and the QPS transistor.

2.2 The Josephson junction array

We now derive the Hamiltonian used to describe the Josephson junction array shown in
Figl2.6l The Josephson junction array consists of superconducting islands connected by
Josephson junctions with capacitance C'y and Josephson coupling energy F ;. Capacitances
Cy couple the islands to the ground.

Considering two neighbouring islands inside the array the state of this array section in a
Lagrangian description is given by the phase-differences ¢! of the Josephson junction and
¢! and ¢, ;| of the capacitances Cy. An array segment is shown in Fig

The Lagrangian of this section is,
1 N2 1 N 2
Li=5Cy (87) +5Co (9F) + Eycos (10 ) . (2:38)
2 ! 2 ¢ Oy
where the phase differences ¢? and 7 are given in units of the magnetic flux quantum,
ho_h

P =

= — = 2.39
2e e ( )

12
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X X X -—- X X
Ey Ey Ey Ey Ey
v+u(T) Co Co—— Co—— Cy_—_— U

Figure 2.6: A sketch of the boundary-biased Josephson junction array. The chain of N
superconducting islands is voltage-biased with an offset voltage U and a bias-
voltage V. Each island is coupled to the two neighbouring islands by Josephson
junctions and to the ground by the capacitance Cy. The Josephson junctions
are characterized by the Josephson coupling energy E; and the capacitance

Cj.
q
C"I |¢i —1
X : X
£, 2en; E;
Co —_ 371 Co —_— zq

==

Figure 2.7: A segment from the bulk of the Josephson junction array. The state of the
segment is defined by the phase differences over the Josephson junction ¢! and
the capacitances to the ground ¢ ; and 7. The number of excess Cooper
pairs on the i-th island is given by n;. For each superconducting island we
include constant background-charges 2e f;. In the disorder-free model without
background-charges the frustration is zero f; = 0. Kirchhoff’s law and charge
neutrality of each island connect the degrees of freedom ¢!, ¢! and n;.

The phase degrees of freedom are connected by the conservation of electrical charge on
the island and Kirchhoff’s circuit law. The charge neutrality of the island leads to the
relation,

Cyof + Cof — Cydly ) = 2e (ni+ fi) (2.40)

where n; is the number of excess Cooper pairs on the island compared to the equilibrium
number of Cooper pairs ng in the BCS condensate.

Additionally to the discrete number of Cooper pairs we include continuous disorder back-
ground charges 2e f; in our model. The background charges are determined by the di-
mensionless frustration f;. At this point we do not need to specify any particular disorder
model. It is sufficient to note that charge disorder is present in every realistic super-
conducting circuit containing small superconducting islands [34]. Microscopic sources of
disorder could include charge impurities or inhomogeneities in the substrate and the amor-
phous insulating layer of the Josephson junctions. We will present several specific models
of the probability distribution p(f;) in Ch

Kirchhoff’s law connects the phase differences in a closed loop of the circuit to the enclosed
magnetic flux. We assume that no magnetic field is applied parallel to the fabrication plane
of the Josephson junction array. As the loop consisting of the Josephson junctions and the

13



14 2. Array models and the zero-dimensional limit

two capacitances Cp in the array segment is perpendicular to the fabrication plane, the
sum over the phase differences is zero,

o+l —pd =0 i€{2,...N} . (2.41)

Real world experiments are conducted with finite size arrays. We do not use the theoretical
simplification of an infinite or semi-infinite array but consider a boundary biased finite-
size array. The terminating circuit loops (Fig consist of one Josephson junction, one
capacitance Cy and the voltage source biasing the array with an offset voltage U and a
bias voltage V on the left and just the offset voltage U on the right.

C H C q
"I |¢1 —— 2efy 2efy " — JI I O
X X X X
o 2enq E, E, 2enn E,
ViU Co —— i Co —— %,
L

Figure 2.8: A sketch of the left and right terminating loops of the Josephson junction array.
The array contains N + 1 Josephson junctions but only N superconducting
islands. The capacitive energy term of the capacity Cp is missing from the
Lagrangian of the rightmost loop Ly 1.

The Lagrangian of the left terminating loop £ is the same as the one given for the bulk
of the array £;. The Lagrangian of the right loop,

1 . 2 2T
Lyt = §CJ (qﬁ?vﬂ) + Ej cos <<I>o ;fv+1> : (2.42)

is missing the term corresponding to the charging energy of the capacitance to the ground.
An array of N + 1 junctions has only N superconducting islands and by convention each
capacitor Cy is counted together with the left Josephson junction of the island. The N
equations of charge neutrality of the islands all have the same form, Eq/2.40l Kirchhoff’s
law is modified for both terminating loops,

o +of =V +U)t,
Pl — Uy =-Ut. (2.43)

The full Lagrangian description of the model is now given by summing over the Lagrangians
of all single array segments,

N
L= Li+Lyni1. (2.44)
=1

We introduce the canonical conjugate variables of the phases ¢! and 7, the charge ¢; on

the capacitances of the Josephson junctions and the charge q;b on the capacitances to the
ground,

oL -
oL .
¢ = P Cot? . (2.46)

14



2.2. The Josephson junction array 15

The energy of the system in terms of ¢; and qf is given by,

1 1 2 o 1
E=S"__ g2 —(w) _FE 2T ) + —q2 s 2.4
Zi:zCJq’JrzCD i 708 (3,91 ) + ogina (2.47)

In this formulation of the problem the energy is not the Hamiltonian function as it contains
4N + 2 continuous variables that are not independent. Using charge neutrality (Eq
and Kirchhoff’s law (Eq and Eq, the energy can be expressed in terms of the
discrete Cooper pair numbers n; and the phase differences ¢!. The energy in terms of ¢!
and n; gives the Hamiltonian of the problem,

H= Z nz—i—fl)( - ) (nj + fj) ZEJCOS ®7) (2.48)

cos (¢7) = Z |niv1 + 1,n; — 1) (g1, | + |nig1 — 1, + 1) (i1, ni| +hee. ;. (2.49)

7

fli =n; + (V + U) (5@1 — U(Si,N . (250)

The inverse capacitance matrix (C’njl)ij determines the Coulomb-interaction between charges

on sites ¢ and j that is mediated by the capacitances Cy and Cy [35] [12],
(Cm);; = (2C5 + Co) b5 — Cybij—1 — Cybijsa - (2.51)

The modified number of Cooper pairs n; was introduced to take into account the charging
energy due to the applied voltages V and U.

Here it is useful to introduce the Cooper pair charging energy,

(2 )’
FEo = 2.52
0=56, (2.52)

that sets the relevant energy scale associated with the capacitance matrix.

For large arrays the inverse of the capacitance matrix is approximately 136],

1 1 li—4l 1
1y~ .
(Cm )z‘j ey o) (CJe A 0ij 2CJ> . (2.53)

The relevant length scale of the interaction between charges is given by A [15],

A = cosh™? ( - gi) . (2.54)

We always assume Cy < C;j where A can be approximated by,

Cy
A —=A. 2.
= (2:55)

The length A is given in the natural units of the array, the number of array sites between
two points. In many condensed matter problems the model is defined on a discrete lattice
but the number of array-sites is huge and not exactly known (take for example any tight
binding model of a semiconductor sample of experimentally realistic size). In this case
it is most convenient to use the lattice constant ag to define all lengths in terms of real
spatial distance. The parameters of the problem are measured in the form of densities per
unit length In an Josephson junction array for example, the capacitance density would be
¢j = L. Indeed this has also been used in parts of the literature on Josephson junction

arrays _ 4].

15



16 2. Array models and the zero-dimensional limit

The Josephson junction arrays we consider are deliberately fabricated. The number of
array sites is exactly known and the parameters like C; can be directly measured without
resorting to capacitance densities (for a discussion on the measurement of C; see also
Sec. It is more convenient to work in the dimensionless units of inter-array-site dis-
tances. We will do so for the rest of this work and all distances have to be understood to be
in the dimensionless units. The results we obtain do not depend on the actual real-space
size of the arrays. They are influenced by the physical size of the array only insofar, as
the other parameters Fjy, C; and Cy depend on the size of the Josephson junction or the
superconducting islands.

Taking the Cooper pair number 7; to be a quantum operator the canonical conjugate
operator is the exponential of the superconducting phase of the i-th island 6; 37],

[ﬁi,eiiéj} = :téi,jeiéj . (256)

We expressed the Hamiltonian in terms of the phase difference ¢ instead of the supercon-
ducting phase. With,

=0, 0, , (2.57)
[9}-, Aj} ~0, (2.58)
we obtain,
.21 2 -2 7 =27 ]
|:’fli, eil‘I’O(ﬁZ] ==+ (51‘7]'67'@0(]53 + 51'7]'162‘1’0¢j> s (259)

as the commutation relation between the operators in the Hamiltonian Eq[2.48|

Writing the Hamiltonian as a function of Cooper pair occupation and hopping operators is
especially useful when considering transport processes in the arrays. Recently the model
in the Cooper pair representation has been used in kinetic-Monte-Carlo simulations of the
electrical transport in Josephson junction arrays [15].

2.2.1 The quasi-charge representation

A different well established (see for example Refs.[3] [12]) representation of the
Josephson junction arrays introduces a continuous degree of freedom, the quasi-charge
Q;. Using this representation an effective low-frequency model, similar to the sine-Gordon
model can be obtained. The derivation of the sine-Gordon-like model will be discussed

later in Secl2.2.2]

The idea behind the quasi-charge model is to decouple the discrete degrees of freedom of dif-
ferent array-sites by introducing a new continuous degree of freedom. It was demonstrated
in Ref.[12] and Ref.[39] that this operation is equivalent to the Hubbard-Stratonovich trans-
formation in field theory.

The first step in the introduction of the quasi-charge is defining the fields m;, the cumu-
lative number of Cooper pairs, and the quasi-frustration Fj,

i—1
mi=—Y n; i>1, (2.60)
j=1
Ny =My — Myi41 (261)
i—1
Fi=) fj i>1. (2.62)
7=1

16



2.2. The Josephson junction array 17
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Figure 2.9: Schematic picture to illustrate the difference between the discrete degrees of
freedom n; and m;. The first gives the number of Cooper pair on the i-th
island of the array, the later gives the cumulative number of Cooper pairs on
the first (¢ — 1)-islands

Instead of writing the Hamiltonian purely in terms of m;, the quasi-charge @); is introduced.
In terms of the original degrees of freedom, Q); is given by,

i—1

Qi=Y (¢))+a (2.63)
j=1
i—1 i—1
gi=> (¢ +2¢ f;)+2> ni+aq (2.64)
j=1 j=1
=Q;+2e F;+2e—m; , (2.65)
¢ = Qit1— Qi , (2.66)
and the energy of the array is given by,
N N 2 2
(2em; —2eF; — Q)" | (Qi — Qiv1) 2
E = - F —;
(Q,m) ; 20, + 2Co J COS q)ogb
—(V+U)Q1+UQnN+1 (2.67)
Q={Q:} , (2.68)
m={m;} . (2.69)

By introducing m;, F; and the quasi-charge @Q); we change from a picture where the array
is divided into N equal islands to a picture where the array is divided into islands of
successively increasing size, as seen in Figl2.9| Increasing the island-number i, the islands
described by n; move along the array, the islands given by m; expand along the array. Both
n1 and mo give the Cooper pair occupation of the first superconducting island. The degree
of freedom ns corresponds to the second island but mg gives the number of Cooper pairs
of the first two islands of the array. The same is the case for the frustration f; compared
to the quasi-frustration F;. The quasi-charge @);+1 corresponds to the total charge on the
capacitances to the ground Cy of the first ¢ islands. Assuming that at the time #y the
quasi-charge is zero throughout the array, the quasicharge @); at a time ¢; also gives the
amount of charge that has flown through the ¢-th junction between ¢t = tg and ¢t = ¢ + 1.

Before we go on to discuss the nature of the quasi-charge we want to note that in the
definition of m; and Fj, Eq2.60 and Eq[2.62) m; and F; are not well defined. The degrees

17



18 2. Array models and the zero-dimensional limit

of freedom m; and F; are introduced in the transition to the Hamiltonian Eq[2.67 In
the transition from the number of Cooper pairs n; to the fields m; we use the fact that
the Josephson junction arrays are essentially open systems. The Hamiltonian Eq/2.4§]
describes a closed quantum system of finite size. Without adding additional terms to the
Hamiltonian, Cooper pairs can not tunnel in and out of the system via the leads. This
is not a problem in the infinite system limit and the question of the correct definition of
boundary terms in Eq[2.60 and Eq/2.62) can be compensated by adding a constant offset
at i = —oo [35].

As we explicitly deal with finite systems, we have to be more careful here. The m; are
essentially a measure of the number of Cooper pairs that have tunneled through the i-th
Josephson junction. In a closed system, Cooper-pairs can not tunnel into the array and
my is zero. When going from Hamiltonian H Eql2.48 to E(Q, m) Eq[2.67, we use the
Cooper pair tunnelling between array and leads, to implicitly introduce an new discrete
degree of freedom, the number of Cooper pairs exchanged between the Josephson junction
array and the leads. In this way we go from N discrete degrees of freedom n; to the N +1
degrees of freedom m; in Eq The field m; is a normal degree of freedom in E(Q,m).
The quasi-disorder on the first site will be zero, F; = 0. The array has only N islands
with N background charges f;. The open system character does not change that. The
superconducting leads do not carry a background-charge with respect to the ground of the
superconducting circuit.

It is important to take the open-system character into account here. Failing to introduce
my as an additional degree of freedom would lead to a potential term in E(Q, m) that
grows infinitely with increasing 1. It would be impossible to describe any transport
processes in the quasi-charge model. This has to be expected for a model in which the
array is decoupled from the leads.

The quasi-charges we introduced in E(Q, m) are strictly speaking not independent degrees
of freedom. The @; can be expressed as functions of the fields m; with the help of the
charge neutrality condition (Eq[2.40) and Kirchhoff’s law (Eq/2.41 and Eq. . The
set of equations that connect @; and m; can also be directly obtained from E(Q,m) by
minimising F(Q, m) with respect to the @;. The solutions of the set of equations,

0
5 2(Qm) =0, (2.70)

determines the quasi-charge configuration {Q;} that minimizes the energy E(Q,m) for a
given set of {m;} [39]. In the same way the relation between g;, q;ﬁ and n; can be
obtained from the Lagrangian Eq2.44] via the Euler-Lagrange equations.

The introduction of the quasi-charge corresponds to a Hubbard-Stratonovich transforma-
tion in field theory 39]. In the Hubbard-Stratonovich transformation an additional
field is introduced into the path-integral that determines the partition function 41],

2= [ TLDmet 4 Eumit-Emraouto -5, ()

=N / [] DQiDm; D! et el mici=EQum)] (2.71)

Dij = (C;ll)iJrl,jJrl + (Cﬂ_”bl)i,j - (Cﬂ_%l)zdrl,j N (C;ll)i,jJrl ) (2.72)

where N is a normalization factor that compensates the introduction of the additional
functional field integration over );. The additional fields @Q); decouple the fields m; and
m; for different sites ¢ # j. Originally they are coupled by the matrix D;;, the inverse
capacitance matrix in the m;-basis.

18



2.2. The Josephson junction array 19

2.2.2 The sine-Gordon-like model

In this section we discuss the derivation of the effective sine-Gordon-like model that has
often been used in Literature to describe the behaviour of Josephson junction
arrays. In most papers that use the sine-Gordon-like model it was derived under the
assumption that large inductances are present in the array. We will discuss this case in
the next section Sec[2.2.3| It has been recently conjectured in Refs.[12] that a sine-
Gordon-like model also gives a valid description of Josephson junction arrays that do not
a priori contain large inductances L. We follow the logic of the derivation given in Ref.[39]
for the inductance-free case.

Starting from the energy E(Q,m), one arrives at the effective model for the quasi-charge
Q; by tracing out the discrete degrees of freedom of the fields m;. For the general case this
is a non-trivial problem. We make the assumption that the quasi-charges ); change very
slowly in time compared to the Cooper pair hopping. The @); can be regarded as classical
constant parameter in a Hamiltonian of the form,

" (Qp = Yo BEZB )y (1) (] ) (2.73)
=1

that operates on the Hilbert-space of the occupation numbers m;. With this assumption
we can use the Born-Oppenheimer approximation 12].

At this point a word of caution is in order. We must not violate the Born-Oppenheimer
approximation by applying an external driving force at frequencies wez+ that would drive
Landau-Zener transitions in the system. Save driving frequencies meet the condition,

E2
Wegt K E70 (274)
If the system is externally driven at higher frequencies, the driving can lead to transitions
from the m;-ground-state to higher states that are excluded in the Born-Oppenheimer
approximation. Practically this is not too much of a problem. Most experiments we are
interested in 9l are conducted in the DC regime with we,r = 0.

When diagonalising the Cooper pair Hamiltonian we see that for a fixed quasi-charge con-
figuration {(Q)} the Hamiltonian H ({(Q)}) separates into N + 1 identical single particle
Hamiltonians of the fields m; of each island,

(26?7%@' — 2€Fi — Qz)2
2C;

The single particle is to be understood as a fictitious single particle that can move on
a discrete lattice in a potential where the lattice position is determined by the operator
m;. The Hamiltonians for each site differ only by the value of the quasi-charge @); and
frustration F; on the sites. The problem simplifies significantly as only the ground-state
of a single particle Hamiltonian H;(Q) has to be found for all relevant values of (). This
was exactly the reason behind the introduction of the quasi-charge (); and the fields m;

in Secl2.2l

The Hamiltonian H;(Q) can be diagonalised in the same way as the Josephson junction
contribution to the Hamiltonian of the CJL-model in Sec/2.1l From the diagonalization in
the Born-Oppenheimer approximation we obtain the Hamiltonian of the effective quasi-
charge model where the ground state energy of H;(Q) provides an effective potential term,

H;(Q;) = — Ej(Jm; + 1) (m;| + h.c.) . (2.75)

Ho = Z 23;“ + Fo(@) . (2.76)
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20 2. Array models and the zero-dimensional limit

Coming back to the remark on introducing the additional degree of freedom m1, we can now
see what would happen if we do not take into account the fact that Josephson junction
arrays are open quantum systems. In that case the field my of the first island is not
an independent degree of freedom. The Hamiltonian H™ ({Q}) does not contain m;-
tunnelling terms and the single particle Hamiltonian of the first site is simply a quasi-charge
dependent energy term with constant m1,

(2em;1 — Q1)° _

2.77
20, (2.77)

Hi(Q1) = Eo(Q1) =
The parabolic potential Eb(Ql) in Hg diverges as the absolute quasi-charge on the first
site goes to infinity |@Q1] — oo. It prevents DC charge transport through the array.The
effective quasi-charge model of a closed Josephson junction array correctly predicts that no
long term current can flow through an array without Cooper-pairs tunnelling between the
array and the leads. Currents can only flow in the array to redistribute charge internally
to compensate external perturbations.

The Born-Oppenheimer approximation is exact in the full adiabatic limit of a vanishing
quasi-charge velocity,

0
Q _ )
v = —atQZ —0. (2.78)

Whenever UZQ is finite one can consider corrections to the adiabatic assumption. In the

Josephson junction arrays these corrections give an inductive term in the effective quasi-

charge model 12],

Lo=), %LB(Qi + 1) (0:Q:)* — (Q%c%“) —Eo(Qi+2e Fy)+(V+U)Q1—UQn+1
Z (2.79)
. 2
HQ:ZM(¢5)2+W+EQ(@+% F)—(V+U)Q1+UQn+1 ,
z (2.80)

where Lp(Q) is the quasi-charge dependent Bloch inductance . The detailed derivation
of the Bloch inductance from time dependent perturbation theory and a discussion of the
valid parameter space can be found in Refs.[35] [12].

To give a short summary of the mechanism behind the appearance of the Bloch inductance
let us consider the degeneracy point of two parabolas m = 0 and m = 1 in Figl2.10
Neglecting the other |m)-states, scanning through the degeneracy point with a constant
v@ is equivalent to the Landau-Zener problem 44 [45]. We assume the system is
in the lower band at infinite negative times tg = —oo and ) = —oo and @ grows with the
constant velocity v? until, at ¢t; = 0, the point of minimal level splitting between lower and
upper band is reached. The velocity v is kept constant so that the system moves away
from the degeneracy point. The probability that the finite velocity leads to a transition
from lower to upper band in the infinite time limit ¢ — oo is given by 42],

P,

2 2e
Pre 278 Cl (2.81)

If the velocity is small enough the system will still be in the ground-state in the infinite
time limit and no transition occurs.

During the time-evolution of the system state,

[¥(8) = a(t) |m = 0) + B(t) m = 1), (2.82)
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2.2. The Josephson junction array 21
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Figure 2.10: The degeneracy between the charging energies of the states |m = 0) and
|m = 1) (plotted in black) at @ = e is lifted by the Josephson coupling energy
E;. Here we only plot two of the m-bands for simplicity. Moving the quasi-
charge through the degeneracy point with a finite velocity v< leads to a mixing
between the upper |1) and lower band |]) in the vicinity of @ = e . Even when
no transition to the upper band occurs in the infinite time limit at @ — oo,
the mixing around the degeneracy point incurs an energy cost.

the finite velocity of the classical parameter Q(t) leads nonetheless to a mixing pi,,; with
the upper band state,

The mixing with the upper band state increases with increasing velocity and decreasing
energy difference between the bands. As the energy difference depends on the value of the
quasi-charge ) so does the mixing p,,;z.

The mixing with the higher energy eigenstates of H;(Q) carries an energy cost and leads to
an additional inductive term in the Hamiltonian of the effective quasi-charge model Eq{2.80)
[12]. The Bloch inductance is peaked around the avoided level crossings, Q; = e+n 2e,
where the level splitting is minimal. The peak Bloch inductance is large enough to slow
down the time evolution of the quasi-charge sufficiently to justify the Born-Oppenheimer
approximation [12]. One can argue that the large value of Lp(Q) makes the adiabatic
assumption self-consistent.

The self-consistency arguments presented here are more qualitative arguments than exact
quantitative mathematical statements. With the help of depinning-theory we will give
an estimated range of validity for the self-consistency argument in the following chapter,

Chl3l

Equations of motion

The physical behaviour of the Josephson junction arrays is often directly obtained from
the equations of motion of the quasi-charge [3] 12]. The equations of motion following

21



22 2. Array models and the zero-dimensional limit

from the Lagrangian Lo (Eql2.79) are given by,

vt 4 2901 Qéol “ O Ly (Qi+2e ) =0, (2.84)
for the bulk,
v 4 ngﬁQ +Vo(@Q)=V+U, (2.85)
for the leftmost island and,
VJ%Z + QN_CE)NH + Vo (Qnt1+2e Fyy) =-U, (2.86)

for the rightmost island. We used the shorthand notation,

VW = Lp(Qi + 2¢ Fy) Qi + ;@LB(Qi +2e ;) Q7F . (2.87)

The function V(@) is the quasi-charge derivative of the effective potential Eq(Q),

Vo(Q+2e F)=——~FEg(Q+2¢F). (2.88)

0
oQ
From our previous discussion of the form of Eq(Q) (Fig{2.4) we know that, in the E; > E¢
limit, V(@) is sinusoidal. In the opposite limit, F; < E¢, it approaches the shape of a
saw function. As the potential Eg(Q), the voltage function V(Q) is 2e-periodic in the
quasi-charge. The limits of the amplitude V" of V(Q) are given by,

Vot = Vi — i Vi , 2.89
@ ngﬁife]( 2(Q)) Qé?lﬂ,e]( 2(Q)) (2.89)
w1 E
I:Ec for £L —0
mazx ed Ec . 2.
Vot — { 0 for % oo (2.90)

A sample of V(Q) for different ratios of E;/E¢ is plotted in Figl2.11]

The equations of motion Eq2.84] Eq[2.85] and Eql2.86/ can be simplified by replacing the
@-dependent Bloch inductance with a constant inductance, Lp(Q) — L, when modelling

of the onset of transport. In the insulating regime the quasi-charge velocity is zero and
the inductive term in the Hamiltonian gives no energy-contribution. Once the transport
threshold set by the potential Eq(Q) is overcome, the inductance determines the time-scale
of the acceleration of the charge transport. To find the value of the threshold the exact
value of Lp(Q) is not important and we can use the simplified version of the equations of
motion,

2Q; — Qi1 — Qin1

LQi + . + Vo (Qi+2e F) =0, (2.91)
0
LQ1+%+VQ Q) =V+U, (2.92)
0
- QN — QNt1 B
LQN+1 + 0 + Vo (@N+1+2e Fyy) = -U (2.93)
and the simplified Hamiltonian,
1 2 (Qi — Qiv1)?
HQ:;M(@ZL) +T+EQ(Q1')_(V+U)Q1+UQN—H- (2.94)
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Figure 2.11: A sample of quasi-charge dependent voltage functions Vg(Q) obtained from
the diagonalisation of the Q-dependent Hamiltonian Eq[2.75. Decreasing the
ratio between Josephson coupling energy and charging energy g—é changes the
form of the function from a sine to a saw-shape and increases the amplitude
of the periodic function.

We will use these simplified equations of motion in the next chapter Chl3| to study the
switching voltage in the IV-curve of Josephson junction arrays.

We finally see why the effective quasi-charge model can also be referred to as the sine-
Gordon-like model. When taking the continuum limit of the equation of motion Eq[2.91]
the coupling term between the quasi-charges on neighbouring sites takes the form of a
second spatial derivative [3],

2

L (@.1) + (;06‘12@ (2,4) + Vi (Q(, 1) + 2¢ F()) = 0, (2.95)

and the equations of motion for the terminating islands Eq and Eq take the form
of boundary conditions [3],

700 —a%Q(x,t) . =V + U y
1 0

- =-U. 2.
G5 Q| =-U (2.96)

The continuum limit is justified when the typical length scale of the problem is large A > 1
and the quasi-charge can be expected to be a smooth function over many array sites.

For E; > E¢, the continuum limit can be approximated by,

2
LO (x,1) + Clo(fﬁcg (z,) + gng sin (EQ (z,8) + 21 F (a:)) —0, (2.97)
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24 2. Array models and the zero-dimensional limit

the sine-Gordon-equation with disorder in the potential term. In the same limit, E; >
E¢, the simplified equation of motion Eq.2.91]is the discrete version of the sine-Gordon-
equation also known as Frenkel-Kontorova equation [46]. In the general case the voltage
Vo (@) is not sinusoidal but still 2e-periodic and bears a certain resemblance to a sine.
To introduce a short hand notation and to keep in mind that the resulting physics is

strongly connected to the exact sine-Gordon-model we call Eql2.91] Eql2.92] and Eq/2.93|
the sine-Gordon-like model.

2.2.3 The Josephson junction array with additional inductances

Many works on Josephson junction arrays in the past have used a different circuit model
of the array than it was used in the previous sections. It was assumed that in each array
segment a large inductance L follows each Josephson junction 24], see also
Fig2.12|for an array segment with an additional inductance. With inductances present in
the array, the Lagrangian of a bulk array segment takes the form,

1

1 N2 1 SN2 9 o
£i= 50 (#)" 4 500 (91) - g @0+ mreos (B0at) . 299)

where <I>iL is the phase dropping over the inductance in units of ®.

C q
! I I ¢ —— 2f;
L
X HO00™ ¢ 7000 —
EJ (I)ZL EJ
Co —__W1, Co —_—_ !

L

Figure 2.12: In the literature Josephson junction arrays with large in-
ductances L after each Josephson junction are often considered. The large
inductance introduces an additional degree of freedom, the phase-difference
®L over the inductance.

In the presence of inductances L the phase-drop over the inductance has to be considered
in Kirchhoff’s law Eq/2.41] and one obtains,

ol + L+l —yf =0 i€{2,...N}, (2.99)
as a sum rule for the phase differences in the bulk of the array. The boundary Lagrangians

are modified in the same way as for the array without inductances. The left Lagrangian
L1 is given by the bulk £; and the right loop Lagrangian,

1 . 2 1 2 2T
Lyl = §CJ (qﬁ?\,ﬂ) 37 (@kﬂ) + Ejcos <<I>0¢?V+1> , (2.100)

is missing the Cio—term. Kirchhoff’s law for the terminating loops is given by,

I+l 4l = (V+U) T,
N1+ K — ok =-U . (2.101)
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2.2. The Josephson junction array 25

As before we can define the fields m;, the quasi-frustration F; and the quasi-charge Q;,

i—1
mi=—Y n;, (2.102)
j=1
i—1
Fi=Y fi, (2.103)
j=1
i—1
Q= (a) +a - (2.104)
j=1

The quasi-charge ); is the canonical conjugate to the phase <I>Z-L dropping over the induc-
tances,

[®F, Q1] = idy, - (2.105)

Due to the additional independent degrees of freedom @iL, the quasi-charge is not in-
troduced by a Hubbard-Stratonovich transformation. In the presence of inductances the
introduction of the quasi-charge is essentially equivalent to a linear transformation [3], [24].

This does not only hold for large inductances L as we assume in this section but also for
arbitrarily small inductances. From the start the system has N +1 more degrees of freedom
than the array without inductances. The equations of charge neutrality and Kirchhoff’s
law eliminate 2N 41 independent degrees of freedom from the problem by expressing them
as functions of other variables. Without the <I)ZL introduced by the inductances L this is
sufficient to express all original continuous degrees ¢;, ¢/ 5t as functions of the Cooper pair
number n;. With the inductances two sets of independent variables remain, the discrete
n; and the continuous q;b. The quasi-charges @Q; and the m; are therefore independent
degrees of freedom.

Naturally the quasi-charge can be introduced in this way for the models that assume large
inductances as in Eq/2.98 and Fig[2.12l The argument is even valid for infinitesimal induc-
tances, L = Lj, ¢, as long as the @ZL are not exactly zero. A model without any inductances
in the Hamiltonian H Eq/2.47|relies on the assumption that the charge distribution on each
superconducting island is in equilibrium at all times. A change in the phase difference over
the capacitances connecting the island to its neighbours leads to an instantaneous redis-
tribution of charge between the capacitances C; and Cjy. This is of course not exactly
correct in the microscopic model of an array island. A shift in the density distribution of
the superconducting condensate takes a small but finite amount of time.

The delay in the response of the charge distribution to the applied voltage corresponds
to a non-vanishing inductance L;,; of the island. However the inductance L;,; can be
infinitesimal compared to all other parameters of the model. We also want to note that
the microscopic argument for the presence of an infinitesimal L;,s is only relevant as far
as one can write down the Hamiltonian H ({Q}) Eq[2.67] without invoking a Hubbard-
Stratonovich transformation. The number of required assumptions in the derivation of the
effective sine-Gordon model is only reduced in the presence of large inductances L.

Writing down the Hamiltonian in the quasi-charge representation,

. N1 9 <2€mi —2el; — Qz)Q <Qz - Qi+1>2
1 ({Q) = 3g5p (01 + 205 Mo

— By (jm; + 1) {my] + h.c.) | (2.106)

.
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26 2. Array models and the zero-dimensional limit

we see why the derivation of the effective quasi-charge model is more robust in the presence
of large inductances L. So far the slow rate of change of the quasi-charges has only been
postulated. The inductive energy term in the Hamiltonian has the form of a pseudo
mass term. Fast changes in the quasi-charge carry an additional energy cost that grows
linearly with L. A large inductance forces ); to change adiabatically, so that the Born-
Oppenheimer approximation is valid without resorting to the Bloch-inductance and self-
consistency arguments. The equations of motion of the quasi-charge can be obtained in
the same way as the equations of motion in the inductance-less case. In the equations of
motion, the pure Bloch inductance Lp(Q) has to be replaced by a combination Leyms(Q)
of the microscopic inductance L and the emergent inductance Lp(Q),

Lp(Q) = Leomb(Q) = L + Lp(Q) - (2.107)

We assume that the inductances L are large, L > Lp(Q), and obtain the simplified model,

Lcomb(Q) =L, (2108)
with,
s 2Qi — Qi1 — Q)
Lo, + 22 ch Q+1+VQ(Q1+2€F’¢):O, (2.109)
0
LQﬁ%JFVQ Q) =V+U, (2.110)
0
2 QN — QN+1 B
LQN+1+T+VQ (QN+1+26 FN+1) =-U ) (2-111)

and the effective quasi-charge Hamiltonian,

1 i — Qir1)”
HQZZi:QL(@iL)QWJrEQ(Qﬁ% F)—(V4U)Qi+UQn41 . (2112)

2.3 The quantum phase slip array

Although the Josephson junction array is the main topic of this work, we also want to
discuss the dual model to the Josephson junction array, the quantum phase slip array (QPS-
array). The QPS-array is in large parts governed by the same mathematical equations as
the Josephson junction array, except that the role of charge is exchanged with the role of
phase and the role of voltage is exchanged with the role of current.

A circuit of N + 1 quantum phase slip elements that is arranged in a ladder geometry
(Fig is dual to the Josephson junction array of IN superconducting islands. The
vertical connections in the array are the QPS-elements. They are characterized by the
inductance L,, and the phase slip energy E,. The phase difference over the i —th QPS-
element is ¢;. The horizontal elements are superconducting connections. In the upper rail
the connection has a kinetic inductance Ly and a vanishing quantum phase slip amplitude.
The upper rail corresponds to the capacitance to the ground in the Josephson junction
array. The phase differences over the inductances Ly in the upper rail is given by ;. The
lower rail has a vanishingly small inductance. Again all phase-differences are given in units
of ®y. A sketch of two loops of the ladder with all relevant phases is shown in Figl2.14|

The QPS-array is dual to our model of the Josephson junction array.

In the quantum phase slip ladder Kirchhoff’s law takes the form,

¢i + i — dit1 =20 (ni + fi) (2.113)
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2.3. The quantum phase slip array 27

ext
IN—I—l

Figure 2.13: A sketch of the quantum phase slip ladder. Each loop of the ladder con-
tains the horizontal inductance Ly and two vertical connections, the quantum
phase slip elements. The quantum phase slip elements are characterized by
an inductance L, and the phase slip energy E.

ext ext ext
I?' —1 I[ Ii+ 1

Figure 2.14: A segment of the QPS-ladder in Fig In each loop the sum over the
phases dropping over the QPS-elements ¢; and —¢; 1 and the phase v; over
the inductance Lg is equal to the total magnetic flux in the loop given by
the number of flux quanta n; and the external frustration f;. The sum over
the external bias current —I*!, the horizontal currents I Z’é ;and —1 Zw and the

current through the QPS-element If’ is zero according to Kirchoff’s circuit
laws.

where n; is the number of magnetic flux quanta ®¢ in the i-th loop of the array, as seen
in Figl2.14] Together with the magnetic frustration f; it gives the total magnetic flux
through the loop. The flux quanta in the loops play the same role as the excess Cooper
pairs on the superconducting islands of the Josephson junction array. A quantum phase
slip through the i-th QPS-element is a tunnelling event of one flux quantum from loop
17— 1 to loop 1.

Contrary to the disordered background charges in Josephson junction arrays we do not
expect a large number of disordered sources of magnetic flux in the background of the
QPS-arrays. The frustration f; can be assumed to be zero if no further external sources
of magnetic frustration are present. It is however very simple to produce a homogeneous
frustration by applying a magnetic field. The f; are simply given by the external magnetic
flux per loop divided by the flux quantum ®3. The homogeneous frustration corresponds to
the offset voltage U in the Josephson junction array model. Both set a chemical potential
or preferred filling factor for the Cooper pairs or flux quanta in the respective systems.
We will further discuss some consequences of externally controlled frustration at the end
of this chapter in Sec/2.5|
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28 2. Array models and the zero-dimensional limit

The second set of equations that reduces the number of independent degrees of freedom
in the quantum phase slip ladder is derived from the sum rule for the electric currents at
each intersection of superconducting wires. As the intersections can not be net sources of
charge the net current has to be zero,

> I=0. (2.114)

Considering the currents of the upper intersection between two loops in the bulk of the
array in Fig the sum of the two currents If through the inductances Lo and the

current through the QPS-element I,? has to be equal to the current I¢*" leaving the array,

_Iéphi —i—I;b_l _ I;b = Jevt (2.115)
—?+q" - =, (2.116)

where q;/’ and qf’ are the total charges that have passed through the i-th inductances Lg
and L, and Q¢ is the total charge that has left the array at intersection i,

S T R

2 A A A

(2.117)
Iet = gt (2.118)

The Q¢** provide the biasing of the QPS-array. The analogue to the boundary biasing in

the Josephson junction array is a situation where only Q¢** and Q?{fil are nNoONZzero.

Using Faraday’s law of induction,

) 1 .
9= _— ¢, 2.119
: Lps@ , ( )
) 1 .
I = i, (2.120)
0

we can express Kirchhoff’s law Eq/2.113|in terms of the flown charges,
Lyt + Lo — Lpsfsy = @0 (ni + fi) - (2.121)

The conditions connecting the flown charges to the discrete number of flux quanta are
dual to Kirchoff’s law and the charge neutrality condition Eq Eq and Eq in
Josephson junction arrays.

The Lagrangian for a bulk loop of the quantum phase slip ladder contains the inductive
energy of the phase differences over L,, and Lo and the cosine of the charge flown through
the QPS-element in the potential. It is given by,

1 $\2 1o )2 T
£ = g Lon (0F) + 50 (4) + Becos (o) (2.122)

Just as for the Josephson junction array, the Lagrangian of the right terminating loop and
the current sum rule Eql2.116| for both terminating loops have to be adjusted,

af +4f = Q"
a1 — 0 = Q% - (2.123)

This time the inductive term of the horizontal superconducting connections is missing from
the last Lagrangian as there are only N horizontal connections,

1 . 2 T
EIJ)\?—H = §Lps (qyir_u) + Es cos (gq%_H) ) (2.124)
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2.3. The quantum phase slip array 29

so that the total Lagrangian of the ladder is the sum,

Z L+ o (2.125)

From now on we can follow the same mathematical derivation as for the Josephson junction
arrays. We quickly present the results, all explanations and discussion from the Josephson
array derivation apply analogously under the exchange of the role of charge and phase as
well as capacitance and inductance. The quantum phase slip ladder Hamiltonian, Hp,, is
given by,

(2.126)

_ 2, T ¢ L 5
Hps = Z 2Lp5¢ (w’) — B cos (Eqi> oL,

As a function of the discrete numbers n; of flux quanta ®¢ in the loops, the Hamiltonian
takes the form,

Hps:Z;((pO(nri-fi)-FQfﬁ)( ;1) (@o(n]+f] —i—Qemt ZE cos( ) ,
J (2.127)

with,

7r
cos (gqj’> = Z (Inig1 + 1,n — 1) (nia, 4| + [niv1 — 1,15 + 1) (i1, | + hee.)
i

(2.128)

where L,, is the inductance matrix that has the same function as the capacitance matrix
Cy, in the Josephson junction array,

(Lin)ij = (2Lps + Lo) bij — LpsOij—1 = Lpsdijt1 - (2.129)

The relevant energy scale of the interaction between two flux quanta in different loops is
determined by the magnetic energy E7,

Ej, = (2.130)

2L

The length scale A is now the square root of the ratio of the two inductances of the array,

Ly

A= .
Lo

(2.131)

Instead of a quasi-charge ); we define a quasi-phase ®;, along with the fields m; and the
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30 2. Array models and the zero-dimensional limit

quasi-frustration Fj,

1—1
mi=—Y n;j i>1, (2.132)
j=1
ng =m; — Mmi41 , (2-133)
i—1
Fi=)f i>0, (2.134)
j=1
i—1
o= (V) +on, (2.135)
j=1
1—1 i—1
¢i = Z(T/)j+‘1)0 fj)+q)ozni+¢1 (2.136)
j=1 j=1
= ®; + Dy F; — Dom; | (2.137)
Vi =Pip1 — 9. (2.138)

By using either a Hubbard-Stratonovich transformation or by including infinitesimal ca-
pacitances Cjy, s parallel to the QPS-element, the quasi-phases ®; are introduced into the
QPS-ladder Hamiltonian and the m; from different loops of the ladder are decoupled. As
for the infinitesimal inductances L;,s in the Josephson junction array, we want to note
that the presence of capacitances Cj,y is realistic from a microscopic point of view. The
horizontal superconducting connections in the upper and lower rail with inductance Lg
are superconducting wires with a finite length in real space. In principle a geometric ca-
pacitance exists between the upper and lower rail, it will however be small compared to
the other parameters of the array.

Finally we arrive at the dual Hamiltonian to the quasi-charge Hamiltonian H ({Q}) Eq
of the Josephson junction array,

N 2 2
(Pom; — PoFy — @) (P — Pig1) ¢ T ¢
H d)) = Q,Q5"" — FE (— ) .
ps ({ }) ZZ; 2Lps + 2L0 + le s COS GQZ

(2.139)

2.3.1 The quasi-phase model

Due to the duality of the models we can map everything we did to obtain an effective
model of the Josephson junction chain to the quantum phase slip ladder. An effective
quasi-phase model for a single QPS-element in a superconducting ring was developed in
Ref.[28]. As the ladder-model in the Born-Oppenheimer approximation separates into N
independent Hamiltonians the derivation of the effective potential in Ref.[28] is also valid
for a QPS-ladder. We will quickly give the most important steps in the derivation of the
quasi-phase model of the ladder for later reference.

Taking the quasi-phases ®; to change adiabatically compared to the phase slip rate Fj,
we can regard {®;} as a set of classical parameters of the quantum phase slip ladder
Hamiltonian H,s ({®}). Like the Josephson junction array Hamiltonian, it separates into
N + 1 single particle Hamiltonians,

(Dorin; — B Fy — ;)
2L,

HP(®;) = — Ey(Jmi + 1) (m;| + hc.) | (2.140)
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2.3. The quantum phase slip array 31

where the phase-slip inductance Ly takes the place of the Josephson junction capacitance
C; and the phase slip energy F, the place of the Josephson energy E;. An effective
potential for the quasi-phase is obtained from the ground-state energy of H*(®;),

(Borin — )°

Ea(®) = (gs|
ps

— B, (jm+1) (m| + h.c.) |gs.) . (2.141)

Again higher order corrections to the Born-Oppenheimer approximation in the finite ve-
locity of the quasi-phase give an additional term in the Lagrangian. As inductance and
capacitance are dual one obtains an effective capacitance Ces¢(®) instead of a Bloch in-
ductance,

1 Dy — D)
Lo=)_ 5 Cers(®i+ ®oF) (0:®:)* — (@i = ®i1)” QLOZ“) — Eg (®; + ®oF) + I'®; | (2.142)
[
1 2 O, — P;q)?
0= 5 sy @) MG B0t ) <1, 149
e (2 7

7

where Q® is the canonical conjugate of the quasi-phase ®;. The equations of motion of
the bulk are given by,

hm 20, — D1 — D4y

: 7 + Ip (®; + FP) = I (2.144)
0

with the short-hand notation,

LV = Copp (®i + ) &; + ai,ceff (@i + F) 97, (2.145)

F? = ®yF; . (2.146)

For the left and right terminating loops one obtains,

; 0 N2 P —D
Cerr (P1) 1+ 73, Ceft (®1) (<I>1) + % + Ip (®1) = IT*" (2.147)
1 0
and,
dyn Oy — (I)NJrl d ext
INt1t I, Io (Qn+1 + Fy i) = IV - (2.148)
We defined the function Ig,
0
I (P+ Dy F) = 8—¢E¢(¢> + @y F) (2.149)
1
= (g.s.| 17 (Pom— P — Dy F)lgs.)
DS
1 6
=(7 bi = <]i > , (2.150)
ps g.s. g.s.

that gives the expectation value of the current Ifs flowing through the i-th QPS-element.
Note that biasing terms I¢** appear in all equations. We have not restricted ourselves to
a purely boundary biased situation as in the Josephson junction chain.
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32 2. Array models and the zero-dimensional limit
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Figure 2.15: The sketch of a segment of a QPS-ladder in which the QPS-elements are
shunted by large capacitances C'. The model is dual to the Josephson junc-
tion array with large inductances (Fig[2.12). The capacitances introduce an
additional degree of freedom, the charge qu on the capacitance.

2.3.2 The quantum phase slip array with additional capacitances

In the duality between quantum phase slip circuits and Josephson junction circuits the role
of inductance and capacitance is exchanged. The dual model to a Josephson junction array
with large inductances in Sec[2.2.3is a quantum phase slip ladder with a large capacitance
C parallel to each quantum phase slip element. This model is shown in Fig[2.15

In the QPS-ladder with large capacitances, the current sum rule is extended to include
the charge qZ-C on the capacitance C,

—’ +al, —al +af = Qi (2.151)

and all Lagrangians acquire a capacitative charging term,

1 D21 o\2 1 2 T
£re = §Lp8 (Qf’) + §L0 (qf) ~ 50 (qzc) + E cos <gqu> . (2.152)

The derivation of the effective quasi-phase model is equivalent to the derivation of the
effective quasi-charge model in the presence of large inductances in Sec[2.2.3l The quasi-
phase ®; is not introduced as an additional degree of freedom by a Hubbard-Stratonovich
transformation. It is the canonical conjugate of the independent degree of freedom qic . The
adiabaticity of the quasi-phase used in the Born-Oppenheimer approximation is guaranteed
by the large capacitances C.

In the presence of capacitances much larger than the effective capacitance, C' > Ces¢ (®),
the time-evolution of the QPS-ladder is given by,

20, —®; 1 — Py

Cd; + 7 +Ig (B; + @ Fy) = I, (2.153)
0
- P -9
Co, + 710 2+ Ie (Q1) = If™ (2.154)
0
) Oy —
COnt1 + % + I3 (Qnt1+ Do Fni1) = I - (2.155)

The equations of motion are dual to those of a Josephson junction array with large induc-
tances L under the exchange of charge and phase as well as capacitance and inductance.
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Figure 2.16: A sketch of the linear quantum phase slip chain. The quantum phase slip
chain corresponds to a Josephson junction array (Fig. where all Joseph-
son junctions have been replaced by QPS-elements with phase slip energy F,
and inductance Ly.
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Figure 2.17: A sketch of the Josephson junction ladder. The Josephson junction ladder
corresponds to a quantum phase slip ladder (Fig. where all quantum
phase slip elements have been replaced by Josephson junction with capaci-
tance C; and Josephson coupling energy Fj.

2.4 Additional array models

Due to the approximate equivalences between Josephson junctions and QPS-elements dis-
cussed in Secl2.1] it can be possible to exchange Josephson junctions and QPS-elements
in superconducting circuits without changing the low frequency behaviour. With this in
mind we define two additional array models, the linear quantum phase slip chain (Fig
and the Josephson junction ladder (Fig. The linear QPS-chain is a linear chain of
superconducting islands with capacitive coupling to the ground, just as in the Josephson
junction array. Instead of Josephson junctions the islands are connected by QPS-elements
with inductance L, and phase-slip energy I, . In the Josephson junction ladder the ver-
tical QPS-elements from a quantum phase slip ladder (Fig are replaced by Joseph-
son junctions. The Josephson junction ladder is the discrete version of a long Joseph-
son junction array. It has been studied theoretically and experimentally in great detail

[10, (47, [48] 49} [50} 20} [51].

Using the definitions for quasi-charge @);, quasi-phase ®; and quasi-frustration from the
Josephson junction array model Sec[2.2| and the QPS-ladder Secl2.3| the two new arrays
have the Hamiltonians of discrete sine-Gordon models. The Hamiltonian of the linear
QPS-chain is given by,

_ 1o (Qi—Qin)? T '
Hps-chaln = Z 2Lps (Cbz) + 2Co + E cos (eQZ + 27 E) — (V + U) Q1 +UQN+1,

(2

(2.156)

where ¢; is the phase difference over the i-th QPS-element. The phase ¢; and the quasi-
charge @); are canonical conjugates. The Hamiltonian of the Josephson junction ladder is
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34 2. Array models and the zero-dimensional limit
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Figure 2.18: A schematic picture of the duality relation between Josephson junction array,
QPS-ladder, QPS-chains and Josephson junction ladders. It follows from the
duality of Josephson junctions and QPS-elements that in the upper and lower
pair the ladder and the chain model are dual to each other. The effective
quasi-phase model of a Josephson junction array in the adiabatic limit is ap-
proximately equivalent to the QPS-chain. The effective quasi-phase-model of
the QPS-ladder in the adiabatic limit is equivalent to the Josephson junction
ladder.

given by,

1 2 (P, — P.iq)?
HJJ-ladder = Z E (qf) + (ZQLOZ—H) + EJ COs (Q)Z + ‘I)(]FZ> — Iiext@i s (2157)

i

where qu’ is the charge on the Josephson junction capacitance C;. Again the quasi-phase

X2
®; and the charge q? are canonical conjugates. These sine-Gordon Hamiltonians are not

effective models, they contain all original degrees of freedom and are valid at all frequencies.

The picture (Fig describing the relation between the four types of arrays emerges.
The Josephson junction array and the QPS-ladder form a dual pair of array models. The
other dual pair of array models consists of the linear QPS-chain and the Josephson junction
ladder. Furthermore, in parameter regimes where the Born-Oppenheimer approximation
can be applied to the first pair of arrays, the resulting quasi-charge Eql2.80 and quasi-
phase Eq[2.143| models are approximately equivalent to the models of the second pair of
arrays.

The main differences between the models are the quasi-charge dependence of the Bloch
inductance Lp(Q) and the quasi-phase dependence of the effective capacitance Ceyf(®)
and a different shape of the periodic effective potentials Eg(Q) and E¢(P) from the exact
cosine of Hps—chain and Hjjladder-

The conceptual duality between the four arrays is not necessarily reflected in experimental
implementations of the arrays. The discrete number of flux quanta per array loop in
the QPS-ladder (or Josephson junction ladder) is the dual variable to the number of
Cooper pairs in the Josephson junction array (or linear QPS-array). In principle each
superconducting island of the linear chains has an additional discrete degree of freedom,
the number of quasi-particles with charge e excited from the BCS-condensate. There is no
flux-degree of freedom in the ladder-arrays that is dual to the quasi-particle number. The
properties of ladder-arrays and linear chain arrays are only dual as long as the influence
of quasi-particles in the chains can be neglected.

The expected distribution of the frustration f; per array side is also different for arrays of
superconducting islands and ladder arrays. On the superconducting islands background
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2.5. The zero-dimensional limit 35

charges are present and the f; have a stochastic distribution. It would be experimen-
tally hard to gate every superconducting island in the array to control f; by an externally
applied voltage. We do not expect background fluxes in the loops of the ladder array. The
bare frustration is zero f; = 0. It is however easy to apply an external magnetic field to
apply a uniform frustration to all array loops f; = f. While this limits the use of duality in
transferring theoretical and experimental results between dual arrays, it also means that
one can explore a larger parameter space of the sine-Gordon-like models using both dual
arrays.

There are certain types of experiments that could only be done in one of the four closely
connected arrays as not all parameters of the superconducting elements can be controlled
equally well. It is for example possible to externally control the Josephson coupling energy
in the Josephson junction array by replacing the Josephson junctions with superconducting
interference devices (SQUIDs). Each SQUID forms an effective Josephson junction with
an Fj that is controlled by an external magnetic flux.

The quantum-phase slip energy F, in the dual QPS-ladder on the other hand can not be
controlled during the experiment but is set during device fabrication. The changing E;
results in changes in the amplitude and form of the effective quasi-charge potential.

In the linear QPS-chain the amplitude of the cosine is given by E and can not be con-
trolled.

In the Josephson junction ladder the amplitude is the Josephson coupling energy and could
be controlled by using a SQUID. However applying an external magnetic field to change
Ej would also change the magnetic frustration in the loops of the ladder. In the Josephson
junction ladder it is impossible to control E; independently from the frustration.

2.5 The zero-dimensional limit

In this section we discuss the zero-dimensional limit of the Josephson junction and quantum
phase-slip arrays. This limit A > N reduces the complexity of the problem significantly.
The zero-dimensional limit shows the most interesting features for specific configurations
of frustration f; other than a random distribution. In the Josephson junction arrays
disordered background charges will be present and a specific ordered distribution f;
can not be obtained. Therefore we will discuss the zero-dimensional limit of the quantum
phase-slip ladder. In the QPS-ladder a homogeneous disorder configuration f; = f can
be easily obtained in experiments by applying an external magnetic field. The situation
is very similar to the well studied case of a Josephson junction ladder 20].
We mainly want to show the effect of the non-cosine-shaped effective potential.

We start from the effective quasi-phase model of the QPS-ladder Eq/2.142| derived in
Sec[2:3.1]

(D — Dip1)?

— Eg (®; + ®oF;) + IF™'®; . (2.158)
2Lg

1
Lo=) 5Cers(®i+ @ F) (8:®;)? —

In the limit A > N the inductive energy scale of the horizontal inductances Lo in the
QPS-ladder is much larger than the upper limit of the potential energy of the whole array,

3

Erg=— = AQEL > N? max (E.:p(q))) . (2159)
2L0 (]
The energy contribution of the inter-site coupling,
1
Ecoupling = 57 ((I)l - (I)i+1)2 5 (2160)
2Lg
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dominates the Lagrangian and is minimized by a flat quasi-phase distribution along the
array ®; ~ ®;,1. In the limit of infinite A, the differences between quasi-phases vanish,

%—)OO = (I)i—q)j—>0 Vi,je{l...N}. (2.161)
We use this limit and substitute the quasi-phase distribution {®;} with a single quasi-phase
®. The quantum phase slip ladder looses all information about the spatial distribution
of the quasi-phase and acts as a zero-dimensional system. This is also referred to as the
lumped element approach. It has been used in Refs.[52] [4] as an approximate model of
Josephson junction arrays. The zero-dimensional model is given by,

1 -\ 2 exr
Lo = §C§ff(<1>) (<I>) — E5 (@) + I*'® (2.162)
CH(®) =) Ceps(D+ BoF) (2.163)
EL(®) =) Ee(®+ ®F,) (2.164)
17t =N It (2.165)

where C% (®) is the total capacitance of the QPS-ladder, E%(®) is the total potential and
I¢%! is the total applied bias current. The equations of motion of the quasi-phase also
reduce to a single equation,

. N2 .
szf (@)@ + %Céff (@) (‘I’) + 15 (@) = 1", (2.166)

with the total quasi-phase dependent current % through all QPS-elements of the ladder,

_9
- 00
= Ip(D+ BF,) . (2.167)

Iy () Eg(®)

We are now going to discuss the signature of a lumped QPS-ladder in an experimental
setup where the ladder is biased by an DC-current and the voltage-response is measured.

Considering the DC case, we note that the equation of motion Eql2.166|is very similar to
the equation that describes the time-evolution of the phase-difference ¢? of a current-biased
ideal Josephson junction in the quasi-classical limit [10],

. 92
C4 + I sin <;¢q> = [evt (2.168)
0

with the critical current I.. Here we have ignored all environmental couplings, including
to the quasi-particles in the superconductors, that would lead to a dissipative term in the
equation of motion. The equation of motion is only a valid description as long as the
absolute value of I°*! is small enough that the phase ¢? is confined to one of the potential
wells of the cosine potential. In the running regime, where ¢¢ can escape the minima of
the potential due to external driving, the time-evolution of the phase is determined by the
dissipation. The same is true for the QPS-ladder. We have not included dissipation in our
model of quantum phase slip ladder.

The signature of a Josephson junction and a lumped QPS-ladder in the DC experiment is
the same. Just as for the standard Josephson junction [10], the solution of the equations
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of motion is static ® = ¢¢ = 0 for a small current-bias,
Iy (@) = 1"

2
I.sin <¢”¢Q> = Jeat (2.169)
0

The system transitions to the running regime P = 0, when the static relations Eq/2.169
have no solution and the bias current 1¢** exceeds the critical current ICQPS,

I9PS — max (I5(®)) . (2.170)

In an experiment the critical current is determined by the measured voltage response. In
the static phase regime, the external current passes through the QPS-ladder without a
voltage response and in the running phase a voltage-drop across the QPS-ladder develops

:

One signature of the effective quasi-phase model that can be checked experimentally is the
dependence of the critical current on the length of the ladder. When no external magnetic
field is applied and the frustration is zero, f; = F; = 0, we call the system a clean QPS-
ladder. In the clean case, the sum over the frustration configuration in the definition of
the function I} Eq does not alter the functional form but gives an (IV 4 1)-prefactor,

IL (@) = N I (@) (2.171)
I9PS = (N + 1) max (Io(®)) - (2.172)

In the frustration-free case, one can expect the critical current to grow linearly with the
size of the lumped QPS-ladder, as long as N < A. The linear scaling of ICQPS with the
number of QPS-connections in the ladder may seem to be a trivial result but we will later
see (Sec/3.3.1) that we do not find linear scaling in the clean case for A < N.

A better test of the quasi-phase model would be to experimentally check the predictions
for the effective potential Eg(®) or the current I (®). By measuring the critical current
in the clean case, one can determine the maximum of I. The quasi-phase model predicts
that the amplitude of I decreases with increasing ratio of phase-slip energy and inductive
energy, Fs/Fy. This could be measured with a set of experimental samples with different
parameters.

With the help of the externally tunable frustration one can also obtain some information
about the functional form of I (®). The form of I changes smoothly from a saw-function
in the limit Es/Er — 0 to a cosine-shape in the case E;/Er 2 1. Applying an external
magnetic field leads to a homogeneous frustration in every loop of the QPS-ladder, f; = f
and the quasi-frustration grows linearly F; = Z;;ll fi oc . In this case, taking the sum in
the definition of the function I}y corresponds to averaging over N instances of a periodic
function, each one shifted by the same amount ®q f with respect to the previous one. The
shift leads to a partial cancellation of maxima and minima of the single I (P + ®oF;) and
a reduction in the amplitude of Ié) compared to the clean case. As the number of QPS-
elements in the QPS-array is finite and I3(®) is ®g-periodic, the effect of the externally
applied frustration is periodic,

Iy (®) Iy (®)

(2.173)

fi=0 - fi=1 "

The effect of frustration is illustrated in Figl2.19|
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Figure 2.19: In a QPS-ladder with two loops N = 2 and a frustration of f = %, the function

Ifb‘ffl is a sum of the three shifted periodic functions I (®), Ie(® + §®o)
G

and Ip(P + %@0). Compared to the frustration free function Ifb’f:o the
amplitude is reduced. The QPS-ladder is in the regime F; = 10E, > Ef, and

the function Iy (®P) is approximately sinusoidal.

We first take the large E limit, where Iy is sinusoidal. With the help of a sum rule for
the sine we find for a homogeneous frustration,

N
2
o (®) =S I"sin <(I)7;<I> +2r f) (2.174)
=0

sin (27‘(%']?) sin (%Cb +N=m f)
=J"

c

: (2.175)

sinm f

where I} is the critical current of the effective quasi-phase potential of one QPS-element.
This behaviour is known from Josephson junction ladders 48]. At the special values
of the frustration,

1
(N+1)

fmin = n ne{l,2,...,N} , (2.176)
the function I% (®) is exactly zero for all quasi-phases. In this case the critical current

of the QPS-ladder is zero ICQPS = (0 and no super-current can flow across the quantum
phase slip ladder (see also Figl2.20| for the case of N = 1). The mechanism is completely
analogous the suppression of super-current through a SQUID.

In the opposite limit E; < Er, due to the saw-form of Is(®) a finite number of shifted
functions, Iy (® + ®oF;), can never average to a constant I% (®) and the critical current at
the special values of the external frustration is not exactly zero but strongly suppressed.
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Figure 2.20: We plot the quasi-phase dependent functions I of a QPS-ladder with one
loop N = 1 in the regime F;, = 10E; > FEr. For a frustration of f = %
the two shifted periodic functions Io(®) and Io(® + 3Po) compensate each

other and the function I}%‘ P is zero for all quasi-phases. A magnetic flux

of half a flux-quantum ® in th2€ loop reduces the critical current to zero. The
situation is analogue to the suppression of the super-current in a SQUID. The

total current-function with no frustration pr‘ Fi=0 is plotted for comparison.

This is shown for N + 1 = 2 in Figl2.21l The value of the critical current in the local
minima increases with decreasing Fs/E7 as the function I (®) becomes more saw-like.

Away from the special frustration fy.;n, the critical current is never completely suppressed
in a finite ladder for arbitrary ratios Eg/Er. The critical current as a function of the
frustration is shown in Figl2.22al and Figl2.22b| for the limiting cases of E; 2 Ej and
E; < Er. With growing N the critical current develops more and deeper local minima.
The more periodic functions are summed over, the more the amplitude of the total function
in the frustrated case is suppressed compared to the amplitude in the frustration free case.

The special frustration values f,;, correspond to the minima in the Fraunhofer pattern
that is found in the critical current of a Josephson junction in a magnetic field [53]. The
Josephson junction corresponds to the continuum limit of the QPS-ladder array 1 < N <
A. The sum in the definition of the function I} becomes an integral over the length
of the Josephson junction perpendicular to the magnetic field that provides the external
frustration[53],

L
I (D) :/0 dz I sin (® + ®o f(z)) , (2.177)

where f(x) is a frustration density. The integral vanishes for all ® when the total flux
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Figure 2.21: We plot the quasi-phase dependent functions I of a QPS-ladder with one
loop N = 1 in the regime E; = 0.1 F;, < Ep, are plotted. As the shifted
functions I (®) and I5(P + @0%) are approximately saw-shaped, the function

Ifb‘ fi=1 for a frustration of f = % is not exactly zero.

through the Josephson junction area is equal to half a flux-quantum,

L 1
ft :/0 def(z) = 3" (2.178)

The integral over the frustration density leads to a Fraunhofer pattern in the dependence
of the critical current on the total frustration f; [53].

In realistic models one has to include variations in the phase-slip energy of the QPS-
elements. In Figl2.23| we show the influence of the variation in Eg for the formation of
the pseudo Fraunhofer pattern. The disorder inhibits destructive interference between
the single functions I (®) and increases Ié at the minima. In the case of constructive
interference the values of the maxima of I% are also increased. The disorder includes
deviations to smaller Fg for which the maxima of the individual functions Ig(®) are
larger. The disorder shifts the whole pattern upwards, but the main minima and maxima
can still be distinguished. The same effect of disorder has been found in Josephson junction
ladders with non-uniform Josephson junctions [48].

Experimental evidence for the validity of the effective quasi-phase model of the quantum
phase slip ladder could be provided by finding pseudo Fraunhofer patterns (Fig and
Fig[2.22b)) for different array lengths N in the experimentally measured dependence of the
critical current on an external magnetic field.
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(a) The critical current IF% in the limit of large F,, E, = 10 E;, > Er, where the function I3

has a cosine shape. The critical current follows the discrete version of a Fraunhofer pattern.

The critical current is zero when the frustration is an integer multiple of ﬁ
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(b) The critical current in the limit of small E;, E; = 0.1 E, < Fp, where the function I¢
has a saw-shape. The critical current follows a pseudo Fraunhofer pattern. Contrary to the
sinusoidal case E; > Ep, (Fig the critical current is not exactly zero at integer multiples
of ﬁ, but has local minima at these points. The depth of the local minima increases with
array-length N.

Figure 2.22: The critical current ICQPS over the homogeneous frustration f; = f provided

by an external magnetic field. The function is plotted for the array lengths:
N =2 (black), N = 3 (blue) and N = 8 (red).
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Figure 2.23: The pseudo-Fraunhofer pattern for different disorder strengths in the phase
slip energy Eg (no disorder: black line, 5% disorder: blue line, 20% disorder:
red line), for a N = 10 site array with average phase slip energy Eg = %EL.
The main effect of disorder is to shift the pseudo-Fraunhofer pattern upwards.
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3. Charge pinning and the switching
voltage

In this chapter we study the transition of Josephson junction arrays from the insulating to
the transport regime driven by an applied bias voltage. We do not consider the transition
in the opposite direction and the hysteresis in the IV curves that has been observed in
experiments [52]. It will be shown that the dependence of the switching voltage of the
transition can be obtained from depinning theory. In the broadest sense, depinning theory
describes the onset of transport of elastic objects that are pinned by a random potential.
It applies to many different physical systems, for example flux line lattices in type II
superconductors and charge density waves [56]. The connection between the onset
of transport in Josephson junction arrays and pinning of charge density waves (CDW) was
first pointed out by Gurarie and Tsvelik in Ref.[17].

We start with a short introduction to basic depinning theory and its connection to the
effective quasi-charge model of Josephson junction arrays. We then present numerical sim-
ulations of the switching voltage in the sine-Gordon-like model for three different disorder
models. In the end we show that the experimentally observed dependence of the switching
voltage on the Josephson energy can be obtained from the sine-Gordon-like model together
with depinning theory. Parts of the results of the first section and the results of the last
section have been published in Ref.[39].

3.1 Basics of depinning theory

In this section we introduce the aspects of depinning theory required to understand the
depinning of the quasi-charge in Josephson junction arrays. A detailed discussion of depin-
ning theory in general would by far exceed the scope of this work. The interested reader
can find a detailed review of depinning theory in Ref.[16]. The general Hamiltonian of a
pinned one-dimensional system is given by,

Hap = [ dos (0:00)7 +ulQla).) + Q) (3.1

where Q(x) is the pinned field. Here @) is a dimensionless quantity. The elastic energy of
the field Q(x) is determined by the elastic constant Cil The elastic field is pinned by the
random pinning potential u [Q(x), 2] and driven by the homogeneous driving force fg.

In the pinned regime the applied force fy,. is not strong enough to overcome the potential
barrier imposed on the elastic object Q(z) by the random pinning potential u [Q(x), z].
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44 3. Charge pinning and the switching voltage

The pinned regime

We first consider the case where no driving is applied, fg- = 0. The form of the elastic
object is determined by a competition between the elastic term and the pinning term in
Hgep. In the limit of vanishing stiffness the elastic field Q(x) settles in one of the local
minima of the pinning potential,

1
c, 0, (3.2)
Q(z) = Qmin(z) , (3.3)
dqu [Q(x)’:B”Q(x)szm(a:) =0. (3.4)

The opposite limit is the limit of vanishing pinning potential, u[Q(z),z] — 0. In this
limit only the elastic energy term remains. In a static state where we have no vibrational
excitations, all deformations of the elastic object go to zero,

Qr) —» Q. (3.5)

Between the two limits one finds a crossover in the behaviour of (). On small length-scales,
where the elastic energy term dominates, Q(x) is approximately constant. The field Q(x)
changes on large length-scales where the pinning potential dominates. The two regimes
are separated by the length L,. It was first determined by Larkin for a flux line lattice
in type II superconductors [55]. The length L, goes by many names depending on the
physical systems that are pinned. In type II superconductors it is called Larkin length, in
ferromagnets with domain boundaries Imry-Ma length and for charge density waves it
is called Fukuyama-Lee length [56]. In this work we use the term Larkin length. In type II
superconductors Larkin found L, by minimising the free energy of a volume V. = LCR%
of the superconductor with a constant flux line lattice [55]. The spatial dimensions L¢
and R¢ for which the free energy of the volume is minimal give the length-scale of rigidity
of the flux line lattice. The length-scale of the axis parallel to the flux line lattice is L¢
and the length scale of the perpendicular axis is R¢.

In one-dimensional systems one can follow the derivation of Fukuyama and Lee [56]: One
assumes that Q(x) changes on the length-scale L; and that the average value of Q(x) over
an interval of length L; can be chosen to minimize the energy contribution of the pinning
potential. The average energy gained by minimizing the potential energy is proportional
to the square root of the length-scale L;,

Bt = { [ dulQe)al) = -ap/I. (36)

where (.) ;. means averaging over the disorder and o, is a prefactor that depends on the
exact form of u[@,x]. On the other hand, the average elastic energy E,; of a field Q(z)
that changes smoothly on L; is inversely proportional to the length L;,

L;
Bu(L) = — < / dx<ax@<x>>2> NS S (3.7)
20@[ 0 dis 2Cel Lz

where a,; is another L;-independent prefactor. The total energy per unit length,

1

Etot(Li) = f
i

(Epot(Li) + Eel(Li)) 5 (38)

is minimized with respect to the length L; when the potential energy per unit length and
the elastic energy per unit length have the same absolute value. This length defines the
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3.2. Connection to Josephson junction arrays 45

crossover from length scales dominated by the elastic energy to length scales dominated
by the pinning potential. The total energy FEio (L) is minimized by the Larkin length L,,.

A detailed calculation shows that the prefactor in the potential energy is a function
of the correlation function R(Q) of the random pinning potential,

(u[Q1, z1] u[Q2, 2]) i = R(Q2 — Q1)6(z2 — 1) . (3.9)

Here it is assumed that the random pinning potential u is nearly delta-correlated in space.
The delta-function is broadened on a length-scale [, shorter than the other length-scales
of the problem.

The approximate value of the Larkin length in one-dimensional systems as a function of
R(Q), I and C¢ is given by [16],

312 > 3
Ly~ (=2t ) (3.10)
P <031 |Rqq(0)]

d2

Rqq(0) = d%QQR(Q) (3.11)

’QO

The depinning transition

Once the driving force fg, exceeds a critical force fg,, the pinning potential is overcome and
the elastic object starts to move through the disordered medium. An intuitive argument
to find the value of the critical driving force can be found by comparing the driving force
to the pinning force at the Larkin length. The distribution of @ is rigid on length-scales
up to the Larkin length. The elastic object can only start to move when the driving force
exceeds the collective pinning force on a segment with length L = L,

Lofar > Fyot(Ly) = < /0 " 8@U[Q($),x]> . (3.12)

dis
At the same time, the Larkin length is just defined as the length scale at which the average
pinning force and the average elastic force balance each other,

Fpot(Lp) ~ _Fel(Lp) s (3.13)

Fu(ly) = 2 </Lpd 200) ) xgp (3.14)
e = — s T X X ——— . .
BT Ca \ Uy dis  Cet Lp

One can find the approximate value of the critical depinning force fg, by replacing the
average pinning force with the average elastic force at the Larkin length L,,

1 1
N —I— . 1
fdp Cel LIQ) (3 5)

Corrections to this intuitive approach have been obtained from renormalization-group-
theory [59]. In this work we use the approximate value of the depinning force
Eql3.15

3.2 Connection to Josephson junction arrays

We now consider the depinning of the quasi-charge in the effective sine-Gordon-like model
(Eq{2.112) of the Josephson junction array,

Hy = Z;L (Qi)2+@l2§z+l)+E@ (Qi+2e F)—(V+U)Q1 +UQnN+1 - (3.16)
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46 3. Charge pinning and the switching voltage

We use the simplified model, where the quasi-charge dependent Bloch-inductance Lg(Q)
is replaced by a constant inductance L. We are interested in the transition from the
insulating to the transport regime in the Josephson junction arrays. The point of the
transition is determined by the breakdown of the static solution {Q;} of the equation
of motion of the quasi-charge. In the static regime the terms proportional to the time-
derivative of (; are zero, they have no influence on the value of the depinning voltage.
The precise functional form of the Bloch-inductance can be neglected as long as Lp(Q) is
large enough to guarantee the adiabaticity of the quasi-charge.

We assume that the typical interaction length is large compared to the inter-site distance
in the array,

A>1. (3.17)

In this case the continuum limit of the quasi-charge model is justified and the depinning
results obtained for a continuum model Hy,, can be used,

Qi = Q(z) , (3.18)

Fi— F(x) , (3.19)

Qi — Qit1 — 0.Q(x) , (3.20)
d = / dx . (3.21)

The Josephson junction array is boundary biased whereas the standard depinning model
is driven by a homogeneous driving force fz.. We can map the boundary biased Josephson
junction array to a homogeneously driven system by shifting the quasicharge (); and quasi-
disorder F; by a parabolic function of the position in the array,

- (N +1—i)(N — 1)

Qi = Qi — CoV 5N : (3.22)
F; _Fi+2leCOV(N+1;]?(N_i) , (3.23)
with the Hamiltonian,
- - 2
Hy = Z %L (622-)2 + @;zﬂ) +Eq (Qi+2¢ Fy) + Eay Qi (3.24)
The homogeneous electric field is then given by,
Ey = % . (3.25)

We can identify the parameters of the generic depinning model Hge, with the parameters
of the Josephson junction array,

Ca = %Co ; (3.26)
(e)
far =€ Eqy (3.27)

The effective quasi-charge potential Eq(Q) together with the quasi-disorder Fj acts as the
random pinning potential,

u {Qz} = Eq (Q + 2 F) . (3.28)

To calculate the correlation function R(Q) of the pinning potential we have to specify the
disorder model of the bare charge-disorder f;.
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3.2. Connection to Josephson junction arrays 47

3.2.1 Maximal disorder

We first consider the maximally disordered model,
2e fi € [—e, €] , (3.29)
1
p(f) = Onl; — 1fil) | (3.30)

where p(f;) is the probability distribution of the disorder f; and O is the Heaviside ©-
function. This model corresponds to the strongest possible charge disorder in Josephson
junction arrays. A disorder charge with an absolute value larger than the elementary
charge e on an array island is compensated by placing an additional (anti)-Cooper pair on
the island while lowering the charging energy at the same time. The disorder is bounded
by +e and a box-distribution of disorder-charges inside these boundaries is the maximal
disorder. The shift of 2e f; back into the [—e, e]-interval is also the physical model for the
origin of the box-disorder. Assuming the distribution of charge-disorder p(f;) is originally
Gaussian with a standard deviation much larger than 1/2,

1 a1
p(fi) = —=¢ 27, (3.31)
1
o> 5 5 (332)

the disorder outside the [—e, e]-interval is shifted back into the interval creating an ap-
proximately equal probability to find the disorder charge 2e f; anywhere in [—e,e].

In the maximal disorder model the quasi-disorder F itself is correlated between different
array islands ¢ and 7,

<E~Fj>dis¢o for i%#j. (3.33)

The quasi-disorder Fi+1 can be decomposed into,

(N —i)(N —i—1)
ON

Fipjn=fi+ Fia+ %COV =fi+ 1 (3.34)
with an offset f? to the box-distributed disorder f;. All information about the correlation
with the disorder 15’] on other array sites is contained in fZ-O. The quasi-charge potential on
the other hand is a function of the quasi-charge with a periodicity of 2e. Since the disorder
fi is box distributed in an interval that corresponds to the periodicity of the potential, the
offset can be absorbed into another uncorrelated box-distributed disorder term,

Eq(Q+2¢ fi+2e f)) = Eq (Q+2¢ fi) . (3.35)
2e fj € [—e,€] , (3.36)
p(7) = O (5~ |7l (3:37)

From the point of view of the quasi-charge potential, the quasi-disorder F in the maximally
disordered model is uncorrelated. The correlation function of the pinning potential is o-
correlated,

<EQ (Ql + 2e Fi) Eq <Q2 + 2e Fj>>dis = R(Q2 — Q1)dij , (3.38)

where the J-function of the continuous model Hyge, is replaced by a Kronecker 6. While
the d-function is understood to be broadened on a small length [, the minimal correlation
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48 3. Charge pinning and the switching voltage

length of the disorder in the discrete model is the lattice constant. As we measure all
distances in units of the lattice constant we find [ = 1 in the quasi-charge model of the
Josephson junction arrays.

The correlation function R(Q) is given by,

R(Q) = / * dF Eo(Q + 2¢ F)Eq(2¢ F) . (3.39)

N

For an arbitrary ratio of Josephson coupling energy E; and charging energy the func-
tional form of the potential Eg(Q) and the correlation function R(Q) can be calculated
numerically. In the limit E; > E¢ one finds,

Eo(Q) = E5™ [1 — cos (EQ)] : (3.40)
R(Q) = ( g’aI)QWCOS (g@) , (3.41)

where Eg is the amplitude of the quasi-charge potential.

The general expression for the switching voltage V, is obtained by inserting Eq/3.27]
Eq/3.26/and Eq/3.15/in Eql3.25]

1 e?1
Vsw = - Nafg ) (3.42)
1
3 3
L, = 1 (3.43)
3 WRQQ(O)‘

In the maximal disordered model the switching voltage is proportional to the system length
N. In the special case E; > E¢ the expression for the Larkin length takes the simple
form,

3
max 2 ™
Roq(0) = (EG™)" = (3.44)
1
3
3et
L= | —————| , (3.45)

wocg (m3)

and the switching voltage is given by,

2
. _2 2 e 1 2 3
Vew =N 3757 a <e4 (EG™) ) . (3.46)
In Josephson junction arrays the experimentally relevant parameters of the array are the
charging energy E¢, the Josephson coupling energy F;, the array length N and the inter-
action length A. To express the switching voltage in terms of these parameters we define
the function R,

0? _EX - (E;

The dimensionless correlation function R depends on only one free parameter of the system,
the dimensionless ratio of the Josephson and charging energy. The function needs to be
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Figure 3.1: The numerically determined dimensionless correlation function R as a function
of Ej/E¢c. (Figure and caption Ref.[39])

determined numerically only once (see Fig/3.1) for all possible values of array length and

Cy. The switching voltage is given by,
2 > 2
3 ~ J 3
R = . 3.48
{ <Ec> } (345

Vou = Nic A~ <§>
The depinning of the whole elastic object given by the quasi-charge distribution {Q;} is
remarkably different from the depinning of a single charge soliton in a disordered array.
The latter case was analyzed within the disordered sine-Gordon model in Ref.[60]. It
was shown that the depinning critical force grows with the soliton length A. In our case,
however, the depinning transition is a collective phenomenon happening in the whole array.
At the transition point the array contains, on average, one extra charge of 2e per Larkin
length, L, o AY3R=1/3 With increasing A, the number of pinned charges decreases and

it becomes easier to drive the system in the transport regime, Vs, A3 R2/3,

The switching voltage decreases with increasing interaction length A. At the same time
the Larkin length increases,

L, A3 . (3.49)

In finite arrays the Larkin length becomes equal to the system size IV when the interaction

length reaches the value,
4\7 E;\)*
3 % J
Ay=N1|- R —=- . 3.50
N ' <3) { <EC>} (3:50)

Increasing A further while keeping F¢ constant only increases the coupling-strength Cio
between the quasi-charge on neighbouring islands. The Larkin length, the length-scale

PN
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50 3. Charge pinning and the switching voltage

on which the quasi-charge @ is approximately constant, should increase. The Larkin
length however is equal to the system size. The quasi-charge is already approximately
constant along the whole array. Increasing the coupling strength further has no effect. For
A > Ay the switching voltage is independent of the interaction length as long as E¢ is
kept constant. A lower boundary for the switching voltage is approximately given by,

1
Ec2 (= (E;\)2
Vow = VN—— <R[ —=— . 3.51

2e 33 { <EC)} (3.51)

This is the switching voltage Vs, one finds for A = Ay. In reality Vj,, saturates for smaller
A, when N is of the same order of magnitude as L, (for comparison see the numerical

simulations in Sec/3.3.2). This leaves the principal behaviour of Eq/3.51 unchanged and
contributes a prefactor of order one in the expression for the switching voltage.

3.2.2 Self consistency

We can now show, that the adiabaticity assumption in the quasi-charge model is self-
consistent for Josephson coupling energies E; comparable to the charging energy Fo. We
consider the characteristic oscillation frequency w of an array segment of length L, with
rigid quasi-charge ). We approximate the Bloch inductance by a constant value in the
interval Q € [—e, €],

LB(Q) ~ LJ y (352)
(I)Q
Lj=-—2 .
= g (3.53)

where L is the Josephson inductance. The energy of the array segment is approximately
given by the energy of a harmonic oscillator,

LJ s max Q2
E=1L, 7(022 +EG Iy (3.54)

The average potential energy due to the interaction with the disorder grows with the square
of the length of the segment [55]. The frequency of the harmonic oscillator grows with
the Josephson coupling energy and the amplitude of the quasi-charge potential EGe. It
decreases with the Larkin length,

N

w? o< EJEG* Ly (3.55)

The adiabaticity assumption is justified when oscillations of the quasi-charge of the array
segment do not lead to Landau-Zener transitions. For E; ~ E¢ this is at least the case
when,

Ej>uw, (3.56)

1
E;>a, /EJEgapr 4 (3.57)

with a numerical prefactor a of the order of one. Using the inequality,

Eg <l%c> < TC , (3.58)
we see that the adiabaticity condition,
E _1
E72 2 5Lp : ) (359)

can always be fulfilled for a constant numerical prefactor 3, when the Larkin length L, is
sufficiently large.
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3.2. Connection to Josephson junction arrays 51

3.2.3 Weak disorder

In the weak disorder case the bare disorder f; is not evenly distributed in the [—e,e]-
interval. We consider two models of weak disorder, the weak box disorder,

2e fi€[-vevel, (3.60)
p(F) = ~0n(§ ~ If) (3.61)

with the disorder strength v < 1 and Gaussian disorder,

p(fi) = eI (3.62)

with a standard deviation o < 1/2.

In the weak disorder models the spatial correlation in the quasi-disorder E+1 can not be
neglected, even in the argument of the quasi-charge potential Fg(Q). The maximal value
of the disorder 2e f; is smaller than the periodicity of the potential and the offset f can
not be absorbed into an uncorrelated box-distributed disorder term f/. With the long
range correlation in the quasi-disorder F}, the correlation function of the pinning potential
also acquires a long range correlation component. We decompose the correlation function
into short and long-range components,

<EQ (Ql + 2e Fz) Eq (Qz + 2e Fg) >dis = R(Q1 — Q2)d;; + R2(Q1 — Q2,1,5) , (3.63)

with the d-correlated component R(Q) and the long range correlation function Ra(Q, 1, 7).
Due to the long range correlations the intuitive picture of the depinning-transition is not
valid anymore. For a long range correlation function,

RQ(Q17Q27i7j) X ’Z _j|_a ) (364)

that decays with a power law, the problem has been approached with the functional
renormalization group method (FRG) in Ref.[61] and Ref.[62].

It was shown in Ref.[63] and Ref.[64] that the long-range correlations lead to the emergence
of a new length-scale in the pinned system, the typical correlation length L.,.-. The
roughness function w(x) of a pinned system shows a different behaviour, namely a different
roughness exponent (yough, depending on whether the system is probed at length-scales
smaller or larger than the correlation length [64]. We derive a typical correlation lengths
for the two weak disorder models under the assumption that Fg can be approximated as
a cosine-potential,

Ej~ Ec, (3.65)
EqQ(Q) = EQ™® [1 — cos (EQ)] . (3.66)

e

In the next section (Secl3.3.3) we compare the numerical results for the depinning-transition
of the weak box-disorder model with the analytic estimate for the typical correlation length-
scale.

To calculate the correlation function of the pinning-potential of two different array sites j
and k we set, without the loss of generality, j < k. The correlation function in the weak

51



52 3. Charge pinning and the switching voltage

box-disorder model is given by an integral over the disorder,

X

k—j 2 %
dF;p(F;) (i) /_ dfj.../_ dfr—1 cos(Y7)cos (Ya) ,

e}

Ro(Q.,K) = (E507)? /

PN ol ol

2 2
(3.67)

N+1—j)(N—j
Yi=0Q+2e Fj—i-C()V( + 2]{])( j), (3.68)
k—1

N+1-k)(N -k

Yo = Q +2¢ Fj + 2¢ thucov( QN)( ) : (3.69)

l=j

where p(F;) is the probability distribution of the quasi-disorder F;. Expanding the cosine
to exponentials one obtains,

Ru@.3.0) = (g)? [ amp (BL0)

- ™
% <€27ri X1 + (_1)]€7j672ﬂ'i X1 + (_1)k*j€27ri X2 4 e 2mi X2) , (370)
_ 1 GV 1 _B)(N - — (N —j
Xi= 5 Q+2F+ —— o [(N+1=K)(N = k) + (N +1 - j)(V = j)] ,
(3.71)
1 CoV 1 , .
Xi= - Q+ 5w [N+ 1=K — k) = (N +1- )V - )] - (3.72)

We find that the absolute value of the correlation function Ro is bounded by an envelope
function Rg,

. k—j
. _ 9 (sin(m
Ro(Q,j. k)| < Re(Q.k — ) =2 (EB™) (;ﬂ) | (3.73)
The long-range correlation function decays exponentially with the distance k — j. The
correlation of the pinning-potential decays on the length-scale,

Leorr = _.# .
In (sm(Tr'y))

™

(3.74)

As expected the correlation length goes to zero in the limit of the maximal disorder and
diverges in the clean limit without disorder,

v—1 = Leorr — 0, (3.75)
Y= 0 = Leorr — 00 . (376)
For a Gaussian distribution of the bare disorder f; the correlation function is,

[e.e]

1 k—j 0o _lﬁ
Ra(@.3.) = (B3 | dFjﬁ<Fj><ma) [ anei

—0o0

3 R/
/ dfi—1e" 2702 cos(Yy)cos(Ys) . (3.77)

X
2

The disorder integrals are solved by completing the square and we find the correlation
function,

0o .
2.2

Ry (Q,j,k) = (Eg‘w)2/ dF;p(F}) (e*Q“ o >k_] (cos(X7) + cos(Xa)) . (3.78)

— 00
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Figure 3.2: The switching-voltage of the clean array is plotted as a function of the array-
length for several values of the interaction-length A. As long as the array is
more than twice as long as A, the switching-voltage is independent of the length
N and proportional to A. The switching-voltage has the value predicted by an
analytic estimate by Haviland and Delsing[3]. In the region where the array is
shorter than A the system is in the zero-dimensional limit discussed in Sec/2.5|
The switching-voltage is proportional to N and does not depend on A.

The correlation length is determined by the standard deviation ¢ of the bare disorder,

1
LCOT‘T - W . (379)

In the limit of an infinitely broad distribution, the system approaches the maximal box-
disorder limit,

o — 00 = Leorr — 0, (3.80)
c—0 = Leory — 00 . (3.81)

3.3 Numerical simulations

The switching voltage Vi, of the Josephson junction array can be obtained by numerically
solving the equations of motion of the quasi-charge in a boundary biased array,

2Q; — Qi1 — Qit1

LQ; + c +arQi+ Vo (Qi+2e F) =0, (3.82)
0
s Q1 — Qo - B
Ly + o +arQ2+ Vo (Q1) =V, (3.83)
LQN-H + QN+100_Q]V + aRQN+1 + Vo (Qn+1+2e Fniq) =0 (3.84)
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Figure 3.3: The switching-voltage Vi, as a function of the interaction length A for dif-
ferent array-lengths N in the clean array. As long as A is larger than 2 the
analytic estimate Eq/3.90]is reproduced and it is Vg, < A, as it is shown by the
linear fit (dashed line) in the plot. For smaller A non-propagating 2e-charge-
excitations can be created in the array by the adiabatic switch-on of the voltage.
The number of the charge-excitations is proportional to the array-length and
the switching-voltage is proportional to N-times the depinning-voltage of one
charge-excitation. The depinning-voltage of the charge-excitations has been
fitted (red lines) to an exponential function Vi, = Be~ 7" as it arises from the
Peierls-Nabarro-Potential .

Here we set the offset voltage to zero U = 0 and apply the bias voltage V on the left of the
array. We include a phenomenological Ohmic dissipation term with a resistance constant
ap. Similar numerically simulations of the switching voltage in arrays of normal tunnel
contacts have been conducted a long time ago in Ref.[65].

The switching voltage is determined by adiabatically applying the bias voltage and de-
termining whether a stable solution for the quasi-charge distribution @); can be found.
Although the bias voltage is increased slowly, the switch-on time of the voltage V in the
numerical simulation is finite. The phenomenological dissipative term has to be included
to compensate the small current introduced by the switch-on of V. The introduction of
a phenomenological term is also a standard tool in the derivation of the depinning force
fap in renormalization-group-treatments of pinned systems [16]. The resistance constant
ag determines the strength of the electrical current in the running regime. It does not
affect the switching voltage. The inductance L and the resistance ag both affect the dy-
namical properties of the system, they have no influence on the breakdown of the static
quasi-charge state.

In each simulation the Josephson array is initialised in an empty state @Q; = 0. For
an equilibration time T,, no voltage is applied and the array can equilibrate with the
background charge disorder f;. During an adiabatic switch-on time T4 the applied voltage
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Figure 3.4: The switching-voltage Vs, as a function of the array-length in a disordered
array. For A = 2 (black crosses) the switching-voltage grows linearly with the
array-length N, fitting to the analytic estimate (black line). For A = 5 (blue
triangles) the Vs, is proportional at higher array lengths when N =~ 100 ~
2.5L, and fits the analytic estimate (blue solid line) from Eq Due to the
strong dependence on the random disorder-configuration the linear dependence
is only realised on average. The error-bars give the standard-deviation of the
switching-voltage in the sample of disorder-configurations.

V is increased linearly to the desired value. After a second waiting time T, during which
all diabatically induced currents can decay, the quasi-charge current Q; is averaged over
all array sites ¢ and a short time At. To account for the finite numerical precision, the
Josephson junction array is taken to be in the running regime when the averaged current
exceeds a small threshold current I; and in the insulating regime otherwise. To determine
the switching voltage for a single set of parameters and one disorder realisation a series of
simulations of the time-evolution with converging bias voltages V' is calculated. The series
is stopped when the switching voltage has been determined within a numerical uncertainty
of,

e
AV = 0.001— . .
Vi = 0.001 (3.85)

In all simulations we choose the charging and Josephson energies to be equal, EFy = E¢.
The length of the array N and the interaction length A are varied.

3.3.1 The clean array

The clean case of Josephson junction arrays was used as the default model in a number
of experimental papers on Josephson junction arrays 4]. The model might be more
relevant for QPS-arrays than Josephson junction arrays as the former lack the strong
charge disorder that can be found in the latter. In the continuum limit (A > 1) for long
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Figure 3.5: The switching-voltage as a function of the interaction-length A in disordered
arrays for a wide range of A. For A < 2 the depinning-theory for the continuum
limit is not applicable. For large A the Larkin length L, is comparable to the
array length. Vi, is independent of A. See also Eq/3.51

arrays (A < N) the effective quasi-charge model of the clean array is equal to the sine-
Gordon model with a modified potential model. The solutions of the standard sine-Gordon
equation of motion are the well known quasi-charge solitons [60],

46 x—vt
— Vsol —x
Q(x) = - arctan (e A ) , (3.86)
1
Vsol = 7 (387)
1 w2
LCy

with the soliton velocity v. The spatial derivative of a static soliton v = 0 has a maximal
value of

2e 1
0uQ(@),mg < =5 - (3.88)

The voltage bias takes the form of a boundary condition on the spatial derivative at x = 0,
0:Q(x)] o = CoV . (3.89)

This was used in Ref.[3] to estimate the maximal bias voltage for which a static soliton
can exist at the array ends. This voltage is the switching voltage of the clean array,

4
w= Ciovgm x A, (3.90)

Vg = max (09Eo(Q)) - (3.91)

Vs
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Figure 3.6: The switching-voltage as a function of the interaction-length A in disordered
arrays. In the intermediate regime the switching voltage Vi, can be fitted to
a power-law decay with A. From the fit (solid lines) we obtain an exponent of
—0.49 (N = 150) and —0.56 (N = 195) instead of —2 as expected form the
analytic estimate Eq (dashed lines).

The switching voltage does not depend on the array length and is proportional to the
interaction length A. Both features are confirmed by the numerical simulations in Fig/3.2|

and Fig[3.3|

In the limit A > N the clean array model reduces to the zero-dimensional case for zero
frustration f; = 0 that was discussed in Secl2.5| As we expect form our previous discussion
the switching voltage (corresponding to the total critical current in QPS-ladders) increases
linearly with array size and is independent of A (Fig/3.2).

When the interaction length A is comparable to the inter-site distance we are no longer in
the continuum limit and the analytic approximation Eq/3.90)is not valid. When decreasing
A we find a transition region between A = 2 and A = 1. The system reaches a new regime
at A = 1. The switching-voltage is proportional to the length N and the A-dependence
can be fitted to an exponential behaviour,

Vew = NBe " | (3.92)

as seen in Figl3.3l Ounly one set of fitting parameters /3, is used for all four simulated
array-lengths. The A-dependence arises from the Peierls-Nabarro-pinning-potential[46].
In the context of Josephson-junction-arrays this was discussed by Fedorov et al. for the
depinning of a single 2e-charge-excitation [60].

The change of the switching voltage behaviour can be understood in the following way. The
interaction length A is a measure for the ratio of the elastic coupling between neighbouring
islands and the depth of the pinning-potential. For small interaction lengths A < 2, 2e-
charge-excitations can be created at the biased end of the array without driving the array
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58 3. Charge pinning and the switching voltage

in the conducting regime. During the adiabatic increase of the bias voltage the whole
array is filled with non-propagating charge excitation. To drive the array in the transport
regime, the applied voltage needs to overcome the pinning-force acting on all the charge-
excitations in the array. Since the number of charge-excitations in the array scales with
its length, the required switching-voltage is proportional to N-times the depinning voltage
of one 2e-charge-excitation obtained from the Peierls-Nabarro-potential.

3.3.2 The maximally disordered array

Here we present the switching voltage obtained from numerical simulations of the maxi-
mally disordered model.

In Figl3.4] we compare the dependence of the switching voltage Vi, on the parameter
N with analytic estimate Eql3.48] At large N where the array is longer than the Larkin
length N > L, we find that the numerical simulations fit to the expected linear dependence
on the system length. For small system lengths the switching voltage does not increase
linearly with N, as expected from Eq[3.51|

The numerically determined dependence of Vi, on A is shown in Figl3.5/ and Figl3.6!
For small A the inter-site distance is comparable to A and the continuum limit of the
standard depinning-picture does not apply. For large A the Larkin-length is comparable
to the array-length N and we observe a saturation of the switching voltage with A. The
saturation sets in for,

N =~ asatLp y (393)

where g4 is of order of one. Comparing the the analytic estimate Eq/3.51) with the
saturation points we expect gy in the range between agqr ~ 2.5 and agqr =~ 3.5.

In the intermediate regime we expect a power-law behaviour with an exponent of —%
(Eq. Fitting the numerical data to a power-law we obtain the exponents —0.49+0.05
(N = 150) and —0.56 £ 0.03 (N = 195). Due to the limitations in numerically accessible
array-lengths we can not obtain a robust confirmation of the value of the exponent of A
from the numerical simulations.

In principle a numerical simulation includes all higher order corrections to the values
of the switching voltage that were obtained from intuitive arguments in Secl3.1l The
numerical data we obtained for the maximally disordered model is not sufficient to draw
definitive conclusions about the corrections to the approximate values of the switching
voltage (Eq and Eq. We will continue to use the approximate values for Vi, in
the rest of this work.

3.3.3 Weak disorder and emergent correlation length

To validate our analytic model of the introduction of a new length-scale by weak disorder
we have simulated the depinning-transition of the Josephson junction array with weak
box-disorder. We chose the disorder strengths v = 0.25 (Leorr(y = 0.25) =~ 10) and
v = 0.125 (Leorr(y = 0.125) ~ 40). In Fig[3.7)it is shown that the system undergoes
a transition when the array-length becomes equal to the correlation length, N = L.y.
Below N < Lgor the Josephson junction array is described by the clean array model
(v = 0). Above the transition the switching voltage increases linearly with N. The
N-dependence of the switching voltage matches the maximally disordered model v = 1.
When the correlation length is significantly larger than the array size we can approximate
all correlated disorder terms F; by a single value F; =~ F'. The perfectly correlated disorder
term F' can be absorbed into the definition of the quasi-charge and the system is equivalent
to the clean array without disorder F; = 0.
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Figure 3.7: The switching-voltage V, as a function of the array-length in a weak box-
disorder model of the Josephson array (v = 0.125 green markers, lower plot,
~ = 0.25 blue markers, upper plot). For comparison the switching voltages of
the clean case (7 = 0, red markers) and the maximally disordered model (y = 1,
black markers) are included in the plots. When the array length becomes larger
than the correlation length L., the behaviour of the weakly disordered models
changes. Below N = L.y, the switching voltage has approximately the same
value as in the clean case. Above N = L., it increases linearly with N as in
the maximal disorder model (Leorr (7 = 0.25) = 10 and Lo (7 = 0.125) & 40).
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60 3. Charge pinning and the switching voltage

3.4 Fitting an experiment

Figure 3.8: Sketch of a superconducting quantum interference device (SQUID). Both
Josephson junctions have the same bare Josephson coupling energy. The
SQUID-loop is threaded by an external magnetic flux ®.

At the end of this chapter we compare the results for the switching voltage obtained
from depinning theory with the experimental data on the switching behaviour of six dif-
ferent Josephson junction arrays. The experimental data was provided by R.Schéfer, H.
Rotzinger, W. Cui, A. Fiebig and A.V. Ustinov (all Karlsruhe Institut of Technology, KIT,
Germany). The results have been published in Ref.[39].

In the six arrays the Josephson junctions are replaced by superconducting quantum in-
terference devices (SQUIDs) (see Fig[3.8). The SQUIDs consist of two equal Josephson
junctions with Josephson junction energy %Ef]” The junctions are placed symmetrically in
a superconducting loop. The SQUID acts as an effective Josephson junction with tunable
E;. In the absence of additional fields Cooper pairs can tunnel through both Josephson
junctions in the loop and the SQUID acts as a Josephson junction with Josephson energy
E'?, twice the Josephson energy of the bare junctions. When an external magnetic field
is applied the magnetic flux through the loop ® causes interference between the tunneling
through the upper and lower bare junction. As a function of the flux the Josephson energy
of the SQUID is given by,

d
Ej = E7 cos <) , (3.94)
%)

where ®g is the magnetic flux quantum. This dependence is used in experiments to control
the effective Josephson coupling energy of the arrays by applying a magnetic field. The
switching voltage is determined as a function of the magnetic flux through the SQUID
loops. Due to the periodicity of the Josephson coupling energy, Vi, (®) is ®op-periodic in
the magnetic flux.

The six experimental samples are divided into two sets. Samples A255, B255, C255 where
fabricated with the same target values for Cy, C'y and E;. All three samples consist of 255
SQUIDs. The samples D39, E59 and F255 where fabricated with different uniform target
values for the system parameters. The array lengths of the samples are N = 39, N = 59
and N = 255. We assume that all samples are strongly disordered so that we can apply
the maximal disorder model.
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Figure 3.9: The switching voltage normalized to the array length N as a function of the
magnetic flux ® for three arrays of length 255. Solid lines are fitted functions,
markers show experimental data. (Figure and Caption Ref.[39])

We obtain the analytic formula for V, as a function of magnetic flux by inserting the
expression for the Josephson energy in Eq!/3.48]

2 2
NEC _2 (43 ~ m (I)ext 3
w = A = —L . .
V= S5 () {R (G e (%)) (3.95)

When fitting the experimental data to Eq3.95] (see Figl3.10) we determine two free fit
parameters. The Josephson junction arrays have three so far undetermined parameters,
the interaction length A, the charging energy Ec and the bare Josephson energy E'}'.
Values for E’!' and E¢ can be obtained experimentally from the conductance at high bias
voltages. At high enough bias voltage the current is carried by quasi-particles and E'}
is given by the normal resistance of the junctions. The expected value of the charging
energy Eg " can be found from the offset in the IV-curve of the junctions with the help of
P-of-E theory [38]. The experimental value obtained for E’} is more reliable and is used
to determine F¢ and A from the fitting parameters. The results of the fit of A255 and

C255 to Eql3.95]is given in Tab/3.1]

61



62 3. Charge pinning and the switching voltage
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Figure 3.10: The switching voltage normalized to array length N as a function of the
magnetic flux @ for arrays of length 39, 59 and 255. Solid lines are fitted
functions, markers show experimental data. Using Eq. we can resolve
the double-peak-structure for larger ® caused by an ABABADB ... pattern
in the SQUID-loop areas. This pattern is also responsible for the deviation
from the ®p-periodicity at higher ®.(Figure and Caption Ref.[39])

array | N EG? ET A Ec
A255 | 255 | 380ueV | 125ueV | 13.6 £ 0.3 | 310 4+ 4peV
B255 | 255 | 372ueV | 113peV | A > 17.5 | 209 £ 4pueV
C255 | 255 | 368ueV | 125ueV | 8.1 £0.1 | 239+ 2ueV
D39 | 39 | 88ueV | 180ueV | A 255 | 78+ 1.5ueV
E59 | 59 | 116ueV | 160ueV | A Z>7.5 92 £+ 2ueV
F255 | 255 | 148ueV | 117ueV | A 2 17.5 | 106 + 2ueV

Table 3.1: The experimental estimates and fitted values for Josephson junction arrays
A255 to F255. (Table and caption Ref.[39]).

The data from sample B255 should not be fitted to Eql3.95. The A found in the fit to
Eq[3.95] corresponds to a Larkin length that is comparable to a third of the array size
L,z LN. As we found in Sec the A-dependence of the switching voltage saturates for
L, ~ 3N. We fit the numerical data to the analytic estimate for the switching voltage in

the saturated regime Eql3.51]

EC’ ~ E?]n (ﬁe:ct 2

The right side of the expression for the switching voltage in short arrays contains an un-
determined prefactor of the order of one. We only use the free fitting parameter E"'/Ec

N
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to determine the charging energy. For the interaction length A we can only give an ap-
proximate lower boundary where we expect the saturation to set in. The lower boundary
of A is determined by,

3L, =N . (3.97)

The result of the fitting is given in Tab3.1!

All samples from the second set D39 to F255 belong to the category of short arrays
with a saturated A-dependence. In this set of samples the fabrication did not result in
a homogeneous loop size of the SQUIDs but in an ABABAB ... alternating pattern of
SQUID areas. This is a known effect in the fabrication of SQUID-arrays [3]. In the
maximally disordered model the disorder F; is uncorrelated and we can double the size of
the unit-cell to obtain a homogeneous model of AB-elements. The new expression for the
switching voltage is,

1
Ec (1~ (ET d 1~ (ET o 2
sw N=—=S-R|—=L A— —R(| =L B— .
Ve o<\/>2e {2R<ECCOS< <I>0>>+2R<ECCOS< %))} , (3.98)
where A and B are the alternating SQUID areas in units of the average area used to define

®. The experimental data from D39 to F255 has been fitted to Eq/3.98 in Fig/3.10] and
the results are given in Tab[3.1l

Overall the analytic expressions for the switching voltage in the short (Eq3.51) and long
(Eq Josephson junction arrays show good agreement with numerical simulations and
experimental data. We can regard this as evidence that the transition from insulating to
transport behaviour in voltage biased Josephson junction is a depinning transition of an
effective quasi-charge model.
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4. Method development: The stochastic
Bloch-Redfield algorithm

In this chapter we introduce the stochastic Bloch-Redfield algorithm that allows us to
simulate the time-evolution of large solid state open quantum systems. The chapter is
devoted to method development. The numerical approach introduced in this chapter
is demonstrated on the example problem of a superconducting single electron transistor
(SSET) in the next chapter (Ch and used for transport simulations of Josephson junction
arrays in Chl4. The results presented in this chapter have partially been published in
Ref.[66].

Most mesoscopic superconducting devices interact with an environment or reservoir, for
example phonon baths or ensembles of two-level-fluctuators, leading to relaxation and
dephasing of the quantum-system. Due to the environmental noise the system is no longer
in a pure quantum state but in a classical mixture of quantum states. The full information
about the state of the system is given by the density matrix p.

To correspond to a real physical system the density matrix at all times has to have a
trace of one, meaning that the combined probability to find the system in one of the basis
states is one. It also has to be positive semidefinite, which means there can be no negative
probability to find the system in one quantum state. For time-independent problems, it
was shown by Lindblad[67, that the most general form of the equation of motion of a
density matrix that guarantees these properties is the Lindblad-equation,

. . 1
p=ilpHsl + T (=5 {LhLasn} + LanLh) (4.1
(0%

where Hg is the Hamiltonian of the coherent time-evolution, I', are the relaxation and
dephasing rates and the L, are the Lindblad operators. The rates are always larger or
equal to zero, I'y, > 0.

In principle it is only necessary to solve this master equation to obtain the full time-
evolution of the density matrix p. For a given system with a Hilbert or Fock-space of
dimension N, the density matrix has N? elements and the master equation can be written
as a differential vector-equation,

j = Lp, (4.2)
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66 4. Method development: The stochastic Bloch-Redfield algorithm

where the superoperator £ is an N2 x N2-matrix. As a consequence, the complexity rises
very fast with the number of quantum-states of the system and it is impossible to solve
the master equation numerically for problems with a large Hilbert space dimension V.

It is possible to deal with this problem to a certain extent by using stochastic Schrodinger
equations (SSE). The stochastic Schrodinger equation is an equation for the time-evolution
of a system-state |1 (¢)) that contains stochastic elements. The SSE is constructed in such a
way that averaging over a sufficiently large number of stochastic solutions of the SSE repro-
duces the solution of the original master equation. There is no unique choice of stochastic
Schrodinger equations corresponding to a certain master-equation. Two common choices
or unravellings of stochastic Schrodinger equations are quantum state diffusion[69], which
relies on continuous stochastic changes, and quantum-jumps which uses stochastically dis-
tributed jump events (72 [76]. The interested reader can find extensive
introductions to quantum state diffusion in a book by Ian Percival and to quantum
jumps in a book by Wiseman and Milburn [21].

In the Lindblad-form of the master-equation (Eq the form of the decoherence-operators
L, and the decoherence rates I'y, are often postulated. In this case it is a phenomenological
theory with respect to decoherence. In many situations it is sufficient to use generic
Lindblad-operators that correspond to relaxation and dephasing in the system and use
the decoherence rates as parameters of the model, for example if we deal with a simple
two-state-system where the bath is the quantised electromagnetic-field of a cavity and the
radiation field couples to the system via the dipole-moments of the system-states.

Especially in solid-state physics, where the bath is responsible for decoherence and the cou-
pling to this bath can be very complex it is often not sufficient to work on this phenomeno-
logical level. A method that derives the master-equation for an open quantum-system from
the microscopic theory of the bath and the system-bath-coupling is the Bloch-Redfield-
theory [78]. It is often used in solid-state physics, especially in the context of quantum
information [81] ]3].

In the rest of this chapter we will show how we can combine the microscopic approach
of Bloch-Redfield-theory and the numerical efficiency of quantum-jumps. The standard
quantum-jump-method is presented in Secl4.1]and the Bloch-Redfield-theory is introduced
in Secl4.2l In Secld.3| we derive a stochastic version of the Bloch-Redfield approach and
in Secl4.4) we show the connection between the stochastic Bloch-Redfield-method and the
kinetic Monte-Carlo-algorithm.

4.1 Quantum jumps

In this section we will give a short introduction to quantum-jumps following the logic
of Dalibard et al. for the reader unfamiliar with these topics and to introduce our
notation.

The concept of the quantum-jump-approach can be most easily understood starting from
the example of a system interacting with a quantised light-mode in the presence of a photon
detector 21]. Indeed some of the early applications of quantum-jumps considered
exactly such systems|[72]. In the simplest case the systems correspond to a two-state qubit
with states | 1) and | |). We assume that the qubit is in resonance with the radiation-field,

Hg =wo, , (4.3)
t 1
Hp=w aa+§ . (4.4)

We apply the rotating wave approximation (RWA) to the coupling with the radiation field
so that the coupling Hamiltonian Hgg can be expressed with standard creation a! and
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annihilation a operators acting on the radiation field and Pauli-operators acting on the
qubit,

HIY = <CLT0'_ + ao*+) . (4.5)

We consider the system in the interaction picture so that the total Hamiltonian is reduced
to the coupling operator in the interaction picture,

H = H#. (4.6)
Let us assume that at time ¢ the state of the qubit is given by,

[9(8)) = sin(0)] 1) +cos(d)[ 1) , (4.7)

where 6 is an arbitrary mixing angle between the two states |1) and |[|), 0 < 6 < 27. The
light-mode contains no photon,

[n(t)) = 10). (4.8)
We call the combined state |¢(t)) = |¥(t))|n(t)).

The coupling between the qubit and the radiation field leads to photon-emissions of the
qubit with rate I'. The master-equation for the density matrix of the qubit can be easily
found with standard methods[84],

p=-T % {U+U_,p} —o pot| . (4.9)

Now assume that after a short time-interval the photon-detector will detect whether the
light-mode is in the one-photon or the vacuum state. The time-interval At is taken to
be short. We can expand the time-evolution of the system to first order in At [72]. The
amount of population that has shifted from the | 1)®|0) to the | |)®|1)-state is proportional
to the decay rate I' times the time-interval At,

6t + At)) = (1—%FAt)sin(0)|T>—|—cos(0)|¢> 2 0) + TAtsin(9)] 1) @ 1) .

Measuring the photon-number-state corresponds to measuring whether the qubit has in-
teracted with the light-mode or not. The measurement projects the state |¢(t + At)) into
the |n) = |0) or the |n) = |1) sub-space. The probability of each measurement outcome is
given by,

2
po = H01(¢ + A0} = (1= JTsin(B)A6) 1) + cos(6) 1)

=1—Tsin(0)*At + O(At?) | (4.10)
p1 =1 —po = I'sin()%At + O(A#?) . (4.11)

Note that the normalization can be a difficult point in the unraveling of master equations
into stochastic-Schrodinger-equations in general. To obtain the SSE the time-evolution is
often considered for an infinitesimal time-step dt and the full time-evolution is expanded
into a series which is truncated at a certain finite order 7. The new state obtained by
applying the truncated series expansion is usually only normalized up to dt"t!. This
can lead to a probability-mismatch for the different measurement-outcomes. Take for
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68 4. Method development: The stochastic Bloch-Redfield algorithm

example the expression for the probability p; we found above (Eqi4.11), if we had used
the probability,

p1 = [(1|e(t + A))[? (4.12)

=0+0 (A% , (4.13)

the probability of a quantum jump would be zero according to our truncation scheme. The
probabilities of the jumps obtained by measuring the bath-state do not sum up to one.

The probability p; has to be obtained from py where the correction to leading order in At
can be calculated.

If a photon is detected, the state of the qubit changes drastically, the system state after
the measurement |¢’) is given by,

N 1
) = T Ay A0 @ 10)
— [heP) =)o), (414)

where the photon number-state is returned to |0) since the photon is absorbed in the
measurement process. The measurement projects the qubit into the | |)-state, a quantum-
jump has occurred.

If no photon is detected the qubit-state changes only gradually,

m_ 1
!¢>—\/p»0

- Hl - %I‘At + %F sin(0)2At + O(Atz)} sin(60)| 1)

(Olg(t + At)) ©10)

+ {1 + %F sin(0)?At + O(AtQ)} cos(8)] ¢>] ® |0)

=[¢") ®10) . (4.15)

The information that no photon was emitted in the time-span At does not correspond to
a full measurement of the qubit-state. The distribution between the | 1) and | |)-states in
the qubit is shifted in favour of the | |)-state. The failure to detect a photon increases the
probability that the qubit is in the state that can not emit a photon. Repeating this kind
of time-evolution over At, the state of the qubit decays steadily from the mixed-state to
the | J)-state until it either jumps from the mixed state to the pure state | 1) or it reaches
| |) purely by decay. A detailed discussion of the coexistence of a continuous change in
the state of a quantum system with sudden quantum-jumps can be found in a paper on
quantum trajectories by Brun [75].

To confirm that we regain the original master-equation we now construct the average
change in the density-matrix of the qubit from the two possible measurement outcomes. We
reduce the finite time-step At to the infinitesimal dt. The density matrices corresponding
to the pure states [¢)') and |¢") are given by |¢/)(¢| and [¢")(¢)"|. The time derivative is
given by the weighted sum over the pure density matrices. The weights are the probabilities
of the state |¢(t)) evolving to state |¢’) or |¢”). These are the probabilities pg and p; of the
measurement of the photon-number resulting in |0) or |1) and the qubit-state collapsing
to [¢) or |¢") respectively,

dp(t) 1

L = 5 olt +dn) = p() (1.16)
= = [l |+ P19 ] — () (o) ] (417
= —%1" loto " p+poto™ =20 p(t)o™] . (4.18)
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The master equation obtained by the averaging over the stochastic distribution of the pure
states [¢)') and [¢)") is the same master-equation that describes the radiative decay of the
qubit Eq/4.9l The correct time-evolution of p can be obtained by numerically calculating
many realisations of the stochastic trajectories given by Eql4.14]and Eq/4.15. The average
over the density matrices obtained from the trajectory states at each time is the density-
matrix of the mixed state of the qubit.

The approach above is not limited to the simple case of one qubit in contact with one
laser-mode. Every Lindblad master-equation Eql4.1] can be unravelled into a stochastic-
Schrodinger-equation with this quantum-jump-approach. Looking at the Lindblad-equation,

1
p=ilp )+ 3 (Fa g {Eibucp} + Laptl ) (4.19)

we can identify the Lindblad-operators L, and LL with the ot and o~ operators of the
special qubit case. To unravel the master-equation into a stochastic-Schrédinger-equation
we allow for the state of the system [¢(t)) to evolve into one of N, + 1 possible states
|ib(t + dt))*/? in the infinitesimal time-interval dt, where N, is the number of Lindblad-
operators.

The states the system-state |¢(t)) can evolve to are given by,

o_ 1 4,
[(t +dt))” = \/170(1 Heodt)|9(1)) (4.20)
H.,=H+ z% Za: oLl L, , (4.21)
po = <¢( (1 — iHeodt)|9h(t)) (4.22)
|[ih(t + dt)) Todt (4.23)
Pa = (¥ ( )|FaLLLa\w(t)>dt : (4.25)

The states |1(t+dt))® are jump-states, they correspond to a quantum-jump of the system
due to the Lindblad-operator (or jump-operator) L,. The probability of each quantum-
jump p,, is determined by the rate I',, the time dt and the norm of the state after the jump

Ll (1))

The dependence of the jump-probability on the norm of the jumped state may seem surpris-
ing at first. After all the jump-probability should correspond to the rate I, of the LapLL—
term in the master-equation EqJ4.1l Contrary to the density-matrix the pure system-states
used in stochastic-Schrodinger-equations can not capture the classical statistical mixture of
quantum-states. The system-state after a jump needs to be normalized. In the Lindblad-
equation the norm of L, pLL can be small compared to the norm of the density matrix p(t)
so that the Lindblad operator L, leads to a slow change of the density-matrix even if the
rate I',, is large. To reproduce this behaviour in the stochastic-Schréodinger-equation the
probability of a quantum-jump needs to be suppressed by the norm of the jumped state
Lalth(t)).

The V/dt-factor is fundamentally connected to the ability of the Lindblad-master-equation
to turn the density-matrix of a pure quantum-state |¢) into the density matrix of a
statistical-mixture of quantum-states. If a density-matrix could always be expressed as
the product of a pure quantum-state and its hermitian conjugate p = |¢)(¢|, its differen-
tial would simply be given by,

dp = d(|9)(¢]) = |d) (| + [#){d¢| - (4.26)
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70 4. Method development: The stochastic Bloch-Redfield algorithm

In the infinitesimal time dt either the left ket-state or the conjugated right bra-state
changes, not both states simultaneously. The term LapLL in the master-equation Eql4.1
acts on the density matrix from both sides. If one would unravel this operator product
into an infinitesimal change of the state |¢) linear in the infinitesimal time-step dt,

()™ oc La|d(t))dt (4.27)
the corresponding infinitesimal change of the density-matrix,

dp(t)* oc |de(t))*(dé(1)|* = Lalo(t))(d(t)|LEdE? , (4.28)

would be quadratic in the infinitesimal time-step dt. This term could not contribute to
the time-derivative of the density matrix at first order and thus the La,oLL—part of the
master-equation could not be reconstructed in this formulation.

The Lindblad-operators acting on both sides of the density matrix in Eql4.1] take the
density matrix out of the subspace where it is given by the product of the ket |¢) and bra
(¢| of the same state. This part of the master-equation can not be mapped to a standard
differential equation for the time-evolution of a quantum-state. It can be mapped to a
stochastic equation of motion for a quantum-state. In averaging over the many possible
realisations of the stochastic time-evolution we regain a density-matrix that corresponds
to a statistical mixture of pure quantum-states even though for each realisation of the time
evolution the state |¢(t)) is a pure state at all times ¢.

In the stochastic-Schrédinger-equation, the occurrence of dt? can be compensated by in-
troducing the infinitesimal time-element v/dt so that (v/dt)? is of the same order as the
standard infinitesimal dt and v/dtdt is of higher order and can be disregarded. The same
ansatz is central to the It6-calculus used in quantum state diffusion[69).

The infinitesimal element |d¢(t)) is composed of two elements linear in dt and v/ dt respec-
tively,

[d(t)) = poldg)® + > palde)® (4.29)
|dg)° o< dt (4.30)
Pald®)® o< Vt . (4.31)

The time-evolution linear in dt and v/dt is orthogonal. Averaged over many realisations the
contribution linear in v/ dt gives a contribution to the time evolution of the density-matrix
that is linear in dt,

palde)*(dp|* = ToLapLldt . (4.32)

While p, gives the probability of p turning from the density-matrix of a pure-state into
a statistical mixture of quantum states, pg is the probability of p staying a pure-state
density-matrix during the time-evolution ¢ — ¢ 4+ dt. The time-evolution-operator H,
combines the coherent time-evolution of the Hamiltonian H with the combinations of the
Lindblad operators —i% Ya L&La that only act on one side of p in Eq and do not take
p out of the pure-state-subspace.

The complex combined Hamiltonian H., is not Hermitian and reduces the norm of the state
|p(t)) it acts on. The combined effect of the imaginary part of H., and the renormalization
with \/% is to change the amplitudes in the linear combination of basis states that forms

|p(t)). It reduces the amplitudes of the states from which a quantum-jump L, can occur
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4.2. The Bloch-Redfield equation 71

and increases the amplitudes of the states which are stable with respect to the jump
operator L.

Constructing density-matrices from the states |¢(t + dt))? and |p(t + dt))® and averaging
weighted by the probabilities py and p, we obtain,

. 1
p=1IpH+Y To- <2 {LLLa,p} + LapLL> : (4.33)
(0%

the original Lindblad-equation. A more in-depth discussion of the relation of different
unravellings can be found by the interested reader in Ref.[69].

In this work we always use the quantum-jump unravelling [86), 93].
If one wants to connect the quantum-jump-unravelling to a physical picture one could think
of additional degrees of freedom |x,) which are decoupled from the system. The state |xq)
is only affected by the jump-operator L, so that,

LalXa) = [Xa + 1),
Li LalXa) = Xa) - (4.34)

The additional degrees of freedom count how often the Lindblad-operators act on the
system. If we assume that we can constantly measure the state |x,) the measurement-
outcome will project the system into a state where no jump occurred with probability pg
and into a jumped state with p,.

In an intuitive algorithm for a numerical implementation the probabilities of no-jump
po and the jumps p, are calculated at each numerical time-step and it is decided by a
random-number-generator whether and which quantum-jump occurs.

In real numerical simulations the implementation is usually slightly modified from the
intuitive algorithm [21]. The probability py of no jump occurring is quadratic in |¢(t)). Due
to the renormalization, the no-jump time-evolution is no longer linear in |¢(¢)). This makes
numerical simulations of the time-evolution much more time-consuming. It is common
to not renormalise the state |¢(t +dt))? as long as no jump occurs. In this algorithm first a
random number 1 is generated, then the time-evolution of the state |¢y.,, (¢)) is calculated
using the Schrédinger-equation and the combined Hamiltonian H., without renormalizing
the state at every time-step. The time-evolution is stopped once the square of the norm of

the state is smaller than the random number. The renormalization of the state \/% and the
probability of no-jump pgy are connected so that the combined probability Py(0,t) of no-
jump occurring in the time-interval [0, ¢] and the squared norm have the same exponential

time-dependence,

Py(0,t) o exp [ln(po)Att] , (4.35)

[ dum. ()2 o exp {—2111 <¢%0> +ln (L)] — exp [ln(po)AtJ L (4.36)

Waiting until the norm of the state has decayed to rq is on average equivalent to deciding
at each timestep if a jump occurs with probability 1 — pg or not. Once it is determined
that a jump occurs at time ¢, the state is renormalized and a second random-number ry is
used to choose the quantum-jump-operator I',.

4.2 The Bloch-Redfield equation

In this section we show the derivation of the Bloch-Redfield-master-equation from the mi-
croscopic model of the bath and system-bath-coupling that leads to decoherence. Detailed
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72 4. Method development: The stochastic Bloch-Redfield algorithm

introductions to Bloch-Redfield-theory can be found in many textbooks and review-articles
for example by Carmichael or Weiss [94]. Nevertheless we want to present a short
derivation since we refer to certain steps in the derivation later on. The reader familiar
with the Bloch-Redfield approach can continue with section Sec/4.3|

Before we begin with the derivation we want to note that the Bloch-Redfield-equation
unlike the Lindblad-equation can produce density-matrices that are not physical at all
times. Due to the imperfect nature of the approximations in the derivation of the Bloch-
Redfield-equation the density-matrix obtained from the Bloch-Redfield-master-equation is
not guaranteed to have a trace of one or to be positive semidefinite at all times. Both
are necessary conditions if the density-matrix is to correspond to a physical system. How-
ever these problems typically only arise on short timescales after initialising the system
with the density-matrix of a pure state which can be very different from the equilibrium
density-matrix. If the secular approximation is applied, the Bloch-Redfield-equation can be
mapped to the Lindblad-form[82] and the density-matrix is guaranteed to have a physical
form at all times. We will discuss the secular approximation later on.

The Bloch-Redfield-approach assumes that the considered system defined by the system-
Hamiltonian Hg is in contact with a bath. In principle there can be several independent
baths and the derivation of the master equation will hold in the same way. We limit
ourselves to one bath for simplicity.

The bath is defined by its Hamiltonian Hp and its equilibrium density-matrix pg. We
refer to the combination of system and bath as the world-system or just the “world”. The
world-system is given by,

HW:HS—I—HB—I-HSB, (4.37)
Hsp =Y g Xiz , (4.38)
)

with the coupling Hamiltonian Hgp, a linear combination of products of system (z;) and
bath (X;) coupling-operators with coupling-strength g;. It should be noted that the X;
and z; do not need to be Hermitian individually as long as Hgp is.

The von Neumann-equation for the time-evolution of the world-density-matrix py is given
by,

pw (t) =i [pw (t), Hw] . (4.39)

The standard derivation[84] of the Bloch-Redfield-equation is to change into the
interaction picture with respect to Hg and Hp,

Pl (6) = i [l (8), Hi ()] (4.40)

pII/V(t) - ei(Hs+HB)(t*to)pW(t)e*i(HerHB)(t*to) 7 (4.41)
H[(t) — e—i(Hs-l—HB)(t—tO)HSBei(HS+HB)(t_tO) , (442)
and to insert the integral form of the von Neumann-equation Eql4.40)
t
piv(t) = piv(to) + [ dt'i [py (t'), Hi(t)] (4.43)
to
into itself,
t
phet) = [ t0). (0] = [t [ (), F(t)] (0] (4.44)
0
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4.2. The Bloch-Redfield equation 73

The Bloch-Redfield-approach is based on the assumption of weak coupling between system
and bath. Since the coupling-strength g; is small compared to the other parameters of the
problem the equation of motion can be truncated at the second order in g;.

It is assumed that at time ¢y the world-density-matrix py (¢o) is a direct product between
the system-density-matrix pg and the bath-density-matrix pp,

piv(to) = pl(to) ® pi(to) - (4.45)

The system and the bath are not entangled at t;. The entanglement created between
system and bath is at least linear in the interaction-Hamiltonian and so of first order of
the coupling g;,

Pl () = pL(H) @ () + O(Hy) . (4.46)

Since we truncate Eql4.44] at the second order of g; the contribution of the entanglement-
correction to p{,V (t) is neglected on the right side of Eq

Assuming py is always a direct product allows us to trace out the degrees of freedom of
the bath to obtain the time-evolution of the density-matrix of the system. In taking the
trace of Eql4.44]one essentially reduces the equation of motion of the world to the equation
of motion of the system under the influence of the bath.

We assume that the trace of the term linear in the bath-operator X; is zero. If the
expectation value (X;) = Tr (X;pp) was not zero, the linear contribution of the system-
bath-coupling-operator Hgp would correspond to a Lamb-shift in the original system-
Hamiltonian,

Hg — Hg=Hs+ Y g;(Xi) 2 . (4.47)

The Lamb-shift could be absorbed into the original Hamiltonian Hg.

The bath is assumed to be large enough so that the density-matrix of the bath pp is always
in the thermal equilibrium and time-independent. The time-evolution of the system is
given by,

ps(t) = —/t Aty Tr (ppXi(t') X; (1)) (p§()zi() 2 () — z(t)pb ()2 (1))

0 i’j
=Tr (ppX;()X(t) (2 (Ops()z(t) = zi(0)z(t)ps(t) . (4.48)

The bath-properties enter the equation via the correlation functions of the bath-coupling-
operators X; and X},

Cij(t, ') = Cij(t — ') = (Xi(t — ) X;(0)) 5 - (4.49)
The correlation function éij(T) depends only on the time difference 7 =t — t/, not on the
absolute times, unless the density-matrix of the bath pp is time-dependent.

The separation between system and bath is only justified as long as the correlation function
C’ij decays on a timescale 7., that is short compared to the timescale set by the interaction
between system and bath. When the correlation time is long compared to the inverse
interaction-strength é we can not trace out the degrees of freedom of the bath. The bath
has to be treated as a coherent part of the system.
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74 4. Method development: The stochastic Bloch-Redfield algorithm

If we can separate system and bath, the ¢-integral in Eql4.48 can be shifted to an integral
over the time-difference 7 and the integration can be extended to the interval [0, 00) as
C;;(7) is approximately zero for |7| >t — ¢,

st = - / dTZcu ) (Pt — )it — 7)25(t) — it — 7)ph(t — 7)2i(0)

_Cji(T) (z5(O)ps(t = Tzt — 7) — 2i(t)zi(t = T)ps(tr))  (4.50)

In this form the time-evolution of pL(t) is not strictly Markovian, the time-derivative of
pg(t) does not only depend on the state of pé at time ¢ but also at earlier time ¢’ via the
T-integral on the right hand side of Eql4.50]

In the final step of the derivation of the Bloch-Redfield-equation we apply the Markov
approximation to the system-density-matrix pg. We replace p{q(t — 7) with pé(t) on the
right-hand-side of Eq/4.50. The time-derivative of the system-density-matrix at time ¢ now
depends solely on the state of p{q at time ¢.

Using the Markov approximation and returning to the Schrodinger picture we obtain the
final form of the Bloch-Redfield-equation in the time-integral formulation,

ps(t) = Z[ ( ) HS / dT ZCZ‘] T ) Z’HsTZjeiiHsT — Zips<t)eiHstj€7iHSTj|

—Cji(T) [eZHSsze Z‘HSTpS(t)z@- — eiHSsze_iHSTzips(t)] .
(4.51)

This approximation is valid as long as the time-evolution of pg(t) is completely dominated
by the bare system-Hamiltonian Hg on the timescale 7.4.The interaction with the bath
does not cause dephasing or relaxation in pg(t) on this timescale. The time-evolution due
to the system-Hamiltonian Hg is shifted from the density-matrix to the operators.

Physically in the Markov approximation, the state of the bath changed by the interaction
with the system at time tg returns to equilibrium long before the changed bath-state can
have an effect at later times ¢t + tg + 7. Information can only flow from the system to the
bath. Interaction-strengths g; that allow the system to regain information about its state
at earlier times via the bath break Markovianity.

In essence the Bloch-Redfield equation describes the time-evolution of a system weakly
coupled to a large bath so that the complex bath can be reduced to the correlation function
C;;(T) with respect to its influence on the bath.

The time-integral-formulation of Eql4.51]is not very useful to find numerical or analytical
solutions to the Bloch-Redfield-equation. The integral can be evaluated by introducing an
infinitesimal convergence factor e~ for 7 — oo and using the Fourier-transform of the
correlation function, the spectral function,

C’ij(w) = /_OO C’ij(T)e_indT . (4.52)

This is most easily done in the eigenbasis of the system-Hamiltonian. We denote the basis
states of Hg with greek letters (|5), |v), |0), |n)). The unitary transformation matrix V'
diagonalises the system Hamiltonian. The system-coupling-operators in the eigenbasis are
denoted as & = V12 V. The Bloch-Redfield-equation can be written as,

ps(t) = ilps(t), Hs] — P (ps(t)) (4.53)

74



4.2. The Bloch-Redfield equation 75

with the superoperator P(p) leading to dephasing and relaxation,

Plo) = 5l [ o [ar ST 30 060 (G tente 2l s (o(0)

27 e—0
4,3 B,7,0,m

~C(r)deTeT e T2 s (p(t)}
)

where we used,

Z560(p(8)) = [ps()m) (3118) (7] = [m){3lps (D18 (V] (4.55)
Z o 50(0(8)) = [1B) (7105 (D)) (3] — B) (7| In) (5] ps (£)] - (4.56)

We defined the energy-difference between eigenstates wg., as,

wgy = Ey — Eg , (4.57)
& = (Bl&]) . (4.58)

We use an integral-identity to convert the time-integral into a d-function and a Cauchy
principal value,
oo A 1

li T (—iWpy T o —€T _ 9ns(, i PV.— 4.59
30 0 ©c ‘ o = p) W= Wy 59

The Cauchy principal value, P.V. , contributes an imaginary correction to the omega-
integral in Eq/4.54, This contr1but1on modifies the energy-levels of the system like the
Lamb-shift (in the case where the bath is given by the quantized electro-magnetic field it
is the Lamb-shift). When using the Bloch-Redfield-equation it is commonly assumed that
the principal-value-contribution is already included in Hg and the imaginary part of the

w-integral is ignored[84].

The spectral-function-form of the Bloch-Redfield-equation contains all time integrals in

Cji (w)’

bs(t)Zi[ps(t),Hs]*%Z > 2T Cii(—wgy) [ps (D)) (B11BY (Y| — [m) (3l s ()] 8) (4]
4,3 B,Y,6m

—Cji(way) [1B) (vl @) m) (6] = B){v[Im)(6lps ()]},
(4.60)

The strength of dephasing and relaxation is determined by the spectral function evaluated
at the energy-differences of the system. The spectral function Cjj(w) is a measure of the
weight of an energy-transfer of w between the system and the bath by the bath coupling-
operators X; and X;. The system coupling-operators z; and z; can correspond to a combi-
nation of several transitions between system-energy-eigenstates. Each of these transitions
|8) (7] is weighted with the value of the spectral-function at the transition frequency wg..
For later reference we introduce a shorthand notation for the Bloch-Redfield-equation in
the eigenbasis,

pv(t) =Vps(t)VT,
pr(t) =i |pv(t), VIHsV] - ;z (ps(t)C56 = Eips(t)C; — Ghps(t)E: +Ecips(®)]

1,J

(4.61)
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76 4. Method development: The stochastic Bloch-Redfield algorithm

with the spectral-weighted coupling-operators,
(BIC5 1) = (BIEj17) Cij(Fwpy) - (4.62)

It is often possible to further simplify the Bloch-Redfield-equation with the secular approx-
imation. In the interaction picture the coupling operators in Eq acquire an oscillating
time-dependence,

PO =5 3 32 eI (04 (—wz) [P OIMBII) ] ~ I G101
0y B8,

—Cji(wsr) [1B) ro§ @) m) (8] — 18 (vlim) (615 (6)] }
(4.63)

The exponential function e~ “sy—wsm)t oscillates on the time-scale of the coherent time-
evolution of the system. In the interaction picture the density matrix p%(¢) changes on
the time-scale of the dephasing-time 75 and relaxation-time 77 of the system.

The average contribution of the terms with,

1 1
|wsy — wan| > max <{T17 T2}> (4.64)

to the Bloch-Redfield master equation Eql4.63| vanishes due to the fast oscillations. The
strict secular approximation postulates that each combination of transition frequencies is
either exactly zero,

wgy —wspy =0, (4.65)

or large compared to Ty and T» (Eql4.64). The sum over the eigenbasis in Eql4.63] is
modified by introducing a Kronecker delta,

Z — Z d(wpy — wsp) - (4.66)

By7,0,m By7,6,m

Only pairs of transitions with the same transition frequency contribute to the incoherent
time-evolution. The strict secular approximation is not a good approximation when the
problem contains pairs of transitions so that wg, and ws, are not equal but the difference
is comparable to 1/T} and 1/T5. In small systems the strict secular approximation can be
relaxed by hand for specific combinations of transitions. In this work we always understand
the secular approximation to be the strict secular approximation defined by Eql4.66]

4.3 Stochastic Bloch-Redfield-theory

In this section we unravel the full Bloch-Redfield-master-equation into a stochastic differen-
tial equation to obtain the stochastic Bloch-Redfield algorithm (also published in Ref.[66]).
In this way we combine the microscopic foundations of the Bloch-Redfield-theory with the
gains in numerical efficiency of the quantum-jump approach. The presented algorithm is
general in the sense that it makes no specific assumptions about the model of the system
except that the standard Bloch-Redfield approach is applicable.

So far to our knowledge all stochastic unravellings that take into account the microscopic
model of the environment, as it has to be done in a solid state environment [80} [66], have
to be adapted to the specific model. Often a master equation in Lindblad form has been
derived by hand for the microscopic model of the bath [88] 90| 93].
Other works have extended stochastic unravellings to non-Markovian problems [95] [96].
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4.3. Stochastic Bloch-Redfield-theory 77

As a specific Markovian correlation function C (t) in the Bloch-Redfield equation is just a
special case of a general non-Markovian memory kernel one can in principle use one of the
non-Markovian unravellings for a specific bath model with a known spectral function.

In one case additional fictitious oscillator modes were added to the system [95]. The ficti-
tious oscillator modes are chosen in such a way that by tracing out their degrees of freedom
one obtains a non-Markovian master equation of the form Eql4.51] with the original non-
Markovian memory kernel C;;(7). The full system with the fictitious oscillator modes
is then simulated with the quantum-jump-method. In another case the non-Markovian
unravelling was based on the quantum-state-diffusion unravelling[97, [96]. In this method
the size of the Hilbert space is not expanded. However, one has to find a suitable an-
alytic ansatz for each type of system and noise environment and one has to evaluate a
time-integral over the memory-kernel at each simulation-step. Both these methods are
numerically much more expensive as they can also deal with non-Markovian problems.
The advantage of our method is that it provides a closed algorithm that does not have to
be adapted separately to each microscopic bath model.

At a first glance the main obstacle to rewrite the Bloch-Redfield-equation Eql4.61]into a
stochastic-Schrodinger-equation is the imbalance of the operators acting on the density-
matrix p from left and right. Unlike the Lindblad-operators L, and LL th operators &;
and Ci; are not Hermitian conjugates. This imbalance is a manifestation of a fundamental
difference between the Bloch-Redfield-equation and the Lindblad-equation. Density ma-
trices obtained from the Lindblad equation always have physical form, those obtained for
Bloch-Redfield can contain unphysical negative probabilities to find the system in certain
states.

Density matrices p obtained from a stochastic unravelling are always physical. They are
an average over pure-state density matrices |¢) (¢|. Each pure state density matrix has
a trace of one Tr(|¢) (¢|) and is positive semidefinite. Averaging over many pure state
matrices,

=1

p=) _ — o) (il , 4.67

> oo (467
preserves the physical properties. As the Lindblad equation is the most general master
equation that produces such density matrices, a time-independent master equation can
only be stochastically unravelled if it is mappable to Lindblad form.

Unravelling the Bloch-Redfield-equation into a stochastic-Schrodinger-equation requires
additional approximations. In the strict secular approximation the Bloch-Redfield-equation
can be rewritten in Lindblad-form [82]. We will use a notation that is especially suited
to turn the Lindblad-form into a stochastic-Schrédinger-equation. Later on we will dis-
cuss which part of the secular-approximation are essential to obtain the stochastic form of
Bloch-Redfield and introduce the piecewise flat spectral-function (PWF'S) approximation.

We start with the Bloch-Redfield equation Eql/4.60|in the secular approximation,

1
ps(t) = ilps(t), Hs] = 5 > d(wsy — wcsn)fjﬁ”ﬁ?’a {Cij(—wpy) Z5 ., 5.(p(1))
©.J Byv,0.m

—Cji(wsr) 23 50(P(t)} - (468)

The energy differences wg., of system eigenstates |3) and |y) can be written as an antisym-
metric N X N-matrix of the same dimension as the coupling operators &;. For each unique
value of the eigenenergy-differences w we define a subset M(w) of the N x N complex
vector-space so that,

M(w):{MGCNXN|VB,7 wgy #w = Mg, =0} . (4.69)
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78 4. Method development: The stochastic Bloch-Redfield algorithm

For each subset we define P(w) as the projector into that subset. Let mg be the number
of unique eigenenergy-differences w and m¢ the number of coupling operators &;. The
maximal value of mg for a completely non-degenerate system is mp = N? — N +1. We
now decompose the m¢ coupling-operators &; into mg X mg new coupling operators & ,;,] ,

& =l npi1)im) = Pwn)éi - (4.70)
If we take, for example, the following w-matrix and coupling operator,
0 w1 w2 g'o&r g’
w=|"w1 0 wi| o= g P, (4.71)
0 : 33

the decomposed coupling operators are given by,

Ho0o o0 0 &2 0 0 0 &3
=10 & of, &=(0 0 &), ¢&=|00 0 . (4.72)
0 0 &8 0 0 0 00 0

Each of the new coupling-operators 5,‘67 corresponds to exactly one eigenenergy-difference
wy, and the spectral-function Cj;(w) is substituted by two rate-matrices I+,

Iy = Cinyjng) (Fw(k)) (4.73)

We make the additional assumption that all pairs of original coupling operators §; and §&;
with a non-zero spectral-function C;;(w) are Hermitian conjugates,

Cijlw) #0 = ¢&=¢ . (4.74)

In most practical cases this is no restriction of the form of the system-bath-coupling. Typ-
ically microscopic coupling operators correspond either to observables that are Hermitian
by themselves or to creation and annihilation-operators as in the Jaynes-Cummings-model.
This restriction is not valid when the noise sources are spatially correlated 66].

In general this assumption does not carry over to the new coupling operators 5,;] and
§ZJ and rate matrices Ffl. Take for example the simple three-dimensional case Eq
assuming a non-zero spectral-function C1;(w) of the original coupling operator £, the rate
matrix elements F;tg are not zero even though & and 53] are not Hermitian conjugates.
This is precisely where we make use of the strict specular approximation. Up to this
point the construction of the new coupling operators is completely general for all Bloch-
Redfield-equations. In the strict secular approximation only the combination of 5,;,] and
& with w(k) = —w(l) contributes to the time-evolution. Since the w-matrix is real and
antisymmetric,

wyg = Eg — By = — (B, — Eg) = —wg, , (4.75)

it follows that,

6 = P)e = (Pl-wel)' = (P(-wi) = (&) . (1.76)

Therefore we can absorb the Kronecker-delta of the secular approximation in Eq into
the rate-matrices Ffl so that the matrix element is zero except for 5,;7 = (5[7 )T. We can
now write the Bloch-Redfield-equation as,

ps(t) =ilps(t), Hs] — %Z > ABIE 1L 1) AT 2 ,60(P(1) = T ZB 5 () } -
k0 B,y,0,m
(4.77)
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4.3. Stochastic Bloch-Redfield-theory 79

Or in the shorthand notation of Eql4.61|

ps(t) = ilps(t)Hs] - % > AT [psM&'el — &l ps)&]] = T [6 ps (D& — &/l ps®)] }
k,l
(4.78)

In the second part of the decoherence-contribution we can exchange the names of the
indices k and [ in the sum over all coupling-operators and use F;,rc = I'}; to eliminate all
occurrences of F;l. Using,

Ty = Tidsec(k, 1) (4.79)
o for (&) #¢
5sec(kal) - { 1 for (fl‘])T _ fk'] ) (480)

we finally arrive at,
pst) = i [ps()Hs] + 5 ST 26 s (&) — ps(i)E)tel — (&) ps(t)] - (481)
k

The equation of motion has taken the Lindblad-form and can be turned into a stochastic-
Schrodinger-equation as in Eq The coupling-operators have become the jump-operators

&t

Rewriting the Bloch-Redfield-equation in Lindblad form and applying the known quantum-
jump approach is conceptionally straightforward. It is important to note that the stochas-
tic Bloch-Redfield approach is of practical interest for physical systems whose number
of states is much larger than in most situations where the Bloch-Redfield-equation is
normally applied. We obtain a new jump-operator for each combination of an original
coupling-operator and a unique transition frequency. The number of jump-operators can
be very large compared to the number of coupling operators in standard Bloch-Redfield-
equations and the number of phenomenological jump-operators used in a standard Lind-
blad quantum-jump-approach. In a system with just two original jump-operators & and
200 states we could obtain over seventy thousand jump-operators 5,;] .

So far we have used the strict secular approximation to derive the stochastic Bloch-Redfield
approach. As explained in more detail in section Secl4.2|the strict secular approximation
assumes that the frequency corresponding to the difference of two eigenenergy-differences
Agysy = Wy — Wey is either zero or oscillates fast on the timescales set by relaxation 17
and dephasing 75 of the system. This is not generally the case. It is always possible that
the system has an intermediate frequency Ags,, which is nonzero but of the same order
as relaxation and dephasing rates I'y and I's. The contribution of coupling-operators
corresponding to such an intermediate frequency can neither be neglected due to fast
oscillations nor can Ags,, be approximated by zero since it changes the phase of a system
state significantly on the timescale of decoherence.

The occurrence of such an intermediate frequency Ag.s, is even more likely in the large
systems suited for the stochastic Bloch-Redfield-algorithm as the number of eigenenergy-
differences wg, scales with system-size squared O(N?). In small systems intermediate
frequencies can be dealt with by excluding the corresponding coupling terms from the
secular approximation.

In large systems where a stochastic unravelling approach is of interest we follow a different
approach. Since the bath-operator-correlation-function Cj;(7) decays on timescales much
shorter than T and T, the Fourier-transformed spectral function Cj;(w) varies only slowly
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80 4. Method development: The stochastic Bloch-Redfield algorithm

on frequency-scales smaller than the decoherence rates I'y and I's. We now approximate
the spectral function Cj;(w) by a series of bins,

Cij(w) = Cl (W) =3 CrO(w — wn)O(wnt1 —w) (4.82)

where ©(w) is the Heaviside ©-function and the bin-amplitudes C7; and intervals [wp, wp+1]
are chosen such that,

Vn:  w € [wn,wnt1] = |Cij(w) — Cf| < 6C (4.83)

with the cut-off-parameter of the approximation dC. We refer to the approximated spec-
tral function CP%/(w) as the piecewise flat spectral function. We now assume that the
original correlation function Cj; is smooth enough so that the bin-size of the approxi-
mated correlation-function CZ-wf is much larger than the dephasing and relaxation rates
of the system,

Vn: wpel —wp >0,y (4.84)

We also assume that, for two transition frequencies wg,, and ws,, differing by an intermediate
frequency Agysy,, we can either choose Cj; so that wgy and ws;, belong to the same bin, or
the weight of the matrix-elements (3|¢;|y) and (6|¢;|n) can be neglected compared to the
sum of all other transitions in the Bloch-Redfield-equation Eql4.60.

This approximation is justified for most systems in practice. If a large number of transition
frequencies wg,, in a dense distribution correspond to nonzero matrix elements (3|&;]7) ,
the weight of one pair of transitions (8|&;|y) and (n|&;]6) is very small. If the distribu-
tion of transition frequencies is not dense and has gaps, we can choose the bins to avoid
intermediate frequencies at the bin boundaries.

We neglect all combinations of transitions |3)(v| and |n)(d| in Eq/4.60 where wg- and wsy,

do not belong to the same bin in C’Z-wf . They are either negligible compared to all other
contributions or their contribution to the Bloch-Redfield-equation oscillates so fast that
we discard them as we did in the secular approximation in Eql4.63 We refer to this as
the piecewise flat spectral function (PWFS) approximation.

The values of the piecewise flat spectral function Cg"f (w) at the transition frequencies
wg~ can be written in the same matrix-form as the transition frequencies themselves,

(BICii1y) = CF (wgy) - (4.85)

We use the same kind of decomposition as in Eq[4.69 and Eq/4.70 but instead of the matrix-
elements with the same transition frequencies we are grouping the identical weights of the
transtions (5|C;;|y) together. With the unique entries I'y, of C;; we define new subsets of
the N x N-matrix-space,

M(Ty) = {M € CVN | (B|Cij|7) # T = Mg, =0}, (4.86)
with the corresponding projector P(I') and the jump-operators,
& =P(Tm)éir) - (4.87)

Each coupling-operator &; is decomposed into a different number of jump-operators. The
number of unique rates I';,, depends on the exact distributions of bins in C’Z-wf and the
number of non-zero matrix-elements in the coupling-operators.
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4.3. Stochastic Bloch-Redfield-theory 81

In the PWFS approximation all contributions of transitions from different bins in ngf are

neglected. The bins determine the unique rates I'y,. All contributions of products 5,;,] (£lJ )Jf
of jump-operators corresponding to different rates I'y, and I'; are neglected. The double
sum over pairs of jump-operators is reduced to a single sum over all jump-operators,

G ENT =D gt (4.88)
kl k

The Bloch-Redfield-equation (Eql4.60) in the PWF'S approximation can again be mapped
to Lindblad-form as we did in the strict secular approximation. The only difference is the

definition of the jump-operators (Eql4.87) and the jump rates (Eql4.85).

Note that the number of jump-operators in the PWFS approximation is typically much
smaller than the number of operators in the complete secular approximation. A large
number of eigenenergy-differences wg, can correspond to one bin in Cg-wf so that the
corresponding transitions |3)(y| all belong to one jump-operator instead of requiring one
jump-operator for each transition.

The PWFS approximation does not only deal with intermediate frequencies Ag,s, for
which the secular approximation is not applicable, it also solves a scaling problem. In
numerical calculations the time consumed by the construction of the jump-operators is non-
negligible. Each jump-operator is an N x N-matrix and the construction of jump-operators
scales as O(N?) with system-size N. In the complete secular approximation the number
of jump-operators also scales as O(N?) so that the combined numerical complexity of the
jump-operator-construction is O(N?), the same complexity as the numerical solution of the
full Bloch-Redfield-master-equation for the density-matrix p. The stochastic-Schrodinger-
equation approach looses its scaling-advantage in the strict secular approximation.

In the PWFS approximation the number of jump-operators does not scale as O(N?).
The transition frequencies wg, of many transitions belong to the same bin in C’%wf . The
construction of the jump-operators scales as O(N?) the same as the calculation of one
stochastic trajectory of a state |¢(t)). The stochastic Bloch-Redfield-algorithm in the
PWES approximation has the same scaling behaviour as the quantum-jump-algorithm for
a Lindblad-equation.

So far we have considered stochastic-Schrédinger-equations simply as a way to obtain the
time-evolution of the density matrix more efficiently than by solving the non-stochastic
master-equation for the density matrix. It has been pointed out in Ref.[98] that one trajec-
tory of the quantum-state |¢(t)) corresponds to the physical time-evolution of the system
in contact with a bath that is constantly measured as long as the time-evolution of the
density-matrix is given by a completely Markovian Lindblad-equation. This corresponds
to the physical interpretation of the quantum-jump-procedure at the end of Sec/4.1]

The premise from Ref.[98] is not given in the stochastic Bloch-Redfield approach. In a
completely Markovian master equation the time differential of the density matrix at time
t only depends on the density matrix at the same time. The memory kernel in the Bloch-
Redfield equation in time-integral form is a d-function,

éij(t) X 5(t) . (4.89)
In typical solid-state environments this condition only holds for times larger than a time-
scale set by the bath. The time-scale can be so small that it is irrelevant for the time-
evolution of the system. This is the case when the spectral function Cjj(w) is constant
for all relevant eigenenergies of the system. When we however conceptually consider con-
tinuous measurements, Eql4.89] has to hold on all time-scales. In a complex solid-state
environment a single trajectory has no straightforward physical interpretation. It is merely
a tool to obtain the full time-evolution of the density matrix.
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82 4. Method development: The stochastic Bloch-Redfield algorithm

4.4 From stochastic Bloch-Redfield to kinetic Monte-Carlo

In this section we show under which conditions the stochastic Bloch-Redfield-algorithm
corresponds to the kinetic Monte-Carlo (KMC) algorithm [102]. Kinetic
Monte-Carlo is one of the most widely used simulation-methods based on Monte-Carlo-
algorithms. The main feature of the kinetic Monte-Carlo-algorithm is its ability to simu-
late the incoherent time-evolution of the system under consideration, whereas many other
Monte-Carlo methods simply converge to the equilibrium state of the simulated system.
This makes the kinetic Monte-Carlo-algorithm a very important tool in the study of equi-
libration and externally driven transport processes in chemistry and physics 102]. In
solid-state physics the KMC algorithm has also been used to simulate transport processes
in linear and bilinear Josephson junction chains [15]. For a detailed discussion of
kinetic Monte-Carlo see for example Ref.[101]. Kinetic Monte-Carlo does not take into
account the coherent quantum-mechanical evolution of the system. It only simulates the
incoherent transitions between the states of the system.

In the KMC-procedure a set of N system-states {j} and transition rates between them
['ji are given. For a system in state j at time £; the vector s with the elements sy,

k
se= T, (4.90)
=1

is defined. A random number r; € (0, 1) is chosen and the k-th system-state is selected so
that,

S < SN T < Skl - (4.91)

State k is the new state after the stochastic Monte-Carlo-step. The time is incremented by
the escape time At. The time increment of the KMC-step is obtained from the probability
distribution for the time At after which a system escapes from state j to any other state
for an exponential decay p;(t) = exp(—snt). The probability distribution is given by [101],

pesc(At) = SNe_sNAt . (492)

Drawing from an exponential distribution Eql4.92] is equivalent to drawing a number 79
from an even distribution in the interval (0, 1) and using,

At = —sy -In(r2) . (4.93)

The escape time is proportional to the logarithm of the random number 75.

In the stochastic Bloch-Redfield algorithm the calculation of a single trajectory between
the quantum jumps can be drastically simplified if the jump operators & ,;’ project the state
|1)(t)) to an eigenstate of the system-Hamiltonian Hg with each quantum jump . Assume
that at time ¢; a quantum jump takes the system-state from the eigenstate |5;—1) to the
eigenstate |f3;) and the trajectory-state |1(¢;)) has a phase of ¢; at ¢;. The system state
|1(t)) in the interval [t;,t;41] is given by,

Vite [ti7ti+1] :
[$(t)) = e¥re” P8 (4.94)

The time of the next quantum jump can be determined by the decay of the state-norm
of the unnormalized trajectory-state. The jump occurs once the squared norm of the
unnormalized state |1y, (t)) is smaller than a random number r; € (0,1). Under the
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4.4. From stochastic Bloch-Redfield to kinetic Monte-Carlo 83

assumption that the jump operators act as projectors, the state |1y, (t)) is guaranteed to
be proportional to an eigenstate and one finds,

D ) = i LS T (&) & ) (1.95)
k
(Pun. (1) [Yun. (1)) = exp (— S (sl (&) s - m) : (4.96)
k

1
tiv1 =t + ln(%) (Z Ly (Bl (51}])%1}]’50) ; (4.97)
g k

Giv1 = i — Ep,(tiv1 — i) . (4.98)

The expression Eql4.97 determines the time between jumps At = ¢, —t; in the stochastic
Bloch-Redfield algorithm. Comparing Eql4.97|and Eq/4.93| we see that the only difference
between the classic KMC algorithm and the stochastic Bloch-Redfield-algorithm for pure
eigenstates is the order of stochastically choosing the transition and the transition time
which is purely a matter of convention.

Given that the system state [1(t)) between quantum jumps is an energy eigenstate the
stochastic Bloch-Redfield algorithm maps directly to the established kinetic Monte-Carlo
method. For the moment we assume that the system state is already proportional to an
energy eigenstate at the beginning of the time-evolution.

All possible quantum jumps will correspond to transitions between energy eigenstates of
the system if and only if all jump-operators meet the condition,

V|8),|7),|6) eigenstates of Hg , V & :

(BlEd 1) = Glei 1) = 18) = 16) - (4.99)
Jump operators have to correspond to exactly one transition between eigenstates,
& o< [B)(v] - (4.100)

The only exception is the jump operator that corresponds to transition frequencies of zero
wgg = 0 and therefore pure dephasing,

Edopn = D _cs1B) (Bl (4.101)
B8

where the cg are arbitrary coefficients.

Condition Eql4.99] contains the strict secular approximation. Each jump operator corre-
sponds to exactly one transition and therefore to exactly one transition frequency. The
condition corresponds to the strict secular approximation in a system where all transition
frequencies are different,

Y 1B8), v, 16), |m) eigenstates of Hg (4.102)
way = wsy = |B) =10), |7) =1n). (4.103)

In general the initial state of a stochastic Bloch-Redfield simulation will not be an energy
eigenstate of the system Hamiltonian. When the condition for the mapping to KMC is
met, the time evolution can be simulated with the stochastic Bloch-Redfield algorithm
until the first off-diagonal quantum jump with a jump operator Eql4.100] occurs. The
off-diagonal quantum-jump projects the system-state to an energy eigenstate. Once the
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84 4. Method development: The stochastic Bloch-Redfield algorithm

system is in an energy eigenstate the stochastic Bloch-Redfield algorithm is equivalent to
the KMC algorithm.

At the end of this section we want to note two important points. First, given that all
approximations are valid, we can reconstruct the full time-evolution of the density-matrix
although we only simulate the incoherent processes in the KMC-inspired algorithm. Usu-
ally the KMC algorithm is used to obtain only the populations of a certain basis-set of the
system, the diagonal elements of the density-matrix. We can reconstruct the full density
matrix since we already diagonalized the system. The system-state with the full phase-
information can be obtained for any time from our knowledge of the eigenenergies £z and
eigenstates |[3).

As a second point, we want to stress that the shown connection between the stochastic
Bloch-Redfield and kinetic Monte-Carlo algorithms in no way means that we can sim-
ply substitute the stochastic Bloch-Redfield algorithm with the KMC algorithm nor can
we simply expand normal KMC-simulations to obtain the full density-matrix. The re-
formulation of the stochastic Bloch-Redfield algorithm in KMC-form only works in the
eigenbasis of the system-Hamiltonian. In the Bloch-Redfield approach it is always neces-
sary to diagonalize the system-Hamiltonian to calculate the dephasing and relaxation-rates
from the spectral function Cjj(w). In the typical KMC-simulation, where the incoherent
transition-rates are obtained by other means, the original basis is used as an approximation
of the eigenbasis, e.g. the occupation basis in a lattice with very small tunnelling-matrix-
elements. A diagonalization of the system-Hamiltonian is neither necessary nor feasible
for the typical system-sizes.

Take for example the transport of interacting Cooper-pairs and anti-Cooper-pairs in a
one-dimensional Josephson-junction-array, a lattice of length N. A complete state-basis
of this system has dimension 3%, if we restrict ourselves to the case where each site can
be occupied by a Cooper-pair, anti-Cooper-pair or be empty. It is not possible to find
the eigensystem of the corresponding system-Hamiltonian for an array of 50 sites with
computational resources typically available today. With a KMC algorithm the current
transport in such and larger systems can be simulated on a standard personal computer

103 [15).
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5. Applying the stochastic Bloch-Redfield
algorithm to an SSET

In this chapter we will demonstrate the practical application of the stochastic Bloch-
Redfield-method. The superconducting single electron transistor (SSET) is used as an
exemplary system. The SSET has been studied in great detail theoretically
and experimentally [L06]. Depending on the number of tunnelled-charge states one chooses
to include the energetically accessible Hilbert space of an SSET can be arbitrarily large.
It is an ideal test case to compare the results of the stochastic Bloch-Redfield-algorithm
with established techniques. The numerical results presented in this chapter have also
been published by the author in Ref.[66].

An SSET consists of a superconducting island connected to two superconducting leads by
insulating Josephson-junctions (see Fig. The superconducting island is capacitively
coupled to the ground with a capacitance Cy. Each Josephson-junction can be charac-
terised with the Josephson coupling energy E; and the capacitance of the junction C'.
The total capacitance of the island with respect to the ground is,

C=20;+0C,, (5.1)

An offset voltage V; is applied between the superconducting island and the ground and
the left and right Josephson-junctions are biased by the voltages V1 and V5 with the total
bias voltage Vpias = Vo — V1.

EJ{,Z}CJ -
‘/1 ? Cg L V2 ?

Figure 5.1: Circuit diagram of the SSET with capacitance to the ground Cy, the bias
voltages V1,Va, the voltage to the ground V, and the Josephson junctions with
the Josephson energy E; and the capacitance C;. (As published in Ref.[66])
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The superconducting island is small enough so that the number of Cooper-pairs and quasi-
particles on the island is a good quantum-number. The state of the island is given by the
number N of elementary charges on the island compared to a neutral equilibrium. We
assume that the charging energy Eg? of the island,

62

1S
C =35 (5.2)
is large enough that it is sufficient to consider the states with N € —2...2. At each point in
time the island can be empty or be occupied by an anti-Cooper pair, an anti-quasi-particle,
a quasi-particle or a Cooper pair. We do not include quasi-particle double-occupancies. It
is assumed that two quasi-particles on the superconducting islands relax to a Cooper pair
occupation state on a time-scale much shorter than all other time-scales of the problem.

While the state of the superconducting island alone is given by IV, the state of the SSET
can be characterized by the number of charges on the island N and the number of charges
N that have tunnelled through the right Josephson junction. Normally the variable N is
not considered as a degree of freedom of the system. The transport properties of the SSET
can be obtained from a master equation for the density matrix of the N-states alone (see
for example Ref.[2]). We are however free to consider an arbitrarily large basis ‘N N >
with N bounded by my, 0 < N < my. The corresponding Hilbert space has dimension
5my. We can therefore test the stochastic Bloch-Redfield algorithm introduced in the
previous chapter (Chap with a system that has a large Hilbert space. At the same time
we can compare the behaviour we obtain from the stochastic Bloch-Redfield approach with
established results.

The Hamiltonian of the system in the variables N and N is given by [66],

Hg=Hc+ Hy + Hy (5.3)
1 . 2
He = 50 <eN — ng) , (5.4)
Hy =VseN -V, (e]\af - eN) ) (5.5)
H =) (E/|N+2N-2)(N,N|+E;|N+2,N)(N,N|+hc.) , (5.6)
N,N
ng = Cgvg + CJ(VQ - Vl) ) (57)

and consists of the charging Hamiltonian H¢ with the offset charge ng4, the voltage Hamil-
tonian Hy and the Josephson tunneling Hamiltonian H;. The bias part of the Hamiltonian
Hy gives the energy gained by a charge carrier tunnelling through the Josephson-junctions
connecting the dot with the leads. The tunneling Hamiltonian H; consists of two parts.
The first term changes N and is responsible for the Cooper pair tunnelling through the
right junction. The second part leaves N unchanged and corresponds to the coherent
tunnelling through the left junction.

As every mesoscopic solid-state system the SSET can couple to many different sources of
environmental decoherence, for example the bath of thermally activated quasi-particles
in the superconducting leads [2], fluctuations in the applied voltages due to external
impedances Z(w) [105], the phonon-bath in the substrate on which the SSET is
fabricated or two level fluctuators in the Josephson junctions as they are found in many
qubits. Here we consider system bath models,

H=Hs+ Hsp+ Hp , (5.8)

that are governed by the Bloch-Redfield equation Eql4.61]
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Figure 5.2: A plot of the convergence of the expectation value of the time-evolution of
the tunnelled charges <J\7 > in the JQP cycle when averaged over an increasing
number of iterations of the stochastic Bloch-Redfield algorithm in the PWFS
approximation. After 8000 iterations the result is almost indistinguishable
from the solution of the master-equation (dashed blue line). The expectation
value <N >, which corresponds to the transported charge, increase linearly over
time. (Figure and caption Ref.[66])

5.1 The Josephson Quasi Particle Cycle

A characteristic process in SSETSs is the Josephson quasi particle cycle (JQP cycle)
[106]. In this section we discuss the physics behind the JQP cycle and show how the JQP
cycle can be simulated with standard density matrix master-equations and the stochastic
Bloch-Redfield method in the secular approximation and in the piecewise flat spectral
function approximation (PWFS approximation).

The DC-transport in an SSET under small voltage bias V3 = Vo — Vj is constricted by a
Coulomb blockade depending on the equilibrium offset charge ny. As in every normal SET
for —0.5e < ny < 0.5e the states with no Cooper pairs or quasi-particles on the island
‘N =0,N > have the lowest energy with respect to the charging Hamiltonian He. An
additional Cooper pair on the island requires an additional energy of AEq = %(26 —ng)?,
whereas an additional quasi-particle requires AEg, = %(e — ng)z. In a normal conducting
SET with no Cooper pairs this leads to a ng-dependent Coulomb blockade threshold voltage
for DC-transport,

1 (e— ng)2

‘/tnormal(ng) — %? (5_9)

In the SSET it is not sufficient for the bias voltage V} to overcome the Coulomb blockade to
have quasi-particle transport, at low temperatures all electrons are in the superconducting
condensate and the number of occupied quasi-particle states in the leads is negligible. For
a quasi-particle excitation of charge e to incoherently tunnel into the island or from the
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Figure 5.3: The piecewise flat spectral function approximation: The spectral function
C(w) (blue) is approximated by the piecewise-flat function CP*f(w) (red) de-
fined by the values of C(w) at the transition frequencies wg, of the system
(black lines). The transition frequencies in the JQPC-example are spaced so
far apart that each transition frequency corresponds to another bin in CP*f (w).
In the intervals between the transition frequencies CP*/(w) can take very dif-
ferent values from C'(w), however this is not important as the value of the
spectral function at these energies does not enter the Bloch-Redfield equation.
(Figure and caption Ref.[66])

island a Cooper pair has to be broken at an energy cost of 2A. Overall one obtains the
threshold voltage for quasi-particle transport in the SSET,

V, = % <(e_26nf’)2 + 4A> . (5.10)

Depending on the parameter regime the transport behaviour can be modified by the parity
effect. In the state with one additional quasi-particle on the superconducting island the
quasi-particle is forced to occupy a state with at least energy A since the quasi-particle
density of states is zero below the superconducting gap A. This one quasi-particle can
incoherently tunnel from the island into one of the leads without breaking a Cooper pair
with the assorted energy cost 2A. The tunnelling rate of the quasi-particle is however
suppressed by a small prefactor since the number of exited quasi-particles on the island
has to be compared with the number of electrons in the condensate. A detailed discussion
of the parity effect in SSET's can be found in Ref.[1]. We assume that the parity effect can
be neglected for the system we consider.

Usually pure Cooper pair transport does not contribute to the DC-transport through a
voltage biased SSET. Coherent Cooper pair tunnelling under a dc bias voltage can only
lead to an AC-current response as the energy gained by the charge carriers from the bias
voltage is not dissipated. Incoherent Cooper pair tunnelling as obtained from P-of-E theory
can in principle contribute to DC-conductance but the tunnelling rates are proportional
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population

Figure 5.4: The population in the states N = 0 and N = 1 of the SSET for several
single trajectories of the stochastic Bloch-Redfield algorithm. The population
is plotted with an offset for each trajectory. For the chosen parameter of
the JQP cycle the PWFS (solid lines) and the secular approximation (circles)
are equivalent as explained in Figl5.3. The PWFS-approximation and the
secular trajectories were initialized with the same seed for the random number
generator. As the system was not initialized in an eigenstate the quantum jump
trajectories show coherent oscillations of the system state before the system is
projected into an eigenstate by the first quantum jump. (Figure and caption

Ref.[66])

to E3 and the contribution can be neglected for small Josephson energies E;.

The Josephson quasi-particle cycle lowers the transport threshold voltage due to a com-
bination of coherent Cooper pair and incoherent quasi-particle tunnelling. We assume
that the dissipative environment of the SSET is given by the quasi-particle bath of the
superconducting leads. The system bath Hamiltonian Hgp is given by the quasi-particle
tunnelling operators,

Hsp = ([N =1,N)(N,N|Xiett + [N +1,N = 1) (N, N| Xigr¢ + h.c.) ,  (5.11)
N,N

where Xjefi /rigne are the bath coupling operators for the left and right lead. The spectral
function of the bath coupling operators can be expressed as an energy integral [1],

Clw) = 621Rt /_ e /_ T AN (ONEVF() L= f()] 6 — ¢ —w) . (5.12)

The population of the states on both sides of the Josephson junction is given by the Fermi
function f(€), N(e) gives the density of states of the quasi-particle states and R; is the
normal tunnelling resistance of the Josephson junction. The exact value of the spectral
function can be calculated numerically. We limit ourselves to the low temperature limit
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Figure 5.5: The time-evolution of the population of the charge-states of the SSET-island
N = =2 to N = 2 in the JQP cycle over a short time obtained by averaging
over 8000 of the trajectories seen in Fig (circles). The master-equation gives
the same result (solid line) as the stochastic Bloch-Redfield algorithm in the
PFS-approximation . Population oscillates coherently between states |N = 0)
and |N =2). The amplitude of the oscillation decays as dephasing destroys
the coherent quantum-oscillations. Population relaxes from states [N = 0) and
|N = 2) to state |N = 1) via dissipative quasi-particle tunnelling. (Figure and
caption Ref.[66])

where the spectral function can be approximated as,

1

C(w) = T

Ow—2A)w , (5.13)
with the superconducting energy gap A. In the low temperature limit, the spectral func-
tion is zero for transition energies w smaller than twice the superconducting energy gap.
Incoherent quasi-particle tunnelling only occurs when the charging energy difference AE
is large enough to split a Cooper pair in two quasi-particles. We characterise the strength
of incoherent quasi-particle tunnelling by introducing the rate I',

2A

Tl =——.
! 62Rt

(5.14)

To achieve a Josephson quasi-particle cycle in the SSET, the gate charge is set to one
ng = 1. The states with one quasi-particle on the superconducting island are energetically
favourable. The states with one Cooper pair and the states with no charge on the island
have degenerate charging energies,

(N=1,N|H¢|N=1,N)=0,
(N=0,N|H¢|N=0,N)=(N=2N|Hc|N=2N)=FE;. (5.16)
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Figure 5.6: The distribution of the population at I't = 50, I't = 75 and I't = 100 of the

‘]\7 >—states. The distribution has a peak that moves to larger N and broadens
over time as charge is transported. The form of the peak can be fitted to the
sum of two Gaussians with the same width and peak position but different
amplitudes for odd (dots and solid line) and even (triangles and dashed line)
N-states.
Inlay: Plot of the expectation value (N) (blue/light) and the standard devi-
ation AN (red/dark) for a large system (Njqe = 100) and long simulation
time, ['t0. = 100, not accessible with numerical solution to the full density
matrix master equation. Results of the stochastic Bloch-Redfield algorithm in
the secular (squares) and PFS (circles) approximation after 8000 iterations are
shown. The expectation value <N > and AN increase linearly for the whole
simulation as expected [2]. (Figure and caption Ref.[66])

The bias voltages are set to,

Vi=0, (5.17)
Vo = Ec 4 2A . (5.18)

The Josephson quasi-particle cycle consists of three tunneling events. Starting from a
state with an empty island ‘N =0,N >, a Cooper pair can tunnel coherently trough the
left junction without dissipating energy. The energy difference between the new state
‘N =2, N> and the state ‘N =1,N + 1> is large enough to break up the Cooper pair and
lead to the incoherent tunnelling of a quasi-particle through the right Josephson junction.
A second incoherent tunnelling event brings the system back to a state with an empty
island ‘N =0,N + 2> and the cycle can start again.

We have simulated the transport through the SSET in the Josephson quasi-particle cycle
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Figure 5.7: Three-dimensional representation of the spreading of the population (height)
over the |N)-states (x-axis) and time (y-axis) in the stochastic Bloch-Redfield
JQPC-simulation of the large system. States with population < 0.01 have been
truncated for clarity. Starting in a single peak at I't = 0 the population spreads
out over several !N >—states over time while the center of the distribution moves
to higher N. (Figure and caption Ref.[66])

with the stochastic Bloch-Redfield method for the parameters,

A=20E;, (5.19)
ES5=25Ey, (5.20)
I'h=02E;. (5.21)

The number mgq, of independent stochastic trajectories in the stochastic Bloch-Redfield
algorithm was set to mser, = 8000. Two different system sizes my where simulated.
Simulations for my = 11 and 55-dimensional Hilbert space were compared to solutions
obtained from solving the standard Bloch-Redfield equation with a numerical Runge-Kutta
algorithm. The comparison of the master-equation method and the stochastic Bloch-
Redfield method is shown in Figl5.2] Both methods yield the same result. The figure also
shows the convergence of the results when averaging over increasing numbers of stochastic
trajectories.

In the model of the Josephson quasi-particle cycle the strict secular approximation and
the piecewise flat spectral function (PWFS) approximation (see Chap are equivalent.
The differences between the transition frequencies of the JQP-cycle-Hamiltonian is large
compared to the slope of the spectral function EqJ5.13] Each transition between states
‘N, N > <N’ N’ ‘ corresponds to a different bin in the PWFS approximation (Fig.
Mixed terms of transitions with different transition frequencies are neglected from the
Bloch-Redfield master equation.

Since all jump operators correspond to exactly one transition between eigenstates the
system is projected into an energy eigenstate after each quantum jump. After the first
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5.2. Incoherent Cooper pair tunnelling 93

quantum jump no coherent oscillations occur in the populations of the |N)-states of a
single trajectory. The coherent oscillations are only recovered after averaging over many

trajectories, as shown in Figl5.4/ and Figl5.5

The numerical advantage of the stochastic unravelling is demonstrated by a simulation
with a larger system size mpq-ny = 101. Here the Hilbert space has dimension 505. The
system is much to large to be solved by the usual master-equation approach. Using the
stochastic Bloch-Redfield approach we can not only simulate the time evolution of the
system (Fig we can also go to much longer simulation times. It takes longer until
the SSET reaches the maximal value of N. In the larger systems we can observe how
the probability distribution for the number of charges N transported by the JQP cycle is
established. As shown in Figl5.6, the distribution of N takes the form of two Gaussians
for even and odd N. The mean of the Gaussian increases linearly in time corresponding
to the charge transport in the JQP-cycle. The mean deviation of the charge distribution
N also increases linearly in time. A similar behaviour has been predicted in Ref.[2] for the
number of charges tunnelling over a certain time interval 7 in a JQP cycle. In Figl5.7 we
show the spread and shift in the population of the N-states over time.

5.2 Incoherent Cooper pair tunnelling

To demonstrate the difference between the strict secular and the piecewise flat spectral
function approximation we consider pure incoherent Cooper pair transport in the SSET
in this section. We neglect the coupling of the SSET to the quasi-particle bath. The
system-bath coupling is strictly longitudinal,

Hgp = NXlong ) (522)

where X, is the longitudinal bath coupling operator. We assume that the spectral func-
tion of the bath coupling operator in the relevant energy range is given by an Ohmic
function for positive frequencies and by the detailed balance relation for negative frequen-
cies. For w > 0 one can write,

C(w) =Ty, (5.23)
C(—w) = e Cw) , (5.24)
g k;T . (5.25)

Due to the coherent tunnelling amplitude of Cooper pairs E; the purely longitudinal
system coupling operator has off-diagonal matrix elements in the energy-eigenbasis of the
system. The off-diagonal terms lead to dissipative transitions in the energy-eigenbasis.
In the original charge-basis the dissipative transitions correspond to incoherent Cooper
pair tunnelling. The emergence of dissipative tunnelling rates due to longitudinal noise
and coherent tunnelling terms is a standard feature of P-of-E theory [38]. We will discuss
P-of-E theory in greater detail in the next chapter Chapl6|

The SSET parameters are unchanged from the JQP simulations, it is biased similarly to
the JQP cycle simulations,

A=20E;, (5.26)
E.=25Ey (5.27)

and we choose a similar voltage biasing,

ng=1, (5.28)
Vi=0, (5.29)
Vo =125 E; . (5.30)
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The parameters of the environmental noise are set to,

1
= 100— 5.31

B 5 (5.31)
Ty =02 E; . (5.32)

In Fig/5.8/ we compare the time-evolution of the population of the charge states of the island
of single trajectories in the strict secular and PWFS approximation. In the strict secular
approximation the population only changes when a quantum jump occurs, in the PWFS
approximation the population shows coherent oscillations between quantum jumps. As in
the JQP cycle the jump operators in the strict secular approximation project the system to
energy eigenstates. Due to the flat spectral function of the longitudinal coupling operators,
the piecewise flat spectral function has only one bin for positive frequencies. In this case it
is the opposite of the strict secular approximation. Instead of one jump operator for each
possible transition between energy eigenstates there is only one jump operator containing
all possible dissipative transitions in the PWFS approximation. A quantum jump does
not project the system into an energy-eigenstate and we find coherent oscillations between
the eigenstates in a single stochastic trajectory. After averaging over many trajectories
the strict secular and the PWFS approximation still yield the same result that agrees with
a standard master equation treatment. The strict secular approximation is valid in the
chosen parameter regime.

The long time behaviour of the probability distribution of tunneled charges N is shown
in Figl5.9l As in the JQP cycle the distribution broadens over time and the center shifts
to larger N. The transport behaviour is linear. The model we consider here does not
include quasi-particle tunneling. The number of transported charges can only change by
two elementary charges in each tunnelling event. Only even N states can be populated.
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Figure 5.8: The stochastic trajectories of the ICPT-system in the secular (upper plot)
and in the PWFS (lower plot) approximation. (Figure and caption Ref.[66]).
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Figure 5.9: The three-dimensional representation of the population for a long simulation
I'tmae = 500 of a large ICPT-system N4 = 100. The main difference between
the ICPT-case and the JQPC-case (Figl5.7) is that incoherent Cooper-pair
tunnelling only connects states which differ by NV = 2 and therefore only odd
‘N )-states are occupied in this case. (Figure and caption Ref.[66])
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6. Charge transport: Simulating coherent
Cooper pair tunnelling

In this chapter we consider Josephson junction arrays in the transport regime. We employ
numerical simulations of coherent and incoherent transport processes of Cooper pairs to
obtain the transport properties of a Josephson junction array. In the model we present in
Secl6.2.1| we limit ourselves to a short inner section of a Josephson junction array and limit
the number of Cooper pairs and anti-Cooper pairs in this section. The model we consider
describes more closely a single excess Cooper-pair in a homogeneously biased Josephson
junction ring (as discussed in Ref.[35]) than an open boundary-biased Josephson junction
array. Even in the limited model the Hilbert space of the system is very large. We use the
stochastic Bloch-Redfield algorithm developed in Chl4]to simulate the full time-evolution
of the density matrix according to Bloch-Redfield theory.

In Secl6.1) we present the P(E)-theory that is used in literature together with ki-
netic Monte-Carlo simulations to model the transport of Cooper pairs and quasi-particles
through Josephson junction arrays [15]. By comparing the results of the P(E) approach
and the Bloch-Redfield simulations we gain information on the parameter regimes where it
is appropriate to use P(FE)-theory to obtain the incoherent tunnelling rates of the Cooper
pairs.

Since the first experimental realisations of Josephson junction arrays it has been
known that the current through the array increases linearly with the applied voltage V once
it exceeds the switching voltage Vi,,. The current as a function of the applied voltage has a
nonzero offset so that Ohms law, V' = RI, is not exactly met. The differential conductance
of the IV-curve is proportional to the square of the Josephson coupling energy. At much
higher voltages than the switching voltage a transition to a second conduction regime with
higher differential conductance occurs [14]. An experimental IV-curve including the high
voltage regime is shown in Figl6.1l In the second conductance regime, the bias voltage
is large enough to create quasi-particles by breaking Cooper pairs along the array and
the resistance is determined by the normal resistance of the array. The current at the
transition from first to second conductance regime is of the same order of magnitude as
the Zener current. The Zener current is the current at which the velocity of the quasi-
charge from Sec/2.2.2]is so large that one can assume that Landau-Zener transitions from
lower to higher Bloch-bands occur at every degeneracy-point of the effective quasi-charge
model (see Ch/2).

When the Josephson junction array is described with the help of a sine-Gordon-like model,
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Figure 6.1: A plot of experimental IV-curves of a Josephson junction array recorded over
a large voltage range from Ref.[14]. The effective Josephson energy E; can be
suppressed with an external magnetic field (compare Sec.. In the red curve
E; is not suppressed, in the blue curve E; is maximally suppressed with a half
flux quantum per SQUID.

the finite differential conductance in the transport regime is often accounted for by includ-
ing a phenomenological resistive term in the equation of motion Eq[2.91] 52],

2Q; — Qi—1 — Qiy1

LQ’L + Co

+ar(Qi)Qi + Vo (Q; +2¢ F}) =0, (6.1)

where aR(Qi) is the friction coefficient of the quasi-charge. In the simplest case of a
purely Ohmic phenomenological resistance R we have ap(Q;) = . In Refs.[13] and

a nonlinear resistance is used,

: 0 for Q;<I,
) = . . 6.2
or(@i) { % for Q; > I (6.2)

Dissipation only sets in once the current exceeds a threshold current I,.

Including a phenomenological resistance does not explain on a microscopic level why the
differential conductance is proportional to the squared Josephson coupling energy. In the
literature the dependence on the Josephson coupling energy is commonly explained by
deriving the incoherent Cooper pair tunnelling rates from P(E)-theory 14].

6.1 P(FE)-theory and kinetic Monte Carlo

In this section we give a short recap of the well known P(F)-theory in the context of
tunnelling through Josephson junctions. A detailed discussion can be found in Ref.[3§].
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We then quickly review how P(FE)-theory has been used in literature together with kinetic
Monte Carlo simulations to obtain the transport properties of a Josephson junction
array.

The purpose of P(FE)-theory is to obtain the incoherent tunnelling rates of the charge
carriers through the Josephson junction. Let us consider an island connected to a lead with
a Josephson junction that is biased with a fluctuating voltage. The system Hamiltonian is
given by the charging energy of the states of the island Hcparge, the Cooper pair tunnelling
term and the energy of Cooper pairs on the island due to the externally applied voltage,

f{ = Hcharge + f:Itun + 2eVim (63)
Hyn = Ey Z |m + 1) (m| + h.c. . (6.4)
m

The voltage difference over the Josephson junction can be absorbed into the tunnelling
Hamiltonian by a unitary transformation. The transformation corresponds to changing
into a rotating frame of reference. A description of the transformation procedure is given
in Ref.[38]. In the rotating frame the system is given by,

H = Hcharge + Hiun s (6.5)
Hyw = E; Y ¢ |m +1) (m| + hec. . (6.6)
m

The voltage difference is included in the phase ¢ in the tunnelling term. A Cooper pair
tunnelling through the Josephson junction picks up a phase of ¢. The phase ¢ also couples
the system to the environmental bath. The bath in this case is given by the environmental
impedance of the circuit.

If incoherent tunnelling of quasi-particles is considered instead of the incoherent Cooper
pair tunnelling, the sum over Cooper pair numbers m has to be replaced by a sum over
quasi-particle states |k). The Josephson coupling energy Ej; is replaced by the quasi-
particle tunnelling rates Ty .

P(E)-theory uses Fermi’s golden rule to obtain the tunnelling probability of the charge
carriers. Given an initial state |¢) and a final state |f) connected by the tunnelling Hamil-
tonian the transition rate is [38],

Liosg = 27 |(f] Houn 11126 (E; — Ey) | (6.7)

where we have omitted a factor of 1/h as we set &~ = 1. The initial and final states are
states of the whole system-bath combination, including the degrees of freedom of the bath.
To obtain the transition rate I';_, , between two charge-states of the system, |i¢) and |f€),
we have to trace out the degrees of freedom of the bath, z'B> and ‘fB>, just as in the

derivation of the Bloch-Redfield equation(Secl4.2),

Moy =2m S (8] pn [P [(F e i) S22B3 1"+ 1) (m 1) 26 (AE)

iB,fB
(6.8)
AE;;=E{ —E;+ Ef — Ef . 6.9

The matrix element <iB‘ B ‘iB > of the density matrix of the bath pp gives the probability
to find the bath in the initial state !iB>. Only the phase difference ¢ couples to the bath
degrees of freedom and only operators containing ¢ have to be averaged over the bath
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states. It can be shown that, by expanding the J-function into an integral over time,
the system-bath coupling takes the form of a correlator of exponential coupling operators,

¢ = / dt 27 <ei¢<t>e*@'¢<0>>3 S 2B |(f Im+ 1) (m [i0)? EEDE L (6.10)

where ¢(t) is the phase-operator in the interaction picture with respect to the bath Hamil-
tonian. In the case of a Gaussian bath where Wick’s theorem holds, the correlator of
exponentials can be written as an exponential of a correlator ,

<ei¢(t>e—i¢<°>>3 — {60 ()]6(0)5 (6.11)

The Fourier transform of the correlation function is called the P(FE)-function,

P(E) 1/ " dtelFO-9O160)5 Bt (6.12)

:% .

The tunnelling rate from an occupied charge state |i°) to an unoccupied state |f€) is
given by the P(E) function evaluated at the energy difference times the tunnelling matrix
element squared,

Cp =Y 2B3(f¢ Im+ 1) (m [i€)]? P (B — Ef) . (6.13)

In the case of quasi-particle tunnelling one has to consider that the number of occupied
quasi-particle states on one side of the junction and the unoccupied states on the other
side of the junction are determined by the Fermi distribution f(E) [38],

Iy = g [ BB w(BOw(E) F(B) [L- f(B2+ B — E§)] P (B - Ba) , (6.14)

where v(E) is the density of states of the quasi-particles and the tunnelling matrix elements
E%(f¢|m+ 1) (m |i) are contained in the normal tunnelling resistance Ry of the junction.

The proportionality to the squared tunnelling matrix element highlights the crucial dif-
ference between P(E)-theory as it is used to model Josephson junction arrays and
Bloch-Redfield theory as presented in Sec The P(E)-theory is perturbative in the
tunnelling term of the system Hamiltonian. The Bloch-Redfield theory is perturbative in
the system-bath-coupling strength. P(E)-theory assumes that the charge states connected
by the tunnelling terms are a good approximation of the eigenbasis. In that sense P(E)-
theory is always a local theory that describes the tunnelling of charge carriers through
certain Josephson junctions in the array. Bloch-Redfield theory connects the eigenstates
of the Josephson junction array. A Cooper pair is delocalised over several array sites and
relaxation corresponds to the incoherent transition from one delocalised state to another.
The relaxation can not be interpreted as a charge carrier tunnelling through a distinct
Josephson junction in the array. We will come back to the difference between P(E) and
Bloch-Redfield in the next section.

As P(FE)-theory explicitly connects charge states its use is always warranted in a situation
where corrections due to coherent tunnelling are excluded in the first place. In the kinetic
Monte Carlo simulation of Ref.[15] this is exactly the case. We will now give a short
summary of the simulations and results of Ref.[15], these results constitute the motivation
of the study of the corrections due to coherent Cooper pair tunnelling in the following
section.

In the simulations of a 50-site Josephson junction array in Ref.[15] no coherent superposi-
tions between states is allowed. The Josephson junction array is not treated as a quantum
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6.1. P(E)-theory and kinetic Monte Carlo 101

system, but as a classical system or rather a quantum system completely dominated by
the incoherent time-evolution. In Ref.[15] it was observed that each island is in one of
five possible states, unoccupied, occupied by a quasi-particle, occupied by a Cooper pair,
occupied by an anti-quasi-particle and occupied by an anti-Cooper pair. These states are
also the states with the lowest charging energies.

The system state only changes by incoherent tunnelling of Cooper pairs or quasi-particles.
Coherent Cooper-pair tunnelling is omitted from the time-evolution in the model of Ref.[15].
In the numerical simulations of Ref.[15] the system state is propagated according to the
kinetic Monte Carlo algorithm by randomly choosing an incoherent charge tunnelling event
and a tunnelling time. The probability distribution of the stochastic processes is derived
from the incoherent charge tunnelling rates. The details of the algorithm can be found in

Ref.[101] or Chl4|

The incoherent tunnelling rates of the Cooper pairs and quasi-particles used in Ref.[15]
are derived from P(FE)-theory under the assumption that the environmental bath for each
Josephson junction is given by the impedance of the rest of the array. As seen in Figl6.2|
each Josephson junction in the array is taken to be shunted by the normal state resistance
of the junction Rp. In Ref.[15] it is then assumed that the relevant environment in the
P(E) derivation of the tunnelling rates can be approximated by the total impedance
Z(w), the combination of the impedance of the Josephson junction impedance Z;(w) and
the impedance of half the Josephson junction array Z(w) (compare Figl6.3),

-1
2 = (2@ 4327w (6.15)
Z7 N w) =iwCy | (6.16)
-1
Z(w) = <z’wCHA + ]\72RT> , (6.17)

Crra = % (00 +/Co(4C + 00)) . (6.18)

The impedance Z(w) of the half array is determined by the total capacitance Cgr4 of the
half Josephson junction array and the resistance of half the array, N/2 times the normal
state resistance Rp.

Figure 6.2: A sketch of one Josephson junction in the Josephson junction array. In the
model of Ref.[15] the dissipative environment is given by the normal Resistance
Ry that shunts every Josephson junction, a widely used model in the theory
of incoherent quasi-particle tunnelling [38].

The noise model of Ref.[15] works well with P(E)-theory as it assumes that dissipative
processes are a local phenomenon at the individual Josephson junctions in the array. The
rest of the array is treated as the noise environment. This assumption is not valid when
the Cooper pairs are delocalised over large parts of the Josephson junction array.
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102 6. Charge transport: Simulating coherent Cooper pair tunnelling

X
Zj;=1w(Cy

Z(w)

Figure 6.3: In Ref.[15] the collective effect of all resistive shunts and capacitances in the
Josephson junction array on a single junction is approximated by assuming
that each single Josephson junction in the array sees an effective impedance
environment that corresponds to the impedance of the half array Z(w).

Following the well known procedure to obtain the P(E)-function from an impedance en-
vironment [38], the P(E)-function is Gaussian shaped for quasi-particle and Cooper pair
tunnelling in the parameter regime of Ref.[15],

B (E—lekEC)2
P(E):,/WkﬁEceﬁ o (6.19)

b 1 for quasi-particle tunnelling (6.20)
| 4 for Cooper pair tunnelling ’

Using the standard relation between Josephson coupling energy and normal resistance
107,

h wA

J

the simulations in Ref.[15] could reproduce several characteristic features of the transport
regime of Josephson junction arrays.

At low applied bias voltages the simulations in Ref.[15] show insulating behaviour. With
increasing bias voltage the Josephson junction array starts to conduct current above a
certain threshold voltage and after a transition region the current increases linearly with the
applied voltage. Although the model of Ref.[15] includes incoherent Cooper pair and quasi-
particle tunnelling and only the incoherent Cooper pair tunnelling rate is proportional to
ELQI, the initial transport regime is controlled by Cooper pair tunnelling and the current is
also proportional to the squared Josephson coupling energy.

The simulations that show good qualitative agreement with experimentally known be-
haviour rely on the applicability of P(E)-theory. Especially the E?,—dependence is a
direct consequence of the perturbative nature of the tunnelling matrix element in P(E)-
theory. On the other hand it is known that the qualitative transport behaviour of Joseph-
son junction arrays holds up to values of the Josephson coupling energy that are compa-
rable to the Josephson charging energy E; ~ F¢ [14]. This concludes the summary of
the results of the numerical simulations from Ref.[15]. The success of these simulations in
reproducing experimentally observed features of the transport regime serves as our moti-
vation to investigate the validity of the P(F) approach in a simplified model by comparing
it to Bloch-Redfield theory in the next section.

6.2 Coherent transport

In this section we are using Bloch-Redfield theory to simulate the coherent and incoherent
charge transport through a simplified model of a Josephson junction array and compare
it to the purely incoherent transport obtained from P(FE)-theory.
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6.2. Coherent transport 103

To see the importance of the coherent processes that are omitted in P(E)-theory let us
first consider the simplest possible example, a two level system, for example two charging
sites, that is longitudinally coupled to a bath,

H = Hg+ Hep + Hp (6.22)
1
ke Ey 1 0 10

_ (2
(o, dge)orrols S)ox=(o V)eme. o

where X is the bath coupling operator and Hp is the bath Hamiltonian. As usual in
Bloch-Redfield theory all relevant information about the environment is contained in the
spectral function of the bath coupling operator Cx x (w).

The rate of charge tunnelling is determined by the relaxation rate of the system which can
be obtained from the Bloch-Redfield equation as discussed in Ch/4l The dephasing and
decoherence rates in the Bloch-Redfield equation are determined by the system coupling
operator o, rotated into the energy eigenbasis. We call this operator in the eigenbasis &.
To obtain £ we first diagonalize the system Hamiltonian,

sEc  E E? 1 0
t [ 2&2C J _ & 2
oo B Yoo gt o). 620
cos(30)  sin(16)
U:<—sin(19) cos(30) 7 (6.25)
2 2
E
tan(6) = ET? (6.26)

and then rotate the original system coupling operator,
1 0 cos(f) sin(6)
= -i— =
¢=U <O —1) v <sin(9) cos(f)) (6.27)

The relaxation rate I'.q of the system is proportional to the square of the off-diagonal
matrix element of £ times the spectral function evaluated at the transition frequency AFE.
The transition frequency corresponds to the energy difference between the two energy
eigenstates,

o o sin?(0)Cx x (AE) (6.28)

E2
AE = TC + E%. (6.29)

For the detailed discussion see Chldl

Of course the two-dimensional matrix Hg can be diagonalized directly. Here however we
deliberately use time-independent perturbation theory to compare the problem with the
perturbative P(FE)-theory. In the case that the charging energy is much larger than the
coupling energy F; < FE¢, the unitary matrix U is approximately given by the identity
matrix with corrections of the order of E;/E¢,

U=1+0 <]T;Eé) , (6.30)
sin(%G) —0+0 (g) . (6.31)
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104 6. Charge transport: Simulating coherent Cooper pair tunnelling

The eigenstates are approximately given by the original charge states and the eigenenergies
by,

1 E;
CX)((AE) ~ CX)((Ec) . (6.33)

The physical process of energy relaxation can be approximated by incoherent tunnelling
processes between the two original charge states. The weight given by the spectral function
at the transition frequencies is independent from E;. The coupling energy E; enters the
relaxation rate I'y only via the off-diagonal elements of £. The relaxation rate is in leading
order proportional to E%,

, E;\? E3
Trel o sin?(6) o <Eé> +0 (Eé) . (6.34)

In the small Fj-regime Bloch-Redfield theory gives us the same picture and the same
result as P(E)-theory.

Considering the other extreme case of vanishing charging energy,

Ec=0, (6.35)

(0 Ey 10 10
H_(EJ O>®1+g(0 _1)®X+<0 1)®HB, (6.36)

one can immediately see that the picture of tunnelling charges in the original basis is not
applicable. The eigenbasis of the system is given by the symmetric and antisymmetric
delocalised states,

U= \}5 G _11> , (6.37)

and relaxation can not be regarded as a charge hopping from the first to the second site
or back. In this extreme case the off-diagonal matrix elements of £ are independent from
FE; and the coupling energy enters the relaxation rate solely via the spectral function

[ o CXX(2EJ) . (638)

For an Ohmic spectral function one would for example expect the dissipation to be pro-
portional to E; and not E3

The same trade-off between the Josephson coupling energy and the energy differences
between neighbouring islands determines the range of validity of P(E)-theory in Josephson
junction arrays. To investigate further we study the behaviour of a simplified model of an
inner section of a Josephson junction array.

6.2.1 The model

In the simplified model we consider an inner section of the Josephson junction array. The
section has N = 20 sites. As we are mostly interested in the relative importance of coherent
and incoherent Cooper pair tunnelling we neglect the contribution of quasi-particles and
only take Cooper pairs and anti-Cooper pairs into account.

In this chapter we do not want to consider the problem of charge injection from the leads
into the array, as it was done in Ch and Ref.[3]. We always take the initial state to
correspond to one excess Cooper pair at the left end of the simulated section of the array.
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6.2. Coherent transport 105

Furthermore we assume that no additional net charges enter the simulated section of the
array from the surrounding parts of the Josephson junction array.

The only way to create additional charge carriers in the simulated section of the array
is the creation of Cooper pair/anti-Cooper pair dipoles. We will only include the dipole
excitations around a single Cooper pair in the array that are energetically closest to the
bare Cooper pair state. In the eigenbasis of the Josephson junction array the mixing
between charging states due to the coherent Cooper pair tunnelling amplitude 'y increases
with decreasing energy difference. The energetically closest dipole states contribute the
leading corrections to the transport properties of a Cooper pair. The dipoles dress the
bare Cooper pair. To take into account the relevant dipole excitations we use a model
introduced in Ref.[12]. The dipole excitations around a Cooper pair in the Josephson
junction array are mapped to states of a spin-chain.

The charging energy of any Cooper pair configuration in a Josephson junction array is
determined by the inverse capacitance matrix of the array, C,,!. For the purpose of
estimating the relevant excitations, the charging energy of a configuration {n;} of Cooper
pairs can be approximately obtained from an exponentially decaying interaction,

[i—J]

2¢e)? 1
E‘({n;}) = Z ( g) n; (C;LI)Z.]. nj ~ Z iAEcnmje* A (6.39)
ij ij

where it was assumed that all charges are far enough from the ends of the array so that all
boundary effects can be neglected. The approximate charging energies of a single Cooper
pair By, and a single dipole on neighbouring islands ép are given by,

1
Eg, ~ §AEC , (6.40)
Ej, =E°({...ni==%1,ni11 =F1,...}) ~ AE¢ (1 - e_%> ~ Ec . (6.41)

When placing an additional dipole in the array far away from the single Cooper pair the
exponentially decaying interaction can be neglected and the energy difference to the bare
Cooper pair state is simply given by Eg,- If we on the other hand place a dipole next to a
single Cooper pair in the array, so that positive and negative charges alternate, the energy
difference between bare and dressed state is given by,

AEdp = EC({TLI = lﬁni'i'l = —177’Li+2 = 1}) _Egp
1 2
~ AEg (1 26 % 4 e—x)
~yEe (6.42)

and inverting the orientation of the dipole leads to an energy difference of

E°({..ni=1,nip1 = Lngpa = —1...}) — ES, ~ AEg (1 - e—%) (6.43)
~ 2Fc . (6.44)

In the most relevant dressed states the dipoles are located in the vicinity of the bare
Cooper pair, where the exponentially decaying interaction is relevant. The length-scale
of this environment is given by A. The dipoles are oriented so that Cooper pairs and
anti-Cooper pairs alternate when going along the Josephson junction array.

The alternating charge states of an N-site section of an array can be mapped to the states
of a IV + 1-site spin chain [12]. The empty section is either mapped to the state with
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106 6. Charge transport: Simulating coherent Cooper pair tunnelling

all spins up or to the state with all spins down. A spin flip from ||); to [1);,; between
neighbouring sites is mapped to a Cooper pair on site i, |[n; = +1), the opposite flip from
[1); to [{);, is mapped to an anti-Cooper pair |n; = —1). As a positive charge in the
alternating states is always followed by a negative charge an up-flip in the spin-chain is
always followed by a down-flip. In the mapping the Hilbert-space of a spin-chain is never
left by two or more consecutive up-flips. An example of the mapping is shown in Figl6.4]

array segment 0 0 1 0 0 0

LI N

array segment 0 1 0 -1 1 0

spin chain [

Figure 6.4: Two examples of the mapping from dressed Cooper pair states in a section
of an array to states of a spin chain [12]. A positive charge is mapped to an
upwards spin-flip between neighbouring sites, a negative charge is mapped to a
downwards spin-flip. In alternating charge configurations an upwards spin-flip
is always followed by a downwards spin-flip.

In our simplified model we use the spin-chain representation to take all dipole excitations
into account that are within Lg;, sites of the bare Cooper pair. In the numerical simulations
we use different dipole lengths Lg;, to investigate how the transport behaviour changes
when including dressed states with higher charging energy. The case Lg;, = 0 corresponds
to a single bare Cooper pair propagating through the 20-site Josephson junction array. We
also consider Lg;, = A — 1, Lg;p = A and Lg;, = A + 1 for an interaction length of A = 3.

To avoid complications from the interactions with the finite array boundaries, we assume
that the simulated section is in the middle of the array, far away from the boundaries. Nu-
merically this is achieved by calculating all charging energies from the inverse capacitance
matrix of C;,! of an array with N + 8A sites,

EC({n-})—Z(2€)2r‘z-(0_1) i (6.45)
T L g T m i T '
(2]
0 1 < 4A
ni=13 ni 4A<i<4A+ N . (6.46)

0 4N+ N <1

Empty charge arrays with length 4A are amended on both sites of the charge configuration
{ni} of the section of the array we are simulating. Due to the large distance, the interaction
of charges in the inner section with the boundaries is negligible.

The voltage is applied homogeneously along the array with a voltage V}, across each Joseph-
son junction. The applied voltage can be included as a shift of the energy in the charge
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basis,

EV({ni}) = _(2e)Vi-j-n; . (6.47)

J

The simplified model is a good approximation for a section of a ring-shaped Josephson
junction array. A Josephson junction ring is not connected to external leads. The net
charge in the array does not change with time, allowing for exactly one excess Cooper pair
in the ring. In such a ring the voltage would be applied inductively by a constantly changing
magnetic flux through the ring (as proposed in ). The voltage drops homogeneously
over the whole array. In an open Josephson junction array the applied voltage can not be
separated from the interaction with the boundaries and the injection of charge carriers. A
boundary-applied voltage injects charge carriers into the first array site. The additional
charge at the end of the array repels charge carriers further inside the array. The charge
carriers are pushed further and further inside the array effectively spreading the applied
voltage along the array.

In the kinetic Monte Carlo simulations the distribution of charge carriers in the trans-
port regime leads to a redistribution of the applied voltage along the array. The effective
voltage drops approximately linearly over the Josephson junction array. One can therefore
argue that in the transport regime the average effect of the interaction of one dressed
Cooper pair with the other charges can be approximated by a homogeneous voltage drop.

We assume that the superconducting islands in the Josephson junction array couple to
Ohmic noise baths via coupling operators that are diagonal in the charge basis. Fach
capacitance Cy in the Josephson junction array is connected to the ground via a resistance
R. The resistance is a source of Ohmic voltage noise V. For a sketch see Figl6.5| Con-
sidering a single island of the Josephson junction array, this noise model is the same as
introduced in Ref.[108] for the voltage noise in a Josephson charge qubit.

In the system bath model, the system Hamiltonian Hg contains all charging energy and
coherent tunnelling terms. The system bath coupling operator is diagonal in the charge
basis,

H=Hs+)» nX;+Hg. (6.48)

)

All superconducting islands are coupled to independent baths that are not correlated. The
spectral function of two bath coupling operators from the same island ¢ has the standard
Ohmic form,

1

Cii(w) = 4a w O(we —w) eBw 417

(6.49)
where « is the Ohmic bath coupling strength . We assume that the cut off frequency w, of
the spectral function is large enough, so that all relevant energies of the system are smaller
and it does not affect the time evolution of the system. We consider a low temperature
limit where the spectral function is approximately zero for negative energies and linear for
positive frequencies,

4o w Olwe —w) w=>0

C”(w) ~ { 0 w <0 (6.50)

Our model, as shown in Figl6.5| corresponds to a junction shunted by an impedance
dominated by the large resistance R. The P(E)-function for such a model can be found
in the Literature, for example in Ref.[38] At small positive energies E the P(FE)-function
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108 6. Charge transport: Simulating coherent Cooper pair tunnelling

i{ }i —2ef;
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E, 2en; E,
Co —__W1 o
1% R 1% R

L

Figure 6.5: A sketch of a section of an array with the noise sources of the simplified
model. The resistances R that connect the capacitances Cy to the ground
introduce voltage noise §V into the Josephson junction array. The noise couples
via the charging energy of the capacitances Cy longitudinally to the Cooper
pair occupation of each superconducting island. The spectral function of the
resistive noise source is assumed to be determined by the standard Ohmic

spectral density J(w) (Eql6.49).
follows a power law with an exponent that is determined by the system-bath coupling
strength a,
P(E) < E>*71 | (6.51)
More precisely for positive energies we use the expression from Ref.[38],

6—2'7(1 200
P(E) = £ QQ); [mﬂ , (6.52)

where v is Euler’s constant and I' is the gamma-function. The P(FE)-function for negative
frequencies is obtained from detailed balance,

P(—E)=e¢PEP(E) . (6.53)

With this P(E)-function the time evolution of the system density matrix p in the charge
basis is given by,

pij =0 for i #j, (6.54)

pult) = 3" ~E3P(ES — Epilt) + E3P(E; ~ E9)pygt) (6.55)

The off-diagonal elements of the density matrix are zero since we only consider the inco-
herent time-evolution in the P(F) simulation.

6.2.2 Numerical simulations

The time-evolution of the density matrix of the section of the array is simulated in the
Bloch-Redfield approach and the P(FE)-theory. We use different basis sets that include
increasing numbers of dipole dressed Cooper pair states. The dressed states we consider
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Figure 6.6: The expectation value of the charge on the array sites in a P(E) simulation
plotted against simulation time ¢ times the system-bath coupling strength «.
For better visibility only the charge on the first 10 sites is plotted. The sim-
ulation includes charge states with dipoles on the Lg;, = A sites around the
excess Cooper pair. The applied voltage is V}, = %% The positive charge
located on the first site at ¢ = 0 spreads over several neighbouring sites. At the
same time the center of the broadening charge distribution propagates slowly

along the array.

contain dipoles on the Lg;, € {0,A — 1, A, A + 1} sites around the bare Cooper pairs. In
all simulations we set the interaction length A and the system-bath coupling strength to,

A=3, (6.56)
a=0.025E¢ , (6.57)
Ec = 32ueV . (6.58)
We are in the low temperature limit,
1 —1
= —— =100 (ueV 6.59
B=tT (neV)~ (6.59)
e PP~ . (6.60)

From the numerical simulations we obtain the expectation value 2en; of the charge on the
i-th island of the array,

ni(t) = (Ai(t)) = Tr (2enip(t) . (6.61)

where p(t) is the time-dependent density matrix obtained from solving the Bloch-Redfield
equation or from the rate equation of the P(F) approach (Eq ). An example of the
charge distribution {2en;} is given in Fig The 2e-charge is located on the first site at
t = 0 and is propagated along the array over time while spreading over several sites.
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Figure 6.7: Averaging over the charge distribution (compare Fig we obtain the centre
of charge, the mean location of the excess Cooper pair in the array. The same
simulation parameters as in Figl6.6| were used. The centre of charge increases
linearly with time and saturates once the dressed Cooper pair reaches the end
of the finite array. We define the Cooper pair transport velocity v, as the
slope of the linear increase of the center of charge.

To characterize the transport of the excess Cooper pair we define the center of charge xz..,

Tee(t) =Y my(t) . (6.62)
J

An example of the time-evolution of the center of charge is plotted in Figl6.7l The center of
charge increases linearly with time until it reaches the end of the finite array. Depending
on the parameter regime and whether we use a Bloch-Redfield simulation or a P(E)
simulation the region of linear increase can be preceded by coherent oscillations of the
centre of charge.

We use the region of linear transport to define the Cooper pair velocity v, a measure of
the transport properties of the system,

Tee(t) = vept + 1, (6.63)

where 7 is an offset due to nonlinear behaviour at the beginning of the time-evolution. For
each transport simulation v, is obtained by fitting a linear function to the region of linear
increase. We now look at the F; and Vj-dependence of v, to compare the different array
models with Ly, € {0,A —1,A, A + 1} and the Bloch-Redfield and P(FE) approaches.

Low Voltages

First we consider low applied voltages, 2eV;, < E¢. For the P(E) simulations the Joseph-
son energy dependence of v, at fixed voltages (as shown in Figl6.8, Figl6.9 and Fig )
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can be directly obtained from Eq All tunnelling rates are proportional to the squared
Josephson energy. Changing the Josephson energy speeds up all processes in the P(F)
simulation by a factor of E%. The Cooper pair velocity is proportional to E%.

The effect of including additional dipole states (Lgip, = A — 1, Lgip = A, Lgzp = A+ 1) in
the simulations compared to the bare Cooper pair states Lg;;, = 0 depends on the relative
strength of homogeneous voltage V;, and the energy required to create a dipole next to the
bare Cooper pair AE.,. When the additional dipole energy exceeds the energy gained by
a Cooper pair tunnelling to an island with lower potential,

AEg, > 2eVy, (6.64)

the creation of dipoles in the array is thermally suppressed. Since we are in the zero
temperature limit, no dipole states can be created by incoherent tunnelling. Including
additional dipole dressed states in the simulation has no effect on the transport properties
as these states are never populated. The Cooper pair velocity of all simulations including
dressed states (Lg;p > 0) is the same as for Lg;; = 0. This can be seen in Fig for
Lgip = A — 1 and Lg;, = A and in Figl6.12] for Lg;, = A + 1. Due to the large number
of basis states (512) all simulations for Lg;, = A + 1 were calculated with the stochastic
Bloch-Redfield algorithm (Chl4)).

In the other case,
AEdp < 2eVy (6.65)

the applied voltage is large enough to create dipoles next to the bare Cooper pair. Increas-
ing the number of allowed dipole states with Lg;, also increases the phase space available
for incoherent tunnelling. The Cooper pair velocity v., increases with increasing Lg;,.
This situation is shown in Figl6.10

Calculating the Cooper pair velocity as a function of the applied voltage V}, with fixed E;
(see Fig one can see the transition from the first to the second regime at Vj, = O.25E70.

The power law of the voltage dependence of the Cooper pair velocity for the bare Cooper
pair states (Lg;, = 0) can be directly obtained from the power law of the P(E)-function,
Eql6.51] In the absence of dipole dressed states all basis states have the same charging
energy. The energy difference between the charge states is simply given by the homoge-
neously applied voltage. The incoherent tunnelling rates between neighbouring islands %
and ¢ + 1 are,

Tisit1 = E7P(2eVy) (6.66)
Tiv1i = E2P(—2eV;,) =0 . (6.67)

The Cooper pair velocity is proportional to the incoherent tunnelling rates. At fixed E;
U¢p has the same functional form as the P(E) function.

To determine whether the use of P(E)-theory is a valid approach we compare the results
with the Bloch-Redfield simulations in Figl6.8, Figl6.9, Figl6.11] and Figl6.12] At small
voltages the results of the two methods do not agree. If we take for example the E ;-
dependence of the Bloch-Redfield simulations for Lg;, = 0, v, increases linearly with the
Josephson coupling energy and not quadratically as in the P(FE)-theory.

The reason behind the discrepancy is simple. We are considering an inner section of the
array far away from all boundaries. The charging energy of a bare excess Cooper pair is
the same for each island of the array. In the considered N = 20-site section of the array, we
find a twentyfold degeneracy of the charging energy of the bare Cooper pair states. The
energy difference between the bare Cooper pair states is completely determined by the
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Figure 6.8: The Cooper pair velocity v, as a function of the Josephson energy E; for a
homogeneous voltage V;, = %% The Cooper pair transport was simulated
with P(E) and Bloch-Redfield theory for a charge basis that included dressed
Cooper pair states with dipoles on the Lg, sites surrounding the Cooper pair.
The solid blue line labeled as “fit P(E), Lg;, = 0 7 is obtained from fitting
the P(E) result for the undressed Cooper pair basis to the expected v, o E%-
behaviour. The results of the P(E) simulations of all Lg;, lie on the same
curve.

The Cooper pair velocity obtained from Bloch Redfield theory with Lg;, = 0
increases linearly with the Josephson energy Ej;. At FEj; smaller than the
additional energy of a dipole AEy, the results for all simulations with L, = 0,
Lgijpy = A —1 and Lg;, = A agree. At larger Josephson energies the Cooper
pair velocity v, does not converge with increasing Lg,.

applied voltage Vj. The degeneracy of the IV bare Cooper pair states is also present when
additionally including dressed Cooper pair states (Lq;p € {A —1,A,A +1}). At small
voltages, where the electrostatic energy difference is small compared to the Josephson
coupling energy,

2eVy < Ej , (6.68)

the coherent Cooper pair tunnelling can not be regarded as a small perturbation to the
eigenenergies of charge states |[{n;}). P(E)-theory does not give a valid description of the
physical system. At higher fixed voltages (V}, = %E—f Fig and V;, = %ETC Fig, the
Cooper pair velocity v., obtained from Bloch-Redfield simulations is proportional to E?]
at small E; and approximately agrees with the P(E) result. Only at larger E; we find a

transition to linear £ ; dependence and a breakdown of the perturbation theory in Ej.

The same effect can be seen in Fig/6.14) when comparing the voltage dependence of v,
obtained from P(F) and Bloch-Redfield theory. At low applied voltages the perturbation
theory in the Josephson coupling energy is not valid and Bloch-Redfield theory and P(E)-
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Figure 6.9: The Cooper pair velocity v, as a function of the Josephson energy E; for a
homogeneous voltage V, = %% The P(E) results for all Lg;, € {0,A —1,A}
lie on the same curve. For simplicity we only plot the fit of the P(FE) results to
the expected E?] behaviour. At small E; the energy difference between states
connected by coherent tunnelling is larger than the Josephson coupling energy
AFE = 2eV,, > Ej. The coherent tunnelling can be treated perturbatively and
the P(F) and Bloch-Redfield result agree. At larger Josephson energy the
coherent tunnelling can not be treated perturbatively and the velocity v, as

a function of F; changes from a quadratic to a linear dependence.

theory give completely different v.,. With increasing V},, approaching the limit,
26Vh = EJ s (669)

the Bloch-Redfield results converge towards the P(FE) results. The two curves for Lg;, =
A + 1 have not yet converged in this limit but converge at higher voltages as shown in

Fig

When the Josephson coupling energy is considerably smaller than the additional energy
of a dipole,

Ey< AEdp R (670)

the coherent tunnelling amplitude is too small to cause significant mixing between the
initial bare state and the dipole dressed states that are included for Lg;, € {A—1, A, A+1}.
The results of all Bloch-Redfield simulations with different dipole lengths Lg;, agree. At
Josephson energies larger that AFEg, the mixing with the dressed states leads to a faster
conductance and higher ve, for Lg;, > A —1. This can be nicely seen in Figl6.8 and Figl6.9]
where the results of the three Bloch-Redfield simulations start to deviate at F; = 0.3E¢.

The last point we want to make considering the Bloch-Redfield simulations at low applied
voltages Vj concerns the validity of the reduced basis sets we choose for our simplified
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Figure 6.10: The Cooper pair velocity v, as a function of the Josephson energy E; for
a homogeneous voltage V}, = iE—EC obtained solely from P(F) simulations.
The applied homogeneous voltage is high enough to allow for the creation of
dipoles by incoherent tunnelling. We obtain different transport velocities for
Lgip =0, Lgijp = A — 1 and Ly, = A in the P(F) simulations. For each of
the three basis sets, the Josephson energy dependence of the velocity fits the
behaviour v, o< E? expected from the E; dependence of the P(FE) tunnelling

rates (Eq. ’

model. In the limit £; — E¢ the Josephson energy approaches the charging energy of an
isolated dipole Eg,- The coherent tunnelling amplitude is large enough to create dipoles
at arbitrary distances from the bare Cooper pair in the array. Using a basis with finite
Lg;p is not justified for E; > E¢. This is also the reason why v, does not converge with
increasing number of included dipole states (increasing Lg;p,) at E; = Ec.

High Voltages

Let us now consider high applied voltages,
2eVy, > E¢o . (6.71)

Here we face the same problem as for Josephson coupling energies that exceed the charging
energy Ec. The applied voltage V}, is high enough to create dipoles at arbitrary distances
from the bare Cooper pairs by incoherent tunnelling. A basis with finite Lg4;),, where charge
dipoles are only allowed in a certain distance from the bare Cooper pair, can not describe
the full transport behaviour of the Josephson junction array.

On the other hand we can regard the simulations as a first approximation of the propa-
gation of one of the many dressed charge carriers in a strongly biased Josephson junction
array. This approximation disregards the precise interaction of the simulated dressed
Cooper pair with all other Cooper pairs in the array and replaces it with a homogeneously
applied voltage.
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Figure 6.11: The Cooper pair velocity v, as a function of the Josephson energy F; for a
homogeneous voltage Vj, = %%, including the results from the Bloch-Redfield
simulations. As in Fig the Bloch-Redfield results show a E?, behaviour for
small E; and transition to a linear dependence on Ey for larger E ;. Compared
to Fig. the transition happens as higher E;.

In the high voltage regime the eigenenergies of the charge states are large compared to
the typical Josephson coupling energy E;. The coherent tunnelling can be considered as
a small perturbation. The perturbative expansion in the derivation of the P(FE)-theory is
valid. We obtain the Cooper pair velocity obtained from P(FE)-theory and Bloch-Redfield
theory up to large Josephson energies Ey > E¢ as is shown in Fig Calculating vy
as a function of applied voltage (Figl6.16) we see that Bloch-Redfield and P(E) results
converge with increasing voltage for all dipole lengths Lg;,. The small deviation between
the two methods for Ly, = 0 and Lg;, = A — 1 at very high voltages is due to the fact
that the expression for P(E), Eql6.52] only holds for small energy differences.

Conclusion

In conclusion we can state that at low homogeneous voltages it is not sufficient to determine
the transport properties from P(E)-theory. A full Bloch-Redfield treatment including the
coherent tunnelling is necessary. This parameter regime is only relevant for a ring-shaped
Josephson junction array. In open Josephson junction arrays the low applied voltages
would not be sufficient to overcome the charge injection threshold and bring the system
in the conducting regime.

At high applied voltages the dressed Cooper pair basis with finite dipole length Lg;;, is not
a good basis of the biased array as the high voltage can create dipole states at every site in
the array. When the collective effect of the other charge carriers in the array on a dressed
Cooper pair can be approximated as a homogeneous voltage, the P(E)-theory gives a valid
description of the propagation of the dressed Cooper pair in the high voltage regime. This
is the valid regime for the transport in open Josephson junction arrays, as the applied
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Figure 6.12: The Cooper pair velocity v, as a function of the Josephson energy F; for a

homogeneous voltage Vj, = TI()ETC Here we show simulations with the larger
basis set that includes dressed states with dipoles on Lg;;, = A+1 sites around
the bare Cooper pair. The time evolution of the system with the large charge
basis was simulated with the stochastic Bloch Redfield algorithm (Chl4). As
for Lgip = A — 1 and Lg;, = A the P(E) result for Ly, = A + 1 is the same
as for bare Cooper pairs (Lg;, = 0), since the creation of Cooper pairs by

incoherent tunnelling is energetically impossible.

bias voltages are of order of N E—ec or larger. A full simulation of the transport properties

can then be

obtained with the help of the kinetic Monte Carlo algorithm that includes

all possible charge states. The KMC method is self consistent when the dissipated energy
AF at all incoherent tunnelling events is larger than the Josephson coupling energy.

Finally we can see that the E% dependence of the transport current seen in experiments is
not an universal feature but emerges in certain parameter regimes. The same is true for
the nearly Ohmic I'V-behaviour seen in experiments on open Josephson junction arrays.
Although we explicitly assume an Ohmic noise source the transport velocity of a single
dressed Cooper pair decreases with applied voltage. The linear increase in current with
voltage is a many body effect.
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Figure 6.13: The Cooper pair velocity v., as a function of applied voltage in the low
voltage regime. The Josephson coupling energy is equal to the charging energy
E; = E¢. For better visibility only the results of the P(FE) simulations are
shown. The voltage dependence in the case that only bare Cooper pair states
are considered Lg;;, = 0 follows the power law expected for the P(FE) function
(Eq, Vep X V~1+2a For homogeneous voltages below the threshold of
the creation of dipoles %AEdp the P(E) results for Ly, = 0, Lgijp = A — 1,
Lgip = A and Lg;, = A + 1 all follow the same power law. Once the creation
of dipoles is energetically possible the phase space available for tunnelling
increases and the Cooper pair velocity v, increases with Lg;,.
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Figure 6.14: The Cooper pair velocity v, as a function of applied voltage in the low volt-

age regime. The Josephson coupling energy is equal to the charging energy
Ej = E¢. Compared to Figl6.13| we now include the results from the Bloch-
Redfield simulations. As expected from Figl6.8) and Figl6.9] at low voltages
the coherent tunnelling can not be treated as a perturbation and the Bloch-
Redfield result deviates significantly from the P(E) result. As V}, approaches
%% the energy differences between neighbouring sites 2eV}, becomes com-
parable to the Josephson energy E;. The velocity v, obtained from the
Bloch-Redfield simulations approaches the result obtained from the pertur-
bative treatment of the coherent tunnelling term in P(E)-theory. In the shown
voltage range we do not yet see convergence of P(E) and Bloch-Redfield the-

ory for Lg;, = A+ 1. The two results converge at higher voltages shown in

Fig 016
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Figure 6.15: The Cooper pair velocity v, as a function of the Josephson energy E; for a

homogeneous voltage V;, = % The applied homogeneous voltage V}, is so
high that it is energetically possible to create dipole excitations at arbitrary
distances from the bare Cooper pair. The dressed Cooper pair basis is not
the correct basis to treat transport as it omits charge configurations that can
be reached easily by coherent tunnelling. The Cooper pair velocity will not
converge for a finite Lg;,. If we nevertheless restrict ourselves to the dressed
state basis the energy differences between charge states are dominated by the
energy contribution of the homogeneous voltage Vj. As long as 2eV}, > Ej,
which is the case here, the perturbative treatment of coherent tunnelling
in P(FE)-theory is a good approximation and the Bloch-Redfield and P(FE)
results approximately agree.

119



120 6. Charge transport: Simulating coherent Cooper pair tunnelling

T
B-R, Ly, =0

O

257 0 BR, Lgpy=A—1 ||
5 BR, Layp = A
5 BR, Lgp=A+1

20 | D o P(E

Figure 6.16: The Cooper pair velocity v., as a function of applied voltage in the high
voltage regime. the Josephson coupling energy is equal to the charging energy
E;=FEc.
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7. Conclusion

The conductance properties of one-dimensional Josephson junction arrays are a current
and not yet completely understood problem at the intersection of traditional condensed
matter theory and superconducting quantum information systems. This thesis provides
three main results concerning the conductance properties of Josephson junction arrays in
the insulator phase.

First it shows the connection of Josephson junction arrays with other one dimensional
arrays of superconducting circuit elements, quantum phase slip ladders, linear chains of
quantum phase slip elements and Josephson junction ladders. The Josephson junction
array is dual to the quantum phase slip ladder under the exchange of charge and phase
as well as capacitance and inductance. In the low frequency limit the Josephson junction
array is approximately equivalent to a linear quantum phase slip chain. The quantum
phase slip ladder in the low frequency limit is on the other hand approximately equivalent
to a Josephson junction ladder. Finally we find that the Josephson junction ladder and
the quantum phase slip chain are again dual systems. The duality and approximate equiv-
alence of the one-dimensional superconducting arrays can in principle be used to study
complementing regions of parameter space to achieve a better understanding of the un-
derlying model. One could, for example, study the strongly disordered limit in Josephson
junction arrays, which suffer from charge disorder, and the clean case in quantum phase
slip ladders.

The second result is the explanation of the onset of transport in boundary biased arrays
with the help of depinning theory. We provided analytic estimates of the switching voltage
Vsw for the two cases of long and short Josephson junction arrays. Numerical simulations
showed good overall agreement between the analytic estimate and the numerical data. The
biggest deviation was found in the power-law of the switching voltage as a function of the
interaction length A. The analytic estimate predicts an exponent of —% and fitting the
numerical data resulted in exponents of approximately —0.5 £ 0.05. The deviation in the
exponent might be the result of neglecting corrections to the analytic estimate that are
usually included in the depinning-theory by employing a renormalization group treatment

:

It could also be shown that weak disorder in the Josephson junction array leads to a new
correlation length in the model. Arrays that are shorter than the correlation length behave
like clean arrays, arrays longer than the correlation length show the same behaviour as
strongly disordered arrays. Numerical simulations found the transition at the correlation
length that was obtained analytically from the disorder model.
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122 7. Conclusion

The analytic estimates of the switching voltage were used to fit experimental data on
the switching voltage provided by R. Schéfer, H. Rotzinger, W. Cui, A. Fiebig and A.V.
Ustinov (all Karlsruhe Institut of Technology, KIT, Germany). The parameters obtained
from the fit are in good agreement with experimental expectations, thereby providing
confirmation for the presented model of the onset of transport in Josephson junction
arrays.

The third result is a check of the validity of the incoherent tunnelling model used in
literature to simulate the transport in Josephson junction arrays. We numerically
simulated a simplified model, a homogeneously biased Josephson junction array segment
that contains only one excess Cooper pair that is dressed by surrounding Cooper pair
dipoles. The model is more closely related to a Josephson junction array that forms a
closed ring than to an open array set-up as it is used in experiments.

To be able to perform the simulations of the large open quantum systems we extended
the numerical method of quantum jumps. The quantum jump method is an established
numerical tool to use an efficient stochastic unravelling to obtain the solution of a Lindblad
master equation. The developed stochastic Bloch-Redfield algorithm is capable of finding
a stochastic unravelling directly from a Bloch-Redfield master equation.

At small applied voltages we find large corrections when including coherent Cooper pair
tunnelling compared to a simulation that only takes incoherent tunnelling into account.
At large applied voltages the simplified model is not a valid description of the whole
array anymore. It does not take into account additional free charge carriers created by the
dissolution of Cooper pair dipoles. In the simulations that use purely incoherent tunnelling
processes a large numbers of free charge carriers are present in the array at each time.
It was found that the net effect of the free charge carriers on one screened Cooper pair can
be approximated by a large homogeneous voltage drop over each Josephson junction. In
this case both models, the incoherent tunnelling model and the model including coherent
tunnelling, yield the same results. We have shown that the incoherent tunnelling model
used in literature is a good approach to obtain the transport properties even when the
Josephson coupling energy is comparable to the Josephson junction charging energy.

The work presented in this thesis has many possible extensions. Conceptually it would
be desirable to describe the insulating and the conducting regime of the IV-curve in the
same theoretical framework. A full description of the transport regime in the quasi-charge
model requires a derivation of the dissipative term in the quasi-charge equation of motion
from a microscopic model of the dissipative environment. Another possible direction of
investigation is the temperature dependence of the switching voltage. The model used in
this work assumed the zero temperature limit. The last open question we want to mention
is the retrapping voltage. Whether the hysteresis in the IV-curve of Josephson junction
arrays is due to the large effective inductances or overheating, understanding how the
quasi-charge returns to the pinned configuration will be important to find a theoretical
prediction of V..

This work has contributed to the understanding of some open questions of the physics
of Josephson junction arrays, however there remains much to learn about these systems.
Josephson junction arrays will stay an interesting theoretical and experimental research
object for some time to come.
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